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Editorial on the Research Topic

Vascular Adjustments in Cardiovascular Disorders

The vascular system is involved in the distribution of blood flow to organs and tissues, as well
as in the blood pressure control. The role played by conductance and resistance vessels as well
as by the specific vascular beds (e.g., cerebral, pulmonary, or mesenteric vasculature) is different.
In addition, vessel reactivity and function adjust under physiological and pathological conditions.
Local, humoral, and neural mechanisms contribute to regulate and integrate the heterogeneity of
vascular function. Myogenic tone, endothelial cells, perivascular adipose tissue (PVAT) secretion
and innervation, and components of the extracellularmatrix are localmechanisms implicated in the
regulation of vascular tone and structure, thereby controlling vascular resistance and compliance.

Cardiovascular diseases (CVD) are considered a major health problem worldwide and
correspond to the main cause of mortality in developing and developed countries. There are
multiple factors triggering and/or contributing to worsening of cardiovascular disorders. Among
these, physical inactivity, gene signature, disturbances to the microbiome, and environmental
factors such as unhealthy diet and contaminants can direct or indirectly induce vascular
dysfunction, thereby contributing to the progression of CVD and, consequently, leading to end-
organ target damage. It is well-known that a dysfunction of the mechanisms controlling vascular
resistance and compliance is involved in the development of alterations on vascular tone and/or
structural remodeling. These changes are pivotal to the pathophysiology of several cardiometabolic
diseases, such as hypertension, heart failure, diabetes, liver cirrhosis and obesity.

In the present Frontiers Research Topic, several articles focused on mechanisms involved on
the vascular adjustments in obesity and diabetes. Moraes et al. reviewed the participation of
vascular transient receptor potential (TRP) channel’s function. The TRP superfamily consists of
a diverse group of non-selective cation channels, that are present in endothelial and vascular
smooth muscle cells, PVAT and perivascular sensory nerves. These channels have been implicated
in the regulation of vascular tone, vascular cell proliferation, vascular wall permeability, and
angiogenesis. As reviewed, vascular TRP channel’s function is important for the prevention
of vascular complications and end-organ damage in the setting of obesity and diabetes, and
dysfunction of these channels is associated with cardiometabolic diseases. Barp et al. discussed
PVAT-derived factors [with special attention to nitric oxide (NO), reactive oxygen species (ROS),
and renin-angiotensin system (RAS)] as a putative target for intervention in CVD. In line with
this point of view, dos Reis Costa et al. elegantly suggested a compensatory enhancement of
the anticontractile effect of PVAT in male mice fed a high-carbohydrate diet, which involves
angiotensin receptors (Mas and AT2) activation, and both nNOS and iNOS signaling, leading to
increased production of NO and H2O2, and the opening of potassium channels as well.

Focused on the intima layer of the vessel, the review article from Potje et al.
highlighted recent findings about the activation of endothelial glycocalyx and caveolae

5

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2021.777488
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2021.777488&domain=pdf&date_stamp=2021-10-25
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:lrossoni@icb.usp.br
https://doi.org/10.3389/fphys.2021.777488
https://www.frontiersin.org/articles/10.3389/fphys.2021.777488/full
https://www.frontiersin.org/research-topics/14000/vascular-adjustments-in-cardiovascular-disorders
https://doi.org/10.3389/fphys.2021.645109
https://doi.org/10.3389/fphys.2021.640021
https://doi.org/10.3389/fphys.2020.628101
https://doi.org/10.3389/fphys.2020.620840


Davel et al. Editorial: Vascular Adjustments in Cardiovascular Disorders

enzymes that participate in the synthesis and release of NO
and ROS, and the alterations that could impair vascular
function in CVD such as hypertension and atherosclerosis.
Regarding atherosclerosis, Silva et al. discussed the involvement
of RAS components [angiotensin II, angiotensin converting
enzyme type 2 (ACE-2), and angiotensin 1–7] in vascular
function and inflammation, which are important determinants
of atherogenesis. Adding one more piece in the puzzle of
atherosclerosis, Vieira-Alves et al. reviewed the involvement of
the α7-nicotinic acetylcholine receptor (α7nAChR) as a new and
promising target for the treatment of vascular inflammation, a
mechanism involved in the pathogenesis of atherosclerosis.

It is well-known that physical inactivity reduces population
survival, both in the presence or in the absence of CVD, and
exercise training is a relevant non-pharmacological approach
that enhances life quality, cardiovascular function, and survival.
In line with this, the cross-sectional study ACELA (Klonizakis
et al.) reported that long-term aquatic exercise improved NO-
mediated endothelial function at micro- and macro-circulatory
levels, providing evidence for the protective role of aquatic
exercise against CVD in older populations. Interestingly, Rentz
et al., in an elegant way, demonstrated that aerobic exercise
training slowed down the progression of atherosclerotic lesion
and positively altered plaque feature and inflammation profile.
These authors proposed that regular aerobic exercise induces
epigenetic anti-inflammatory changes in bone marrow stem cells,
attenuating atherosclerosis.

Hypertension is associated with high mortality, end-organ
damage, and vascular complications. Inflammation, RAS, COX-
products, ROS and reduced NO bioavailability are involved
in vascular complications of hypertension and cardiometabolic
diseases. In this context, Martínez-Casales et al. reviewed the role
of the heme oxygenase-1 as a potential pharmacological approach
in the hypertensive pathology, focusing on its expression in

FIGURE 1 | The keywords used in the articles published in this Frontiers Research Topic—Vascular Adjustments in Cardiovascular Disorders. Created using Word

Cloud Art Creator.

macrophages. Moreover, Delgado et al. investigated possible sex
differences on vascular G protein-coupled estrogen receptors
(GPER) signaling. These authors observed that GPER-induced
relaxation response is similar in resistance arteries of male and
female hypertensive rats; however, with differential participation
of endothelial mediators. The arterial remodeling and stiffness,
frequently associated with hypertension, has been recognized as
an independent predictor of mortality. Miotto et al. elegantly
performed proteomic analysis in aorta of hypertensive animals,
focusing on proteins involved in arterial stiffness. These authors
identified proteins differentially expressed in hypertensive and
perindopril-treated animals, which may contribute to identify
possible targets for the management of arterial stiffness.

Metals and endocrine disruptors are dangerous pollutants
and risk factors for CVD by inducing oxidative stress. Simões
et al. showed that exposure to lead, in lower doses than the
reference values accepted, enhanced COX-2-derived contractile
prostanoids, increasing vascular tone of resistance arteries
and, consequently, blood pressure. In an interesting way,
the nutritional supplementation with a bioactive egg white
hydrolysate seemed to be useful to prevent the HgCl2-induced
vascular dysfunction in resistance arteries (Escobar et al.).
Furthermore, García-Arévalo et al. demonstrated in the heart
that the exposure to bisphenol-A, an endocrine disruptor
which potentiates protein malnutrition-induced hypertension
and cardiovascular risk, induced an inward remodeling of
intramyocardial arteries, as well as ventricular dysfunction.

There are multiple studies which analyze alterations of
regional circulations in different pathologies. Regarding cerebral
circulation, Caracuel et al. demonstrated an adaptive mechanism
of cerebral vessels to hepatic encephalopathy that might
collaborate to increase brain blood flow by higher NO and
PGI2 release. Pulmonary hypertension is a health problem
characterized by vasoconstriction and vascular remodeling,
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leading to higher pulmonary vascular resistance. Hu et al.
reviewed the interplay between the heat shock protein 90 (Hsp90)
dysregulation and different proteins involved in pulmonary
hypertension development, shedding novel insights into the
intrinsic pathogenesis and potentially novel therapeutic strategies
for this important disease.

Given the above, the editors consider that the articles
published in this Frontiers Research Topic of Vascular Physiology
contribute to the understanding of pathophysiological
mechanisms involved in several CVD, as well to identify potential
targets to prevent or minimize the vascular complications
associated with CVD (Figure 1).
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Role of Renin-Angiotensin System 
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Focus on Ang-II, ACE2, and Ang-1–7
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Atherosclerosis is the leading cause of vascular disease worldwide and contributes 
significantly to deaths from cardiovascular complications. There is a remarkably close 
relationship between atherosclerotic plaque formation and the activation of renin-angiotensin 
system (RAS). However, depending on which RAS pathway is activated, pro‐ or 
anti-atherogenic outcomes may be observed. This brief review focuses on the role of 
three of the most important pieces of RAS axis, angiotensin II (Ang-II), angiotensin 
converting enzyme type 2 (ACE2), and angiotensin 1–7 (Ang-1–7) and their involvement 
in atherosclerosis. We focused on the effects of these molecules on vascular function and 
inflammation, which are important determinants of atherogenesis. Furthermore, 
we highlighted potential pharmacological approaches to treat this disorder.

Keywords: angiotensin converting enzyme type 2, angiotensin II, angiotensin 1–7, atherosclerosis, endothelial 
dysfunction, inflammation

INTRODUCTION

Cardiovascular diseases remain the leading cause of adult death worldwide (Herrington et  al., 
2016). Nowadays, it is already established that hypertension is a modifiable risk factor for 
cardiovascular diseases and the reduction in blood pressure is accompanied by a reduction 
in cardiovascular risk (Herrington et  al., 2016). On the other hand, the persistent burden of 
cardiovascular events despite a highly effective control of conventional risk factors, suggests 
that other mechanisms might underlie a proportion of these events (Libby et  al., 2019).

Atherosclerosis can be considered the primary origin of most cardiovascular diseases (Husain 
et  al., 2015). As previously reviewed by us and by others, atherosclerosis consists of an 
inflammatory response of arterial wall to injuries. This inflammation is often initiated by 
endothelial dysfunction and progresses to cellular adhesion molecules (CAM) expression, adhesion 
of circulating leukocytes to the endothelial cells (Koleva et  al., 2016), leucocyte migration and 
the formation of a fibrous cap around a lipidic core, which compromises vascular lumen 
(Freitas-Lima et  al., 2015). In addition to its traditional role in hypertension, the long-term 
blood pressure control system (the renin-angiotensin system – RAS) is directly involved in the 
development of atherosclerotic lesions due to its mainly effects on endothelial function, inflammation, 

8

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2020.01067&domain=pdf&date_stamp=2020-09-03
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2020.01067
https://creativecommons.org/licenses/by/4.0/
mailto:camille.balarini@gmail.com
https://doi.org/10.3389/fphys.2020.01067
https://www.frontiersin.org/articles/10.3389/fphys.2020.01067/full
https://www.frontiersin.org/articles/10.3389/fphys.2020.01067/full
https://www.frontiersin.org/articles/10.3389/fphys.2020.01067/full


Silva et al. Role of RAS Components in Atherosclerosis

Frontiers in Physiology | www.frontiersin.org 2 September 2020 | Volume 11 | Article 1067

fibrosis, coagulation balance, plaque stability, and structural 
remodeling (Montezano et  al., 2014; Husain et  al., 2015).

Along with the classic cascade in RAS, which involves the 
conversion of angiotensinogen to angiotensin I (Ang-I) by renin, 
followed by its cleavage to angiotensin II (Ang-II) by angiotensin 
converting enzyme (ACE), other peptides and enzymes related 
to RAS are important in atherogenesis (Figure  1; Montezano 
et  al., 2014). In this context, we  highlight the role of the 
angiotensin converting enzyme type 2 (ACE2), which is typically 
responsible to form angiotensin 1–7 (Ang-1–7) from Ang-II. 
The heptapeptide is described to oppose Ang-II effects by 
mediating vasodilation, growth-inhibition, anti-inflammatory 
responses, and anti-thrombotic effects (Montezano et al., 2014). 

Considering that, this review is devoted to summarize the 
effects of Ang-II, ACE2, and Ang-1–7  in atherosclerosis, 
highlighting the promising interventions that could lead to 
RAS modulation and atherosclerosis treatment.

ANGIOTENSIN II AND 
ATHEROSCLEROSIS

Ang-II is the main effector of RAS (Colafella et  al., 2019). 
The effects of Ang-II are mediated by its binding into the 
angiotensin type 1 and type 2 receptors (AT1R and AT2R, 
respectively). These receptors are G protein-coupled receptors 
that tend to present opposing activities (Kellici et  al., 2015). 
AT1R is primarily responsible for the classic pro-hypertensive 
activity of Ang-II, whereas the AT2R is reported to present 
antagonistic effects to the AT1R (Figure  1; Ding et  al., 2016).

It has been shown that Ang-II directly induces endothelial 
dysfunction and increases endothelial oxidative stress through 
the production of reactive oxygen species (ROS) such as 
superoxide anions (O2

−) derived from the complex enzyme 
nicotinamide adenine dinucleotide phosphate oxidase (NADPH 
oxidase). This occurs predominantly through interaction with 
endothelial AT1R (Ziegler et al., 2020), which mediates increase 
in Ca2+ concentration in endothelial cells, promoting activation 
of calmodulin and interaction with the Nox5/Ca2+ calmodulin 
binding domain (Montezano et  al., 2010; Piqueras and Sanz, 
2020). Nox5 is a member of the NADPH oxidase family which 
is not found in rodents but is highly expressed in coronary 
arteries obtained from individuals with coronary artery disease 
(Guzik et  al., 2008; Gray and Jandeleit-Dahm, 2015). In 
atherosclerosis, oxidative and inflammatory processes involve 
increased expression and activation of Nox5  in both vascular 
cells and resident macrophages (Touyz et  al., 2019).

Activation of Nox5 mediated by Ang-II produces O2
−, activates 

RhoA and leads to the subsequent stimulation of Rho-associate 
kinase in human umbilical arterial endothelial cells culture 
(Escudero et al., 2015). The RhoA/ROCK pathway is an upstream 
regulator of mitogen-activated protein kinases (MAPKs – 
p38MAPK and ERK1/2), which promotes transactivation of 
several transcription factors, including NF-κB (Piqueras and 
Sanz, 2020). NF-κB regulates the expression of numerous genes, 
such as cytokines, tumor necrosis factor alpha (TNF-α) and 
interleukin 6 (IL-6), chemokines (monocyte chemoattractant 
protein – MCP-1), adhesion molecules (P-selectin, ICAM-1, 
and VCAM-1), the inflammatory enzyme cyclooxygenase type 
2 (COX-2), and angiotensinogen (Durante et  al., 2012; Liang 
et  al., 2015). Moreover, activation of NF-κB seems to be  an 
important signal transducer involved in the upregulation of 
oxidized low-density lipoprotein (ox-LDL)–mediated AT1R 
expression (Figure  2; Li et  al., 2000).

It is likely that TNF-α, released upon Ang-II stimulation 
of the AT1R, in combination with IL-4 acts as a paracrine 
molecule, inducing selective adhesion of mononuclear cells 
to the arterial endothelium through increased expression of 
CAM, and the release of varied chemokines involved in the 
recruitment of mononuclear cells (Piqueras and Sanz, 2020).  

FIGURE 1 | Interactions between the renin-angiotensin system (RAS) and 
atherosclerosis. Angiotensin II (Ang-II) is formed from the angiotensin I (Ang-I) 
cleavage by angiotensin converting enzyme (ACE). Ang-II can bind to Ang-II 
type 1 (AT1R) or type 2 (AT2R) receptors. Ang-II undergoes the action of 
angiotensin converting enzyme type 2 (ACE2) to be converted into 
angiotensin 1–7 (Ang-1-7), which classically interacts with Mas receptor 
(MasR). Furthermore, Ang-1–7 can bind to AT2R or it can induce the 
β-arrestin pathway through its interaction with AT1R. Ang-1–7 also can 
be produced by neprylisin (NEP) from Ang-I. In summary, the ACE/Ang-II/
AT1R pathway induces atherosclerosis while the ACE2/Ang-1–7/MasR and 
Ang-II and Ang-1–7/AT2R pathways inhibit the atherosclerotic events. In 
addition, some pharmacological tools have been shown to interfere in some 
components of RAS cascade and prevent the atherosclerosis, such as 
statins, ACE inhibitors (ACEi), angiotensin receptor blockers (ARB) and 
diminazene aceturate (DIZE). Gray arrows indicate classic pathways while 
gray dotted arrows indicate alternative pathways. Black lines indicate 
potential pharmacological approaches to stimulate/increase (arrows) or block/
decrease (lines) components of RAS.
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Shu et  al. (2019) demonstrated that Ang-II induces monocyte 
chemotactic protein-induced protein expression (MCPIP1) 
through an AMPK/p38 MAPK dependent pathway. The increase 
in MCPIP1 expression triggered apoptosis in macrophages, 
contributing to atherosclerotic plaque vulnerability.

In addition, Ang-II induces the expression of osteopontin, 
a multifunctional protein found in many cell types, including 
macrophages, endothelial cells, smooth muscle cells (SMCs), 
and epithelial cells. Osteopontin is found in atherosclerotic 
lesions, especially in association with macrophages and foam 
cells, suggesting that this protein plays an important role in 
the development and progression of atherosclerosis (Ding et al., 
2016). The molecular mechanisms related to osteopontin involve 
recruitment of inflammatory cells and migration of foam cells 
through the binding to integrins (Giachelli and Steitz, 2000).

Ang-II also up-regulates the LOX-1 gene. LOX is a 
transmembrane glycoprotein that serves as a receptor for oxidized 
LDL (Lubrano and Balzan, 2016). In the endothelium, binding 
of oxLDL to LOX-1 causes increase in leukocyte adhesion 
molecules, activates apoptosis pathways, increases ROS and 
induces endothelial dysfunction. In a pro-inflammatory 
environment, LOX-1 is positively regulated in macrophages 
and is associated with more than 40% of oxLDL uptake, 
contributing to the formation of foam cells (Kattoor et  al., 
2019). In addition, oxLDL increases the generation of ACE, 
which in turn induces the Ang-II formation. This octapeptide 
increases the expression of LOX-1, which positively regulates 
the expression of AT1R, contributing to a self-perpetuating 

pro-atherogenic cycle. It has also been reported that ACE 
inhibitors and AT1R blockers (ARBs) decrease the expression 
of LOX-1 (Lubrano and Balzan, 2016).

According to experimental and clinical data, ACE inhibitors 
and ARBs appear to have beneficial anti-atherosclerotic effects 
(Tousoulis et  al., 2015). Studies have shown that enalapril 
ameliorated oxidative vascular injury, suppressed NADPH oxidase 
activity, decreased inflammatory mediators and regulated the 
antioxidant defense system in apolipoprotein E-deficient mice 
(ApoE-KO; Suarez-Martinez et  al., 2014; Husain et  al., 2015), 
an animal model commonly used to study atherosclerosis.

It has been shown that the ARB olmesartan significantly 
reduced vascular inflammation in hypertensive patients, with 
a significant reduction in serum levels of many inflammatory 
markers, such as C-reactive protein, TNF-α, IL-6, and MCP-1 
(Fliser et  al., 2004; Durante et  al., 2012). Moreover, long-term 
therapy with valsartan has been associated with atherosclerosis 
regression in individuals with thickening of the carotid wall. 
These effects were accompanied by concomitant improvements 
in oxidative stress markers, inflammation, and peripheral smooth 
muscle function (Ramadan et  al., 2016).

ACE2 AND ATHEROSCLEROSIS

The first evidence of a relationship between ACE2 and atherosclerosis 
was demonstrated by Zulli et  al. (2006). They have shown the 
immunolocalization of ACE2 protein in macrophages and SMC 

FIGURE 2 | Involvement of Ang-II, ACE2, and Ang-1–7 in atherogenic pathways. The Ang-II binding into AT1R can activate Nox5 through a calcium/calmodulin-
dependent pathway. The activated Nox5 induces the formation of ROS and stimulates the RhoA/ROCK pathway, which in turn, activates MAPKs and induces the 
transactivation of several transcription factors such as NF-κB. The expression of several genes is regulated by NF-κB, for instance cytokines (TNF-α and IL-6), 
chemokines (MCP-1), adhesion molecules (P-selectin, ICAM-1 and VCAM-1), which are involved in Ang-II-induced migration of mononuclear leukocytes. In addition, 
Ang-II is cleaved by ACE2 and produces Ang-1–7, an important RAS counter-regulator. Ang-1–7 shows the potential to negatively regulate atherogenic pathways, 
inducing anti-inflammatory effect, weakening monocyte migration and decrease of vascular lipids accumulation. These actions attributed to Ang-1–7 are related to 
the reduction of oxidative stress and the synthesis of inflammatory cytokines due to inhibition of the Nox4 and NF-κB-mediated pathways. Furthermore, Ang-1–7 
stimulates the PI3K/Akt pathway, leading to phosphorylation of eNOS and NO formation, which improves the endothelial function. Ang-1–7 is also capable of 
promoting endothelial activation of AT2R, which also stimulates the NO cascade. In VSMC, Ang-1–7 inhibits muscle cell migration and proliferation, in contrast to 
Ang-II which possess proliferative and hypertrophic effects.
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actin-positive cells from rabbit atherosclerotic plaques. After this 
study, several experimental and clinical evidence have confirmed 
the involvement of ACE2  in atherosclerosis, suggesting its anti-
atherogenic role (Dong et  al., 2008; Lovren et  al., 2008).

Dong et  al. (2008) have found that ACE2 overexpression on 
aortic plaques attenuate the progression of early lesions in rabbits 
that underwent to endothelial injury and received atherogenic 
diet, probably by conversion of Ang-II to Ang-1–7. In this scenario, 
there was a reduction in  local inflammation, lipid deposition, 
macrophage infiltration, and MCP-1 expression, in addition to 
an increase in collagen content, resulting in stabilized plaques. 
Similar results were found in rabbits fed with a high-cholesterol 
diet. The anti-atherosclerotic effects of ACE2 were associated with 
inhibition of proliferation and migration of vascular SMC and 
improvement of endothelial function. Additionally, ACE2 produced 
down-regulation of ERK1/2, p38 MAPK, JAK-STAT, and Ang-ll/
ROS/NF-κB signaling pathways and upregulation of the PI3K-Akt 
pathway (Zhang et  al., 2010).

Likewise, overexpression of ACE2 in ApoE-KO mice attenuated 
atherosclerotic lesion size and improved endothelial homeostasis, 
at least in part, through a mechanism that involves reduction 
of Ang-II-induced ROS generation (Lovren et  al., 2008). In 
accordance to these data, Zhang et al. (2015a) also have shown 
that inhibition of inflammatory response, such as reduction 
of Ang-II-induced expression of adhesion molecules and 
cytokines prevent atherosclerotic plaque evolution in ApoE-KO 
animals overexpressing ACE2.

The protective role of ACE2 on atherosclerosis was also 
supported by the use of ACE2-deficient mice model (ACE2-KO). 
ACE2-deficiency in both LDL receptor-deficient mice (LDLR-
KO) and ApoE-KO backgrounds resulted in larger atherosclerotic 
lesions when compared to their respective controls. Furthermore, 
the increased atherosclerotic vulnerability was associated to 
intraplaque inflammatory profile (Thomas et al., 2010; Thatcher 
et  al., 2011; Sahara et  al., 2014). On the other hand, the 
protective role of ACE2 on atherosclerosis in humans is not 
well-established yet.

In 2008, Sluimer and colleagues demonstrated the presence of 
ACE2  in humans. They detected ACE2 protein in human veins, 
healthy and atherosclerotic arteries, expressed in endothelial cells, 
SMCs, and macrophages. In addition, they found ACE2 messenger 
RNA (mRNA) and protein in early and advanced atherosclerotic 
lesion from humans. Despite total protein expression of ACE2 
was similar during all stages of atherosclerosis, ACE2 activity was 
lower in advanced lesions, suggesting differential regulation of 
ACE2  in progression of atherosclerosis (Sluimer et  al., 2008).

Anguiano et  al. (2016) have found that baseline circulating 
ACE2 activity was enhanced in chronic kidney disease patients 
with atherosclerotic plaques when compared to patients with 
no plaque, suggesting that higher circulating ACE2 activity is 
associated with higher risk for silent atherosclerosis. Accordingly, 
Zhou et al. (2020) have shown an increase in circulating ACE2 
protein levels in women with coronary heart disease (CHD) 
when compared to healthy group. This increase was associated 
with multi-vessel lesions, corroborating with the reports by 
Anguiano et al. (2016) and indicating the ACE2 as a compensatory 
mechanism in coronary atherosclerosis.

ACE2 is an integral cell membrane protein that can undergo 
cleavage or shedding and release its catalytically active ectodomain 
into surrounding milieu. The main promoter of ACE2 shedding 
is A Disintegrin and Metalloprotease 17 (ADAM17), which 
has been involved in atherosclerosis (Canault et al., 2006, 2007). 
This evidence and the results found by Zhou et  al. (2020) 
allowed these authors to conclude that the increase in circulating 
ACE2 level is due to increasing tissue ACE2 synthesis from 
mRNA and augmented ACE2 protein shedding followed by 
its increase in circulation. All together these data show the 
increased circulating ACE2 protein levels or activity as biomarkers 
of atherosclerosis and encourage further studies in this direction.

Some therapeutic strategies for atherosclerosis targeting ACE2 
have been thought, either with new drugs or drugs already 
used in the clinic. A recent study has demonstrated that 
overexpression of ACE by plasmid-mediated transfection in 
both primary monocytes and THP-1 cells leads to a marked 
decrease of ACE2 mRNA expression and induces a pro-atherogenic 
phenotype with elevated gene expression of the cellular adhesion 
molecules ICAM-1, VCAM-1, and macrophage colony-stimulating 
factor (MCSF). All these effects were partly reversed by captopril 
and losartan (Trojanowicz et  al., 2017).

In that context, Zhang et al. (2015b) have shown that losartan 
inhibited the evolution of atherosclerotic plaques in high-cholesterol 
fed rabbits as well as increased the ACE2 protein expression 
in the plaques. In addition, Ang-II downregulated ACE2 protein 
expression and activity in SMC cell culture and losartan 
significantly blocked Ang-II-induced reduction of both ACE2 
protein and activity. These data indicate that Ang-II generation 
by ACE can affect the expression and activity of ACE2 and 
ACE inhibitors or AT1R antagonists can upregulate ACE2 and 
favor its anti-atherogenic effects.

ACE2-activating drugs also seem promising, with emphasis 
on diminazene aceturate (DIZE) (Qaradakhi et  al., 2020), which 
has several protective effects, such as improvement of metabolic 
profile and reduction of lipogenesis in mice (Macedo et al., 2015),  
anti-hypertensive effects in renovascular hypertensive rats 
(De Maria et al., 2016), and improvement of pulmonary endothelial 
function in Sprague Dawley rats (Shenoy et  al., 2013). Thatcher 
et  al. (2014) have found that DIZE decreases formation and 
severity of Ang-II-induced abdominal aortic aneurysms (AAA). 
Ang-II-induced AAA is characterized by progressive leukocyte 
accumulation, extracellular matrix degradation, luminal expansion, 
and thrombus (Saraff et  al., 2003), being closely related to 
atherosclerosis. In addition, Fraga-Silva et  al. (2015) have 
demonstrated that DIZE enhances the stability of atherosclerotic 
plaques in ApoE-KO mice and reduces the expression of ICAM-1 
and VCAM-1. Although the mentioned studies have been performed 
on animal models, they suggest DIZE as a potential drug for 
the treatment of atherosclerosis and related cardiovascular diseases.

ANGIOTENSIN 1–7 AND 
ATHEROSCLEROSIS

Ang-1–7 was investigated three decades ago as an important 
counter-regulator component of RAS, promoting hypotension 
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and bradycardia after microinjection in dorsal motor nucleus 
of the vagus (Santos et  al., 1988; Campagnole-Santos et  al., 
1989). The classical formation of Ang-1–7 occurs through ACE2 
action on Ang-II. Alternatively, Ang-1–7 is formed by the cleavage 
of Ang-1–9 facilitated by ACE. Moreover, Ang-I can be  directly 
converted into Ang-1–7 by action of neutral endopeptidase 
(neprylisin – NEP; Santos et  al., 2003; Santos, 2014).

The formation of Ang-1–7  in vascular endothelium was 
first identified by Santos et  al. (1992) using human aortic and 
human umbilical vein endothelial cells (HUVEC; Santos et  al., 
1992). Robust studies have shown that Ang-1–7 induces MasR 
activation, a G protein-coupled receptor which stimulates the 
PI3K/Akt pathway leading to phosphorylation of endothelial 
nitric oxide (NO) synthase and consequent NO production 
and releasing (Sampaio et  al., 2007). Of note, Ang-1–7 is able 
to promote AT2R endothelial activation, which stimulates the 
bradykinin–NO cascade (Walters et  al., 2005; Villela et  al., 
2015). NO is one of the most important factors released by 
endothelium. This gas is involved in vascular homeostasis and 
its decrease induces endothelial dysfunction (Cheng et al., 2009; 
Forstermann and Sessa, 2012), which is the key factor in 
atherogenesis (Qaradakhi et  al., 2016).

Studies have demonstrated that Ang-1–7 stimulates endothelial 
cells function restoration by increasing NO bioavailability (Pignone 
et  al., 2007; Sampaio et  al., 2007). In addition, Ang-1–7 
downregulates adhesion molecules such as VCAM-1 and ICAM-1 in 
endothelium by preventing both the phosphorylation of p38 MAPK 
and the expression of NF-κB (Anton et  al., 2007; Zhang et  al., 
2013; Liang et al., 2015). Moreover, Ang-1–7 induces proliferation 
of endothelial progenitor cells in the injured vascular tissue triggered 
by atherogenesis (Wang et  al., 2010; Zhang et  al., 2015c).

During the vascular inflammation, many cytokines and 
inflammatory cells are required to begin and maintain 
atherosclerosis progression. In this context, Ang-1–7 has been 
described to induce anti-inflammatory phenotypes which 
contribute to restrain vascular lipid accumulation (Yang et  al., 
2013; Jiang et al., 2014). Yang et al. (2015a) found that Ang-1–7 
treatment reduced the oxidative stress and macrophage infiltration 
due to decreasing in Nox4 (a subunit of NADPH oxidase 
complex) and NF-κB in aorta from ApoE-KO (Figure  2; Yang 
et  al., 2015a). Another interesting study revealed that Ang-1–7 
administration induced a remarkable decrease in the expression 
of pro-inflammatory cytokines such as IL-6, TNF-α, and 
MCP-1 in both aortic plaque and macrophages from ApoE-KO 
(Yang et  al., 2013). Furthermore, in the same mouse model, 
pretreatment with AVE0991, a MasR agonist, reduced activated 
CD4+ T cells (Jawien et  al., 2012a) and IL-12 (Jawien et  al., 
2012b). All these findings corroborate with an anti-inflammatory 
effect of Ang-1–7/MasR pathway in atherosclerosis.

In contrast to Ang-II-induced proliferative and hypertrophic 
effects, Ang-1–7 inhibits the migration and proliferation of 
vascular SMCs (Jiang et  al., 2014; McKinney et  al., 2014). This 
effect was described by Yang et al. (2013), showing that Ang-1–7 
induces activation of MasR/ERK1,2/p38 and MasR/JAK/STAT 
pathways in vascular SMCs to mitigate the atherosclerotic plaque 
formation (Yang et  al., 2013). Furthermore, Ang-1–7 has 
demonstrated a potential to negatively regulate the vascular 

fibrosis, as can be noticed by decreasing in matrix metalloproteases 
(MMP) MMP-2/MMP-9  in atherosclerotic plaques (Yang et al., 
2013). Accordingly, Ang-1–7 treatment promoted a reduction 
in the neointimal layer growth by structural recovery of 
endothelium and showed atheroprotective properties attributed 
to its binding to both AT2R and MasR (Faria-Silva et  al., 
2005; Tesanovic et  al., 2010). In addition, Ang-1–7 reduced 
atherosclerotic lesion formation by decrease in collagen 
accumulation through activation of AT2R (Dandapat et  al., 
2008). Conversely, it was described an increase in collagen 
content after Ang-1–7 administration, resulting in the increase 
of plaque stability (Yang et  al., 2013). Similarly, the treatment 
with an Ang-1–7 antagonist, A779, induced a decline in plaque 
stability and reduction in collagen level (Yang et  al., 2015b). 
Moreover, the heptapeptide can play a role as a β -arrestin-
biased AT1R agonist without induce the Gq subunit activation, 
suggesting an additional anti hypertrophic effect attributed to 
this peptide (Teixeira et  al., 2017; Paz Ocaranza et  al., 2020)

Interestingly, increase in plasmatic Ang-1–7 has been involved 
in regulation of lipid metabolism. It promoted a reduction in 
triglycerides and cholesterol levels, together with a decrease 
in adipose tissue mass as well as an improvement of glucose 
metabolism (Santos et  al., 2010). The authors have suggested 
an involvement of adiponectin in the regulation of the glucose 
and lipid metabolism induced by Ang-1–7 (Santos et al., 2010). 
Curiously, the knocking out of MasR promoted opposing effects, 
once it augmented cholesterol and triglycerides levels and 
worsened the carbohydrate metabolism (Santos et  al., 2008).

THE ROLE OF STATINS ON RAS 
COMPONENTS AND ATHEROSCLEROSIS

Some therapeutic strategies have been validated to positively 
modulate the RAS. The statins, 3-hydroxy-3-methyl-glutaryl-
coenzyme A reductase (HMGcoA-reductase) inhibitors, have 
emerged due to its pleiotropic properties demonstrating additional 
effects apart from those of decreasing cholesterol levels (Zhang 
et  al., 2015c). Treatment with statins such as atorvastatin and 
rosuvastatin have promoted an upregulation of ACE2/Ang-1–7 
axis, reducing the proliferation of vascular SMCs and intimal 
thickening, respectively (Li et  al., 2000; Suski et  al., 2014), effects 
that are closely related to atherogenesis. The mechanisms by which 
the statins act to promote these effects are still unclear; however, 
studies have revealed that HMGcoA-reductase inhibitors decrease 
the activation of NF-κB induced by TNF-α and Ang-II, factors 
responsible to stimulate the migration and proliferation of vascular 
wall (Ortego et  al., 1999; Friedrich et  al., 2006; Tristano et  al., 
2007; Suski et al., 2014). Furthermore, authors have demonstrated 
that atorvastatin induced an increase in ACE2 protein expression 
in heart and kidney from high cholesterol-fed rabbits and augmented 
the occupancy of histone H3 acetylation (H3-Ac) mark on ACE2 
promoter region in heart, demonstrating direct or indirect ACE2 
epigenetic upregulation (Tikoo et  al., 2015).

The role of statins on RAS components also have been 
observed in clinical trials as showed by Schindler et  al. (2014) 
that identified, for the first time, an increase of Ang-1–7 level 
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in hypercholesterolemic subjects after atorvastatin treatment. 
Altogether, those responses suggest an important role of statins 
on RAS components, including a decrease in Ang-II and, 
apparently, an upregulation in the ACE2/Ang-1–7 axis. This 
fact could be  crucial to the atherosclerosis and cardiovascular 
diseases therapy.

CONCLUSION

In conclusion, here we  briefly reviewed the role played by 
RAS components such as Ang-II, ACE2, and Ang-1–7  in 
atherosclerosis development. According to what is expected to 
components of RAS, Ang-II is considered to have pro-atherogenic 
effects while ACE2 and Ang-1–7 anti-atherogenic profiles. In 
addition to the direct pressure-related roles of these peptides, 
their effects on atherosclerosis involve modulation of endothelial 
function, oxidative stress, inflammation, cellular migration and 
proliferation, as well as plaque stability. Pharmacological strategies 
currently used to modulate the pressor effects of RAS components 
can offer beneficial outcomes in atherosclerosis. Moreover, 
we  highlight the role played by statins, which have been 

identified to increase the RAS compensatory components (ACE2 
and Ang-1–7), and induce an additional effect against the 
plaque formation. For this reason, the HMGcoA-reductase 
inhibitors should be considered when clinical decisions are made.
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Pulmonary arterial hypertension (PAH) is a multifactorial and progressive disorder. This
disease is characterized by vasoconstriction and vascular remodeling, which results
in increased pulmonary artery pressure and pulmonary vascular resistance. Although
extensive studies have been carried out to understand the etiology, it is still unclear
what intracellular factors contribute and integrate these pathological features. Heat
shock protein 90 (Hsp90), a ubiquitous and essential molecular chaperone, is involved
in the maturation of many proteins. An increasing number of studies have revealed direct
connections between abnormal Hsp90 expression and cellular factors related to PAH,
such as soluble guanylate cyclase and AMP-activated protein kinase. These studies
suggest that the Hsp90 regulatory network is a major predictor of poor outcomes,
providing novel insights into the pathogenesis of PAH. For the first time, this review
summarizes the interplay between the Hsp90 dysregulation and different proteins
involved in PAH development, shedding novel insights into the intrinsic pathogenesis
and potentially novel therapeutic strategies for this devastating disease.

Keywords: pulmonary arterial hypertension, heat shock protein 90, soluble guanylate cyclase, AMP-activated
protein kinase, pathogenesis, novel therapeutic options

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a life-threatening condition characterized by high
blood pressure in the arteries that flow from the heart to the lung. Different from systemic
hypertension, a decreased compliance of the pulmonary arterial system and progressive narrowing
of the pulmonary arteries are the key features of PAH. These features are mainly caused by
vasoconstriction and vascular remodeling, which eventually lead to high right ventricular (RV)
afterload, RV failure, and ultimately death (Tuder et al., 2013).

PAH is defined by a mean pulmonary artery pressure (PAP) > 20 mmHg at rest, a normal
capillary wedge pressure ≤ 15 mmHg, and a pulmonary vascular resistance ≥ 3 Wood units
(Simonneau et al., 2019). The prevalence and geographic distribution of PAH vary based on disease
type and etiology. Although worldwide prevalence remains unclear, the estimated incidence of PAH
normally ranges from 2.0 to 7.6 cases per million adults per year, and its prevalence varies from 11
to 26 cases per million (Thenappan et al., 2018). To date, PAH still remains relatively incurable
despite the significant signs of progress in the disease awareness, development of diagnostics, and
therapeutics. Moreover, this debilitating disease is accompanied by high morbidity with a 1-year
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mortality rate of 15–20% and a poor median survival of 7 years
(Benza et al., 2010; Thenappan et al., 2010). Hence, it is
paramount to find efficient PAH therapies to improve long-term
outcomes for PAH patients.

The pathogenesis of PAH is complicated. The traditional
view supports that elevated PAP is caused by the imbalance
of endogenous vascular factors such as nitric oxide (NO),
prostacyclin, endothelin, and thromboxane (Budhiraja et al.,
2004; Dunham-Snary et al., 2017). Clinically, high PAP
is the primary symptom to be dealt with, which is the
major strategy for current therapy, i.e., diuretics, calcium
channel blockers, anticoagulants, inhaled NO donors, and
targeted therapy including soluble guanylate cyclase (sGC)
stimulators, phosphodiesterase-5 inhibitors, endothelin receptor
antagonists, and prostacyclin analogs. However, all these
strategies, mainly focusing on vascular relaxation with little
emphasis on vascular remodeling, are gradually running into
drawbacks and bottlenecks such as drug resistance, systematic
hypotension, and unsatisfactory long-term use, although they
could improve patient’s functional capacity and hemodynamics
when used alone or in combination (Galie et al., 2016).
Growing evidence supports that vascular remodeling plays an
important role in the pathogenesis of PAH (Humbert et al.,
2004; Rabinovitch, 2012). Recent studies have highlighted the
mechanisms on regulating proliferative vascular remodeling and
thus advanced our understanding of PAH pathogenesis from
novel genetic and epigenetic factors to cell metabolism and DNA
damage (Thompson and Lawrie, 2017). Vascular remodeling is
mainly characterized as abnormal proliferation and migration
of pulmonary artery smooth muscle cells (PASMCs). These
abnormal phenotypes in pulmonary vascular cells under PAH
result in vasoconstriction and loss of elasticity of vascular wall,
which eventually leads to increased PAP, RV hypertrophy, and RV
overload. Accordingly, many attempts and efforts to treat PAH
through inhibiting vascular remodeling have been performed
(Dai Z. et al., 2018; Dai and Zhao, 2019). Accumulating evidence
suggests that bromodomain and extra-terminal motif (BET)
is implicated in the pathogenesis of PAH. More promisingly,
RVX208, a clinically available BET inhibitor, has been shown
to improve hemodynamics and reverse pulmonary vascular
remodeling without attenuation of RV hypertrophy or mortality
in animals with PAH (Dai and Zhao, 2019). Furthermore,
previous studies have shown that hypoxia-inducible factor-2α

signaling is activated in lung tissues from patients with PAH and
distinct rodent PAH models. More importantly, pharmacological
inhibition of hypoxia-inducible factor-2α has been shown to
reduce obliterative pulmonary vascular remodeling in hypoxia-
exposed rats (Dai Z. et al., 2018). However, in other studies,
inhibition of vascular remodeling alone is not able to rapidly
decrease blood pressure, the primary and acute symptom of
PAH, which in turn promotes a change of vascular status and
leads to a failure of PAH treatment (Shimoda and Laurie, 2013;
Liu et al., 2018; Shi et al., 2018). In this regard, heat shock
protein 90 (Hsp90) chaperone machinery has emerged as a
promising axis that can simultaneously regulate the expression of
multiple aberrant proteins implicated in PAH development and
progression (Taipale et al., 2010; Paulin et al., 2011).

HEAT SHOCK PROTEIN 90

Heat shock proteins (HSPs are a collection of conserved
families of proteins that are induced by various cellular and
environmental stresses such as high temperature, hypoxic
damage, and oxidative stress (Young et al., 2004). Traditionally,
many HSPs have also been known as molecular chaperones due to
their essential roles in processes involved in maintaining cellular
protein homeostasis, including facilitating protein folding and
transportation and maintaining mature structures and functions
of proteins (Javid et al., 2007). Hsp90, a unique family of HSPs
with a molecular weight of 90 kDa, is a class of evolutionarily
conserved and abundant molecular chaperones that mediate
many fundamental cellular processes (Zhao et al., 2005; Schopf
et al., 2017). In general, Hsp90 accounts for 1–2% of the total
cellular protein under non-stressful conditions, and its level
rises up to 4–6% in response to stressful conditions (Taipale
et al., 2010; Finka and Goloubinoff, 2013). So far, four isoforms
have been discovered for Hsp90 in humans (Sreedhar et al.,
2004): Hsp90α, Hsp90β, glucose-regulated protein 94, and tumor
necrosis factor receptor-associated protein 1. Both Hsp90α and
Hsp90β reside in the cytosol. However, the expression of Hsp90α

is induced upon cellular stresses, whereas Hsp90β is constitutively
expressed. GRP94 is located in the endoplasmic reticulum, and
tumor necrosis factor receptor-associated protein 1 is present in
the mitochondria.

Structure of Heat Shock Protein 90
The structural and molecular characteristics of Hsp90 have
been systematically reviewed elsewhere (Li and Buchner, 2013;
Hoter et al., 2018; Li et al., 2020). Only a brief description
is provided in this review. Hsp90 exists as a homodimer. The
monomer comprises of four domains (Figure 1): an N-terminal
dimerization domain (NTD), a charged region (CR) of a variable
length, a middle domain (MD), and a C-terminal domain (CTD)
(Ali et al., 2006; Pullen and Bolon, 2011; Street et al., 2011). The
four domains are flexibly linked. The domain organization is
conserved from bacteria to humans except for the CR domain,
which is only present in eukaryotic Hsp90. The NTD binds
adenosine triphosphate (ATP). Interestingly, several conserved
residues of the ATP-binding site in NTD form a “lid” that closes
over the nucleotide-binding pocket in the ATP-bound state but is
open in the ADP-bound state (Ali et al., 2006). These residues are
essential for the ATPase activity of Hsp90, which is indispensable
for the chaperone cycle and binding client proteins. The CR
domain is highly charged and has a variable length and amino
acid composition, suggesting increased flexibility and dynamics
to cope with the crowded environment in eukaryotic cells (Shiau
et al., 2006; Tsutsumi et al., 2009). The MD of Hsp90 contains
crucial catalytic residues for forming the composite ATPase site,
which interacts with the γ-phosphate of ATP and thus promotes
ATP hydrolysis (Meyer et al., 2003; Huai et al., 2005). Moreover,
the MD contributes to the interaction sites for client proteins and
some co-chaperones (Meyer et al., 2003, 2004; Huai et al., 2005).
For instance, the co-chaperone Aha1 binds with MD to modulate
the active conformation of the catalytic loop, which consequently
stimulates the ATPase activity of Hsp90 (Meyer et al., 2004).
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FIGURE 1 | Domain structure of Hsp90 family members in humans.
Schematic representation of the domain structure of Hsp90 isoforms together
with the biological functions of each domain.

The CTD is responsible for the inherent dimerization. Moreover,
following the CTD is a highly conserved pentapeptide, MEEVD,
which serves as the docking site for the interaction with co-
chaperones containing tetratricopeptide repeat clamp (Scheufler
et al., 2000; Ratzke et al., 2010).

Conformation Dynamics of Heat Shock
Protein 90
Extensive structural studies revealed that the Hsp90 chaperone
cycle could be divided into distinct conformations, which seem
to be in a dynamic equilibrium (Shiau et al., 2006; Mickler
et al., 2009). In the apo state (Figure 2), Hsp90 adopts an open
V-shaped form predominantly, termed “open conformation”
(Graf et al., 2009). Then, binding and hydrolysis of ATP drives
the conformational changes and leads to the formation of the
first intermediate state, in which the ATP lid is closed, but
the NTD are still open (Hessling et al., 2009). The unfolded
substrates are recognized by co-chaperones and loaded onto
Hsp90 during this process (Genest et al., 2019). Subsequently,
Hsp90 ATPase activity is triggered by co-chaperone Aha1 along
with the dissociation of other co-chaperones such as Hsp70 and
Hop. This promotes the closure of the Hsp90 homodimer. Now,
Hsp90 is in the “closed conformation” (Li et al., 2013). Then, the
dimerization leads to the formation of the second intermediate
state, in which the MD repositions and interacts with the NTD.
The ATP hydrolysis is catalyzed in this fully closed state, resulting
in substrate folding. The following opening of the NTD of the
Hsp90 dimer restores the initial “open conformation” (Shiau
et al., 2006; Hessling et al., 2009).

Functions of Heat Shock Protein 90
In cells, Hsp90 is involved in diverse cellular processes, including
protein folding, maturation, post-translational modification,
recognition, degradation, signaling transduction, cell cycle,
and cellular differentiation (Taipale et al., 2010; Hoter et al.,
2018). Several published articles have extensively reviewed the
roles of Hsp90 in protein folding, maturation, and preventing
protein aggregation (Shiau et al., 2006; Taipale et al., 2010;
Kirschke et al., 2014; Genest et al., 2019). Recently, the post-
translational modifications of Hsp90 have gained an increasing
significance. These modifications include phosphorylation,
acetylation, nitrosylation, and methylation. Interestingly, these
covalent modifications influence the chaperone activity of
Hsp90 and, thus, the maturation of client proteins (Mollapour
and Neckers, 2012). One widely accepted hypothesis on the

recognition of Hsp90 for its clients is that Hsp90 recognizes
certain conformations or the stability of selected clients rather
than its primary sequence (Falsone et al., 2004; Muller et al.,
2005). However, further studies still need to resolve this
conundrum in the future. Several reports have shown that Hsp90
is also required for facilitating protein degradation through
involvement in the ubiquitin–proteasome pathway mediated by
the carboxyl terminus of Hsp70-interacting protein (Goasduff
and Cederbaum, 2000; Fan et al., 2005; Xia et al., 2007). The
clients of Hsp90 have been shown to associate with a large
number of signaling pathways, such as protein kinases and
steroid hormone receptors (Sato et al., 2000; Kazlauskas et al.,
2001; Theodoraki and Caplan, 2012; Boczek et al., 2015). Hence,
Hsp90 seems to be essential in the maturation and protection
of the protein functions as a key chaperone implicated in cell
signaling. Many of the client proteins chaperoned by Hsp90 are
essential for the progression of various diseases, including cancer,
Alzheimer’s disease, and other neurodegenerative diseases, as
well as viral and bacterial infections (Zuehlke et al., 2018; Li
et al., 2020). Hence, it has been proposed that targeting Hsp90
is an effective way of combating a large range of diseases (Den
and Lu, 2012). Interestingly, the functions of Hsp90 isoforms
were also dramatically affected by the stages of the cell cycle and
differentiation, which differ in the level of cellular ATP (Nguyen
et al., 2013; Echeverria et al., 2016). As mentioned earlier, ATP
binds to the NTD of Hsp90, and the hydrolysis of ATP provides
energy for its functions. Therefore, competitively inhibiting
the ATP-binding process with Hsp90 inhibitors has gained
significant attention in disease treatment, and several Hsp90
inhibitors have entered clinical trials currently (Li et al., 2020).

Inhibitors of Heat Shock Protein 90
In the past two decades, Hsp90 has received tremendous attention
from medicinal chemists, and thus, extensive efforts have been
made in developing various Hsp90 inhibitors (Figure 3) via
different experimental approaches (Xiao and Liu, 2020). The
first generation of Hsp90 inhibitors is natural products such
as geldanamycin, radicicol, and their derivatives. 17-AAG was
derived from geldanamycin. It was the first Hsp90 inhibitor
to enter the clinical trial in 1999. NVP-AUY922 was the
first resorcinol based small-molecule Hsp90 inhibitor through
high-throughput screening and structure-based optimization.
BIIB021, a purine analog identified from the Hsp90 and ATP
cocrystal structure studies, was the first non-geldanamycin
small-molecule Hsp90 inhibitor to enter the clinical evaluation.
SNX-5422 bearing a benzamide scaffold was identified by a
chemo-proteomics based screening approach and entered the
clinical trial in 2008. Unfortunately, none of these inhibitors
has been approved up to date, although many have been
tested in clinical trials (Xiao and Liu, 2020). The lack of
drug-like properties, organ toxicity and/or drug resistance
are the main obstacles for preventing these Hsp90 inhibitors
from reaching the market. Hence, improving drug selectivity
is considered as a practical strategy for minimizing drug
toxicity. GRP94-selective inhibitors were first developed based
on the lowest similarity with the other three Hsp90 isoforms.
Given the cocrystal structures of radicicol bound to Hsp90α
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FIGURE 2 | Hsp90 chaperone cycle. Open conformation state is likely to be the most efficient at binding client proteins. Addition of ATP altering the relationship
between the NTD and MD, resulting in a transient NTD/MD conformation. Co-chaperones assist in loading client proteins onto Hsp90. Aha1 increases Hsp90
ATPase activity, contributing to the closing of the NTD. Client proteins would remain bound due to the hydrophobic surfaces still present on the MD and CTD. Client
proteins are folded during the process of NTD closure. Finally, nucleotide hydrolysis results in the very compact ADP state and the release of client proteins. Open
conformation of the Hsp90 NTD is restored for the next chaperone cycle.

FIGURE 3 | Structures of Hsp90 inhibitors.

and Hsp90β and two different amino acid residues at the
ATP binding sites, a series of Hsp90β selectively targeted
inhibitors were developed. Up to now, Hsp90 inhibitors in either
clinical or preclinical evaluations have been mainly developed

for cancer therapy, however, none has reached the market.
In this context, new indications, as well as new chemical
structures, should be considered during the development of novel
Hsp90 inhibitors.
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HEAT SHOCK PROTEIN 90 IN
PULMONARY ARTERIAL
HYPERTENSION

As a ubiquitous chaperone, Hsp90 has received much attention
due to its important roles in cancer biology, regulating
proliferation, growth, differentiation, adhesion, invasion,
metastasis, angiogenesis, and apoptosis. Thus, Hsp90 is probably
one of the best-studied HSP proteins (Wu et al., 2017). Recently,
several reports suggested the involvement of Hsp90 in the
pathogenesis of PAH, especially in vascular remodeling, although
the precise pathogenesis mechanisms of PAH remain to be
elucidated (Sakao and Tatsumi, 2011; Wang et al., 2016;
Boucherat et al., 2017, 2018). Studies have shown that the
level of Hsp90 was increased in both plasma and membrane
walls of pulmonary arterioles from PAH patients (Wang et al.,
2016). Moreover, Hsp90 inhibitor 17-AAG has been shown
to improve pulmonary vascular remodeling via suppressing
the excessive proliferation and migration of PASMCs (Wang
et al., 2016). Notably, findings indicate that the accumulation
of Hsp90 in PASMC mitochondria was a hallmark of PAH
development and a key regulator of mitochondrial homeostasis
contributing to vascular remodeling in PAH (Boucherat et al.,
2018). Not surprisingly, cytosolic Hsp90 stimulates PASMC
proliferation by stabilizing key signaling proteins involved in
PAH development and progression. Moreover, study results
demonstrated that the mitochondrial accumulation of Hsp90 in
PASMCs of PAH contributes to their proliferation and survival
under environmental stresses and thus promotes vascular
remodeling (Boucherat et al., 2018). Herein, accumulation of
Hsp90 in mitochondria represents a feature in PAH vascular
remodeling and thus may be a weakness to exploit. Gamitrinib,
a small molecule designed to target selectively Hsp90 in
mitochondria, was associated with antiproliferation activity
in preclinical models with no overt organ or systemic toxicity
(Kang et al., 2009). It was demonstrated that targeted inhibition
of mitochondrial Hsp90 with Gamitrinib reversed pulmonary
vascular remodeling and improved cardiac output in two PAH
models without noticeable toxicity (Boucherat et al., 2018).
Thus, pharmacological inhibition of Hsp90 is a promising
avenue to improve the clinical outcomes of patients with PAH,
and drugs that target Hsp90 in mitochondria will show more
advantages in PAH treatment (Boucherat et al., 2018). However,
the specific mechanisms of Hsp90 in PAH pathogenesis still
remain to be illuminated, although it is clearly relevant to
PAH development. Unexpectedly, Hsp90 is implicated in
regulating the function of many proteins essential for the PAH
development and progression, such as sGC and AMP-activated
protein kinase (AMPK).

Heat Shock Protein 90 and Soluble
Guanylate Cyclase
sGC, as the best established NO physiological receptor, is a
heterodimer made up of similar α and β subunits (Derbyshire
and Marletta, 2012; Childers and Garcin, 2018; Kang et al.,
2019). The binding of NO to sGC heme prosthetic group

results in the synthesis of the second messenger cyclic
guanosine monophosphate, establishing the NO–sGC– cyclic
guanosine monophosphate signaling pathway, which is essential
for maintaining cardiovascular health (Stasch et al., 2011).
Accordingly, substantial experimental data have suggested the
impaired sGC activity in the pathogenesis of PAH (Schermuly
et al., 2008; Ghofrani and Grimminger, 2009; Stasch et al., 2011;
Dasgupta et al., 2015). Interestingly, sGC expression, especially
sGC β1, was upregulated compared with control subjects in
the PAH patients’ pulmonary arterial tissue samples as well as
experimental animal models of PAH (Schermuly et al., 2008).

Hsp90 was reported to associate with several heme proteins
and influence their functions, stabilization, maturation, and
activities (McClellan et al., 2007). In 2003, Hsp90 was first
reported to associate with sGC. Subsequent studies identified
the effects of Hsp90 on sGC-mediated vascular relaxation by
regulating the stability of sGC (Yetik-Anacak et al., 2006;
Nedvetsky et al., 2008). Remarkably, a myriad of works on how
Hsp90 regulates sGC function has been carried out in the last
decade, and the related research progress was also summarized
(Ghosh and Stuehr, 2017). Therefore, we mainly present a brief
overview to provide their basic results for understanding the
Hsp90 impact on sGC under physiological and pathological
conditions. Hsp90 regulates sGC, involving the association of
Hsp90 MD with two regions of sGC, by a dual mechanism
(Papapetropoulos et al., 2005; Dai et al., 2019). On the one hand,
Hsp90 drives heme insertion into apo-sGC β1 after forming a
complex. Once heme insertion is complete, Hsp90 dissociates
from sGC β1, which partners with sGC α1 to form a mature
and functional sGC heterodimer. On the other hand, apo-sGC β1
associates with Hsp90 much more strongly than sGC α1, which
prevents the formation of heme-free and non-functional sGC
heterodimer (Dai et al., 2019). It is well established that oxidative
stress, which plays a major role in the development of pulmonary
vascular remodeling and a consequent increase of pulmonary
pressure, can cause the oxidation of the sGC heme resulting in
desensitization to NO signaling (Shah et al., 2018). NO stimulates
the insertion of heme in apo-sGC-β1, the dissociation of Hsp90
from the complex, and the association of sGC-α1 to form the
active enzyme (Ghosh et al., 2014). It seems that impaired NO
and the upregulation of Hsp90 in PAH break the insertion of
heme into sGC-β1 and the equilibrium between apo-sGC-β1 and
holo-sGC-β1 (Ghosh et al., 2014; Dai et al., 2019). However, how
this equilibrium is managed remains to be elucidated. In this
way, the activity of sGC heterodimer may be impaired despite
the elevated sGC level under pathophysiology of PAH. Given that
dysregulation of the sGC signaling pathway has been associated
with PAH and cardiovascular disease, several stimulators and
activators of sGC have been developed as therapeutics. The
heme-dependent sGC stimulators and the heme-independent
sGC activators have distinct mechanisms of action (Follmann
et al., 2013). sGC stimulators share a dual mode of action:
they synergize with endogenous NO, and furthermore, they
are also capable of directly stimulating the mature sGC in a
manner that is independent from NO. In contrast, sGC activators
increase enzymatic activity of the oxidized heme or heme-
deficient apo-sGC without relying on NO. The pharmacologic
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FIGURE 4 | Overview of the important roles of Hsp90 in the regulation of sGC and AMPK involved in the pathogenesis of PAH. Hsp90 drives heme insertion into
apo-sGCβ after the complex of Hsp90 and apo-sGCβ formation. Meanwhile, Hsp90 also prevents apo-sGCβ’s premature interaction with sGCα to form a heme-free,
non-functional sGC heterodimer. Hsp90 dissociates from sGCβ once heme insertion is complete, allowing holo-sGCβ to partner with sGCα and to form a mature
and functional sGC heterodimer. AMPK is a client of Hsp90, and Hsp90 interferes with the function of the AMPK complex by mediating the phosphorylation of AMPK
in PASMCs. Activation of AMPK in PAECs assists the complex formation between eNOS and Hsp90, promoting eNOS-mediated NO production.

sGC activators were found to mimic all the changes in sGC
β1 protein associations and consequent increase in the sGC
heterodimer formation (Dai et al., 2019). Thus, inhibition of
Hsp90 may further enhance the efficacy of sGC activators to treat
PAH by increasing the levels of heme-free sGC (Figure 4).

Heat Shock Protein 90 and
AMP-Activated Protein Kinase
AMPK is a heterotrimeric complex consisting of a catalytic
subunit α (α1 and α2) and two regulatory subunits β and γ

and primarily regulates the energy homeostasis in eukaryotes
(Ross et al., 2016). AMPK activity requires phosphorylation
of Thr172 in the activation loop of the kinase domain. In
a cellular context, liver kinase B1 and calcium/calmodulin-
dependent protein kinase β have been identified as the two major
upstream kinases capable of phosphorylating Thr172, which
is critical for significant activation of AMPK (Willows et al.,
2017). As a nutrient sensor, AMPK is critical for lung function
and involved in many lung diseases, especially PAH (Ibe et al.,
2013). Recent studies suggest that inhibition of AMPK prevents
the development of PAH via decreasing vascular remodeling
characterized by abnormal PASMC proliferation and migration
(Dai J. et al., 2018). The concentrations of phosphorylated AMPK
in PASMCs of PAH and hypoxic mouse PASMCs appeared
to be elevated. Moreover, compound C, an AMPK inhibitor,
prevents hypoxia-induced PAH in vivo (Ibe et al., 2013). Also,
this study suggests that AMPKs α1 and α2 play differential roles
in the survival of PASMCs during hypoxia (Ibe et al., 2013). The

activation of α1 prevents apoptosis, whereas the activation of
α2 stimulates autophagy, both of the effects promoting PASMC
abnormal proliferation. These results show that inhibition of
AMPK phosphorylation presents a possible therapeutic strategy
in the treatment of PAH.

Previous reports have shown that Hsp90 selectively interacts
with and stabilizes key signaling proteins to regulate cell
survival and proliferation via preferentially interfering with their
metabolic balance (Schopf et al., 2017). Accordingly, several
investigators have focused on the interaction between Hsp90
and AMPK, and results demonstrate that Hsp90 chaperones
regulate cell metabolism via mediating the activation of AMPK
(Zhang et al., 2012). Furthermore, Hsp90 interacts with AMPK
and maintains its kinase activity, which in turn is required
for the phosphorylation of AMPK and its substrate, acetyl-
CoA carboxylase (Zhang et al., 2012). Hsp90 inhibitors reduced
the enzymatic activity of AMPK by inhibiting the complex
formed by Hsp90 with AMPK. Moreover, dissociation of the
γ subunit from AMPK triggered by Hsp90 inhibitor weakens
the stability of the heterotrimeric complex, as the direct Hsp90
inhibition disassembles the AMPK-Hsp90 complex and liberates
the α subunit from the AMPK complex, resulting in the
decline of enzymatic activity and phosphorylation of acetyl-
CoA carboxylase (Zhang et al., 2012). Therefore, the effects of
Hsp90 inhibition in PAH therapy are likely to depress the AMPK
signaling pathway (Figure 4).

As previously mentioned, the impairment of NO production
has long been considered to be associated with the pathogenesis
of PAH (Ghofrani and Grimminger, 2009; Stasch et al., 2011).
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FIGURE 5 | Proposed mechanism graph shows that the combination of Hsp90 inhibitors and sGC activators may lead to better treatment of PAH via relaxing blood
vessels and inhibiting vascular remodeling.

Validated data indicate that endothelial NO synthase (eNOS)
generates NO as a homodimer in the presence of heme. Hsp90
associates with eNOS to form a complex, which stimulates
the production of NO (García-Cardeña et al., 1998). Previous
studies demonstrate that Hsp90 plays an important role in the
maintenance of eNOS dimer structure and function (Chen et al.,
2014). Moreover, inhibition of Hsp90 or silencing of Hsp90
causes the eNOS dimer to dissociate into monomers and exposes
Ser1179 and Thr497 on the monomers to various phosphatases,
resulting in eNOS dephosphorylation and degradation. Structure
studies showed that Hsp90 associates with the oxygenase
domain of eNOS in which eNOS also associates with many
kinds of different cofactors or substrates, such as Heme,
tetrahydrobiopterin (BH4), and L-arginine (Balligand, 2002;
Chen et al., 2017). In fact, Hsp90 uniquely regulates eNOS
through specifically changing a few eNOS cofactor affinity,
such as reduced nicotinamide adenine nucleotide phosphate
and calcium (Ca2+)/calmodulin (Chen et al., 2017). Meanwhile,
sufficient study data confirm that mitochondrial dysfunction
in pulmonary arterial endothelial cells (PAECs) decreases the
cellular ATP levels and Hsp90 chaperone activity, resulting in a
reduced interaction between Hsp90 and eNOS in cardiovascular
disorders (Sud et al., 2008). Hence, the eNOS activities and NO
generation were decreased despite the overall elevated Hsp90
level in PAH. Interestingly, some research results suggest that
AMPK activity is essential for eNOS activation via promoting
the association between eNOS and Hsp90 (Schulz et al., 2005;

Figure 4). In contrast, pharmacological or molecular inhibition
of AMPK did not alter the level of eNOS phosphorylation
(Schulz et al., 2005; Chen et al., 2009). Also, clinically relevant
concentrations of metformin, as a most commonly used AMPK
activator, activate eNOS and NO bioactivity in an AMPK-
dependent manner (Davis et al., 2006). Taken together, although
divergent findings exist, Hsp90 may play a significant role in PAH
by interacting with AMPK and eNOS pathways. More research is
needed to understand the effects of Hsp90 in PAH development.

Various studies have shown that overexpression of Hsp90 was
related to many diseases such as cancer and chronic degenerative
diseases (Richardson et al., 2011; Fuhrmann-Stroissnigg et al.,
2017). However, the studies that focused on the relationships
between Hsp90 accumulation and PAH development are limited,
and the underlying roles of Hsp90 in the occurrence and
progression of PAH remain unclear. Our review is the first to
propose the possible mechanisms of Hsp90 in the pathogenesis of
PAH by comprehensively summarizing the interactions of Hsp90
with sGC and AMPK signaling pathways (Figure 4).

PROSPECTIVE OF HEAT SHOCK
PROTEIN 90 IN PULMONARY ARTERIAL
HYPERTENSION TREATMENT

Hsp90 levels and activities vary in different cell lines during
the development of PAH. It was shown that the level and
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activity of Hsp90 were increased in PASMCs, leading to abnormal
proliferation and migration of PASMCs and, thus, vascular
remodeling eventually (Wang et al., 2016; Boucherat et al.,
2018). In PAECs, the intracellular ATP level decreased due
to mitochondrial dysfunction. This results in reduced activity
of Hsp90, which in turn leads to the uncoupling of the
interaction between eNOS and Hsp90, and decreased eNOS
activity and NO production, resulting in further pulmonary
vasoconstriction (García-Cardeña et al., 1998; Sud et al., 2008;
Boucherat et al., 2018). The combined physiological changes
increase PAP and pulmonary vascular resistance, aggravating the
condition of PAH patients.

Supported by long-term efficacy data and the latest European
Society of Cardiology/European Respiratory Society guidelines,
combination therapy is now regarded as the standard of
care in PAH management and is becoming used widely in
clinical practice (Galie et al., 2016; Lajoie et al., 2016; Burks
et al., 2018). In this review, we summarized the multifaceted
roles of Hsp90, such as the effects on sGC and AMPK,
in PAH treatment. Based on the current situation and our
new findings on the role of Hsp90 in PAH development,
we speculate that the combination of Hsp90 inhibitors and
sGC activators may provide significant benefit to PAH patients
clinically (Figure 5).

CONCLUSION

In summary, an increasing body of evidence has supported
Hsp90 as a potential pathogenic factor in the development
of PAH. It is known that PAH is a highly complicated and

progressive disease, and no single drug has been consistently
demonstrated to be efficient for patients with PAH. Combination
therapy has shown potential advantages in long-term outcomes
and achievements of predefined treatment goals. Therefore,
regulators with vasodilation effect via sGC activation and vascular
remodeling regulation effect by Hsp90 inhibition will provide
more advantages and potentialities. Further elucidating the
mechanisms of Hsp90 related pathways in the development of
PAH will be essential for developing novel specific and safe
therapies for this devastating disease.
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Introduction: Cardiovascular aging is implicated in the development of cardiovascular
disease (CVD). Aquatic exercise is being considered as a co-adjuvant form of
rehabilitation, but there is limited evidence for its cardiovascular risk-reduction properties
for older people. Our study aimed to address this by exploring the cardiovascular
effects of long-term aquatic exercise in older adults in comparison to those who are
either inactive or engaged in land-based/mixed training by measurement of micro- and
macro-circulation. Flow Mediated Dilatation (FMD) was the primary outcome.

Methods: This was a pragmatic, 4-group, cross-sectional study. Eighty normotensive
adults constituted four (n = 20) groups. The Aqua group (aged 63.7 ± 7 years) and
Land group (aged 65 ± 6 years) consisted of participants engaged in aquatic and land-
based training, respectively. The mixed group (Mix) (aged 66 ± 6 years) consisted of
participants engaged in both land-based and aquatic training. Self-reported training
consisted of ≥2/week for ≥6 months (mean sessions/week = 4 ± 1, 4 ± 1, and 5 ± 2
for each group, respectively). The sedentary group (Sed) (aged 63 ± 6 years) consisted
of people who were sedentary for ≥6 months (mean sessions/week 0 ± 0). The
primary outcome was %FMD. Secondary outcomes included raw cutaneous vascular
conductance (CVC) and CVC max.

Results: Statistically significant differences (%FMD, raw CVC variables other than
baseline) were found between each of the exercise groups (Aqua, Land, Mix) and the
sedentary group (Sed) (i.e., 11.2 (4.2) vs. 5.0 (2.3); p < 0.0005, between the Aqua group
and Sed group, for %FMD). No specific advantage could be attributed to any one of the
exercise groups.
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Conclusion: We reported improvements in NO-mediated endothelial function at micro-
and macro-circulatory levels, observing no differences between exercise modes. Our
findings provide evidence for the role of aquatic exercise as a “shield” against CVD in
older populations.

Keywords: swimming, microcirculation, macrocirculation, aging, vascular

INTRODUCTION

Aging affects the human cardiovascular system at both the
functional and structural level. Cardiovascular aging appears
to affect pathophysiological pathways also implicated being in
the development of cardiovascular disease (CVD). This is why
advanced age is one of the most important CVD risk factors.
As almost 20% of the world population will be above the age of
65 by 2030, an exponential increase in CVD prevalence will be
occurring at the same time (Heidenreich et al., 2011).

Exercise may delay cardiovascular aging and assist in
CVD prevention among older individuals (Lee et al., 2012).
Nevertheless, participation in exercise in older populations is low
and decreases as age increases, i.e., only 13% of women over
75 meet the U.K. physical activity recommendations (Townsend
et al., 2015). Fear of injury and lack of confidence in using exercise
equipment are often cited as significant barriers to participation
(Schutzer and Graves, 2004). Therefore, interventions based on
forms of exercise that older people feel comfortable with and in
which they are keen to participate, need to be promoted.

Aquatic exercise (usually swimming and/or aqua aerobics)
is being considered as a potential co-adjuvant form of
rehabilitation, especially for people with coronary artery disease
presenting with musculoskeletal comorbidities (Cugusi et al.,
2019) and peripheral arterial disease (Park et al., 2019). In
older populations aquatic exercise appears to offer positive
outcomes particularly in regard to gait, balance and mobility
(Carroll et al., 2019).

On the other hand, there is limited high-quality evidence to
support the use of aquatic exercise for improving physiological
components, which are considered as risk factors for falling and
physical functioning (Waller et al., 2016). Additionally, there
is limited evidence to ascertain the benefit on cardiovascular
outcomes for this exercise modality, for older people, while
aquatic exercise studies often avoid focusing on older age-groups.
Nevertheless, recent systematic reviews, mixing middle-aged and
elderly participants, found that aquatic exercise reduces systolic
blood pressure to levels similar to that elicited by land-based
exercise (Igarashi and Nogami, 2018; Reichert et al., 2018).
Furthermore, water-based exercise interventions for 12 weeks
appear to offer micro- and macro-vascular benefits to older
people with Type 2 Diabetes Mellitus (T2DM) (Suntraluck
et al., 2017), as well as improvements in lipid measures and
insulin, particularly in the longer term (i.e., following 6–
12 months of training) (Cox et al., 2010). Water-aerobics
performed twice a week for 12 weeks has also been indicated
to improve explosive strength, body composition, and blood
pressure in middle-aged adults and older adults, albeit with no

concurrent improvement in lipid profile and cardiorespiratory
fitness (Pereira Neiva et al., 2018).

However, as the evidence isn’t conclusive, the debate is still
quite strong even for the general older adult population, with
researchers questioning whether regular aquatic exercise confers
beneficial effects on coronary heart disease risk factors (Tanaka,
2009) or general heart health (Lazar et al., 2013).

Our study (the ACELA study) aimed to address the knowledge
gap, by exploring the cardiovascular effects of long-term
(>6 months of duration) aquatic exercise (comprising either/or
swimming and aquatic exercise classes) in older (>55 years
of age), normotensive adults against their counterparts who
were either inactive or were being trained primarily using land-
based exercises or a mixture of both aquatic and land-based
exercise. Our objectives were to (i) assess both micro- and
macro-circulation, in order to have a complete picture of the
physiological effects at both a micro- and macro-circulatory level,
and (ii) to test the hypothesis that all forms of exercise offered
the same cardio-protective benefits, using flow-mediated dilation
(FMD) as our primary outcome.

MATERIALS AND METHODS

Study Design
This study is reported according to the Strengthening of the
Reporting of Observational Studies in Epidemiology (STROBE)
guidelines (Von Elm et al., 2007). The ACELA study was
a pragmatic, 4-group, cross-sectional study, approved by
Sheffield Hallam University Sports Ethics Review Committee
(ER5320861). All experiments were conducted in accordance
with the revised Declaration of Helsinki and all participants
provided written consent to participate in the study. This was
a single-site, single-visit study taking place at Collegiate Hall,
Collegiate Crescent Campus of Sheffield Hallam University. All
assessments were undertaken in a physiology laboratory by
members of the research team.

Participants
General inclusion criteria included being over 55 years of age
and normotensive (e.g., <140/90 mm Hg). For the three exercise
groups, participants must have been engaging in either water-
based (Aqua), land-based (Land), or water and land-based (Mix)
moderate intensity, primarily aerobic-based training regimes
at least 2/week for 1 h per session, for a period of at least
6 months, but less than 5 years. Participants in the sedentary
group (Sed), must have been undertaking less than 60 min
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of structured/planned physical activity per week, for at least
6 months, but less than 5 years.

Exclusion criteria included having any overt chronic disease
which would affect microvascular functioning (i.e., diabetes
mellitus and coronary heart disease), anemia (irrespective of
whether an iron supplementation course was followed or not),
and a recent (3 months’ ago) major surgery. Participants
undertaking high intensity interval training of any form were
excluded. Recruitment was completed with a minimum target
number per group, until group-matching was achieved.

Participants were recruited via social and mass media (Twitter,
Facebook, newspaper), posters (in community venues and halls,
Sheffield Hallam University, places of worship and post-offices),
an open e-mail invitation and word of mouth. Participants who
agreed to take part who met the inclusion criteria and agreed
to take part, were invited to Collegiate Hall, Collegiate Crescent
Campus of Sheffield Hallam University for a single visit, during
the morning hours of the day.

Outcome Measures
Cutaneous vascular conductance (CVC) and flow mediated
dilation (FMD) and were chosen as outcome measures of macro-
and micro-circulatory function because their methods are both
highly regarded, non-invasive, and reproducible. Furthermore,
they have been used in various studies exploring the effects
of lifestyle interventions on cardiovascular function in both
clinical and pre-clinical populations. Our research group is highly
experienced, having led numerous studies using these to explore
the effects of lifestyle interventions on the vascular function
of pre-clinical and clinical populations (e.g., Tew et al., 2010;
Klonizakis et al., 2017).

During the single-visit, all participants initially completed
the following three questionnaires: (i) The online Q-Risk
questionnaire which assesses cardiovascular disease risk
(Hippisley-Cox et al., 2017), (ii) The SF-IPAQ questionnaire
which assesses physical activity levels (Craig et al., 2003), and (iii)
the EQ5D-5L questionnaire, to support assessment of quality of
life (Herdman et al., 2011).

Participants then completed the following assessments in the
order indicated below:

(a) Anthropometry: Stature, body mass, body fat (In Body
720, In Body Co., Seoul, South Korea), waist and hip
circumferences were measured (Klonizakis et al., 2017).
Waist circumference was measured with the participant
standing with feet together, and the tape measure placed
around the narrowest part of the torso, between the
umbilicus and the xyphoid process. Hip circumference was
measured with the participant standing as above, and the
tape measure placed around the maximum circumference
of the buttocks.

(b) Microcirculatory function: Participants were instructed
to abstain from caffeine 2–3 h prior to the recordings,
so as to eliminate the confounding effect caffeine may
have produced on vasorelaxation. Skin blood flow was
measured as cutaneous red blood cell flux using a
Laser Doppler Flowmeter (LDF; Periflux system 5000,

Perimed 122 AB, Järfälla, Sweden) (Tew et al., 2010).
Local thermal hyperemia was induced using a heating
disc surrounding the probe. The probe was attached to
the skin on the forearm using a double-sided adhesion
sticker. Recordings of the Laser Doppler signal were made
using PeriSoft Windows 9.0 software (Perimed, Järfälla,
Sweden). Participants were rested in a supine position in
a temperature-controlled room with a constant ambient
temperature of 24◦C for 35 min. Heart rate and diastolic
and systolic blood pressure was recorded from the left arm
at 5 min intervals throughout the protocol (Dinamap Dash
2500, GE Healthcare, United States). Baseline skin blood
flow data was recorded for 5 min with the local heating disc
temperature set at 30◦C. Following this, rapid local heating
was initiated to obtain maximal vasodilation and the
temperature was increased by 1◦C every 10 s until 42◦C was
reached. This was then maintained for 30 min following,
which the test was completed. For the analysis of each
recording measurement phases were defined as detailed in
Table 1. The LDF values were divided by the corresponding
mean arterial pressure (MAP) to give the cutaneous
vascular conductance (CVC) in arbitrary perfusion units
(APU)·mm Hg. MAP was calculated from Systolic Blood
Pressure (SBP) and Diastolic Blood Pressure (DBP). The
data is presented as raw CVC and CVC was normalized
to maximum [%CVCmax = ((CVC/CVCmax) × 100)].
The resting Heart Rate (HR) and BP of participants were
calculated from the average of measured HR and BP
throughout the LDF recording period.

(c) Nitric oxide-mediated, macro (arterial)- circulatory
function: We used FMD as a measure of endothelium-
dependent, nitric oxide (NO)-mediated, macro (arterial)-
circulatory function (Klonizakis et al., 2017). We measured
FMD according to the guiding principles set out by
Thijssen et al. (2011). FMD was measured using a Nemio
XG (Toshiba, Tokyo, Japan) ultrasound machine (software:
3.5.000; Toshiba, Tokyo, Japan). The brachial artery was
imaged at a location 3–7 cm above the cubital crease to
create a flow stimulus in the brachial artery, using a 12 MHz
linear transducer (Toshiba, Tokyo, Japan).

Baseline scanning to assess resting vessel diameter was
recorded over 3 min, following a 10 min resting period. A rapid
inflation-deflation pneumatic cuff placed immediately distal to
the elbow joint was used to as an FMD stimulus. The cuff was

TABLE 1 | Laser doppler flowmetry measurement phase definition.

Measurement
Phase

Time Point

Baseline The arithmetical mean of the last 2 min of the first 5 min
period.

Initial peak The arithmetical mean of the highest consecutive 30 s
period within the distinct initial hyperemic response.

Plateau The arithmetical mean of the last 2 min of heating at 42◦C.

Maximum The arithmetical mean of the last 2 min of heating at 44◦C.
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inflated to 200 mm Hg for 5 min, with recordings commencing
30 s before cuff deflation and continuing for 3 min after.
Percentage FMD (FMD%) was the measure of assessment, being
calculated by dividing the change in arterial diameter in the
mean cardiac phase by the initial baseline diameter of the artery
and multiplying it by 100. After the assessment, participants
were then monitored for an additional 5 min before the study
visit was completed.

Bias and Study Size
Evaluators were blind to participant grouping to reduce
investigator bias. Additionally, to decrease inter-observer bias
and increase measurement consistency, each evaluator carried
out the same measurement for each participant. That is, one
undertook the microcirculatory assessment each time while
another undertook the macro-circulatory assessment each time.

The sample size was achieved by setting a minimum target
number per group (i.e., n = 18). Once this was met, participants
were recruited, until group-matching was achieved.

Data Analysis
Normality of each of the outcome variables was assessed using
the Shapiro-Wilks test. All variables were non-parametric, with
the exception of MAP, CVCmax and %CVCmax baseline, which
were parametric. For these 3 parametric variables, the one-
way ANOVA was performed. For non-parametric variables the
Kruskal-Wallis test was applied to test for overall between-groups
differences. Variables showing significant differences were further
analyzed for pairwise differences using the Mann-Whitney
U-test. To avoid committing a Type I error, we used a Bonferroni
correction for all between-groups analyses. Statistical analysis
was performed using SPSS (IBM SPSS Statistics Version 26
(IBM United Kingdom Limited, Hampshire, United Kingdom).
Statistical significance for the test was set at p ≤ 0.05. Values
are presented as mean ± standard deviation (SD), unless
otherwise stated.

RESULTS

Demographics
In total, 134 people were examined for eligibility, 95 were
confirmed eligible, and eighty participants were enrolled in
the study and assessed. There were 20 participants in each
group. Figure 1 demonstrates the participants’ pathway through
the study. Demographics are presented in Table 2. All four
study groups were statistically matched for all variables with
the exception of body fat and training-related variables (e.g.,
IPAQ-derived variables and training sessions), where pairwise
comparisons, confirm the a statistically significant difference
between the exercise groups and the sedentary one (e.g., body fat;
Aqua vs. Sed – p = 0.03, Mix vs. Sed – p = 0.04, Land vs. Sed –
p = 0.04). No statistically significant differences were observed
between the exercise groups.

FIGURE 1 | A flow diagram of the participant pathway through the study.

Micro- and Macro-Circulation
Statistically significant differences were found for all raw CVC
variables, with the expected exception of CVC, with exercise
groups experiencing higher values than the sedentary group
(Table 3). Standardized CVC values (against CVC max), were not
statistically significant.

Similarly, for %FMD, there was a statistically significant
difference between groups, with exercise groups having greater
values than the sedentary group (Table 3).

Pairwise Comparisons
All variables were analyzed for pairwise comparisons (Table 4)
with the exception of raw CVC baseline and %CVCmax
standardized ones, as these were found to be non-significant,
during the “between-groups” comparison (presented in Table 3).
No statistically-significant differences were detected during the
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TABLE 2 | Demographics for participants.

Aqua
(Aquatic)

Land
(Land-based)

Mix (Mixed) Sed
(Sedentary)

Sex 8 M/12 F 9 M/11 F 8 M/12 F 9 M/11 F

Age 63 ± 7 65 ± 6 66 ± 6 63 ± 6

Weight (Kg) 75 ± 13 71 ± 12 75 ± 14 77 ± 16

Height (m) 1.72 ± 0.1 1.69 ± 0.1 1.69 ± 0.1 1.67 ± 0.1

BMI (kg·m2) 25.2 ± 4.2 24.7 ± 3.7 26.4 ± 4.4 27.1 ± 4.8

Waist
circumference
(cm)

90 ± 12 87 ± 11 93 ± 11 93 ± 12

Hip
circumference
(cm)

102 ± 9 100 ± 7 105 ± 11 103 ± 9

Waist to hip
ratio

0.88 ± 0.11 0.87 ± 0.07 0.88 ± 0.07 0.91 ± 0.11

Body fat (%) 28.7 ± 9 27.9 ± 11 29.6 ± 8 31.7 ± 8*

Heart rate
(bmp)

62 ± 11 63 ± 14 61 ± 10 67 ± 14

Systolic BP
(mm Hg)

128 ± 20 129 ± 20 132 ± 22 132 ± 12

Diastolic BP
(mm Hg)

78 ± 11 78 ± 8 77 ± 11 77 ± 13

MAP (mm Hg) 99 ± 14 102 ± 13 104 ± 7 98 ± 13

EQ5D-5L Visual
analog scale
(VAS) score

82 ± 7 81 ± 14 75 ± 14 78 ± 16

IPAQ
(METs/week)

4, 990 ± 2445 6, 311 ± 3741 5, 509 ± 3847 1, 141 ± 406*

IPAQ
(categorical
score)

3 ± 0 3 ± 0 3 ± 0 1 ± 1

IPAQ- sitting time

(Mins/week) 1, 934 ± 888 1, 529 ± 915 1, 763 ± 777 3, 955 ± 902*

(Mins/day) 276 ± 127 218 ± 131 252 ± 111 565 ± 128*

Q-risk (%) 10 ± 7 12 ± 6 12 ± 7 14 ± 5

Training
sessions/week

4 ± 1 4 ± 1 4 ± 2 0 ± 0*

Values are expressed as mean ± standard deviation; *statistical
significance = p < 0.05.
M, male; F, female; Kg, kilograms; BMI, body mass index; cm, centimeters; bpm,
beats per minute; BP, blood pressure; mmHg, millimeters of mercury; MAP, mean
arterial pressure; VAS, visual analog scale; MET, metabolic equivalent of task.

pairwise comparisons between exercise groups (Aqua vs. Land,
Aqua vs. Mix, Land vs. Mix; Table 4). Statistical significance (in
%FMD and most of the raw CVC variables) was reached between
each of the exercise groups and the sedentary group (Table 4).

DISCUSSION

Our study contributes to research exploring the association of
long-term aquatic exercise and the cardiovascular function of
“older-but-otherwise healthy” adults, who train regularly (e.g., at
least twice a week), against other modes of exercise. We studied
and assessed two areas of our circulation, micro- and macro-
circulation; our findings in both areas suggest that regular aquatic
exercise draws similar CVD risk-reduction benefits to both

TABLE 3 | Between-groups comparison of cardiovascular function of older adults.

Group p-value

Aqua Land Mix Sed

Raw CVC (APU/mm Hg)

Baseline 0.6 ± 0.4 0.4 ± 0.4 0.4 ± 0.6 0.3 ± 0.1 0.2

Initial peak 3.1 ± 0.9 2.7 ± 0.9 3.2 ± 1.2 2.2 ± 0.7 0.004*

Plateau 3.7 ± 1.3 3.5 ± 1.6 3.6 ± 1.2 2.6 ± 1.1 0.005*

Max 4.4 ± 1.3 4.0 ± 1.2 4.3 ± 1.3 3.1 ± 0.8 0.002*

CVC max (%)

Baseline 12.4 ± 7.3 11 ± 11.7 10.5 ± 15.5 12.5 ± 8.5 0.1

Initial peak 73.4 ± 18.7 71.3 ± 27.4 76.4 ± 20.5 71.7 ± 17.3 0.9

Plateau 84.5 ± 15.9 90.3 ± 40 85.3 ± 18.8 83.9 ± 19.7 0.9

FMD

FMD (%) 11.2 ± 4.2 11.7 ± 5.2 11.4 ± 4.4 5.0 ± 2.3 <0.0005*

FMD
pre-occlusion
(cm)

3.98 (0.67) 4.01 (0.69) 4.02 (0.45) 3.92 (0.32) 0.6

FMD
post-occlusion
(cm)

4.46 (0.69) 4.45 (0.56) 4.42 (0.51) 4.12 (0.34) <0.005*

Values are expressed as mean ± standard deviation; *Statistical
significance = p < 0.05. CVC, cutaneous vascular conductance; APU,
arbitrary perfusion units; CVC max, percentage of maximum CVC; FMD, flow
mediated dilation. Aqua, aquatic exercise; Land, land-based exercise; Mix, mixed
aquatic and land-based exercise; Sed, sedentary.

regular, non-high-intensity interval training, land-based exercise,
as well as to a mixture of both land- and water-based exercise.
However, since this was a single-visit cross-sectional study,
assumptions about the causality cannot be made. Nevertheless,
this observational data could help the current debate about
the cardiovascular effects of aquatic exercise in older groups,
particularly as our study, avoiding high-intensity interval training
exercise, focuses on the where the exercise regime takes place.

Although microcirculation is considered as an important
element of our circulatory system (Klonizakis et al., 2017),
it is often overlooked, when designing and executing studies
exploring the CVD-risk reduction properties of different
interventions. This is an incorrect approach, as it is now
accepted that pathological changes in the microcirculation mirror
(Debbabi et al., 2010) if not precede (Lenasi, 2016) changes in
arteries, therefore, making it the most appropriate region to
study, to facilitate early detection.

In our study, we explored both axon reflex- and endothelium-
mediated microcirculatory vasodilation, both of which are
affected by aging (Tew et al., 2010), with the former being
related to the body’s response mechanism to local tissue
trauma (Tew et al., 2010) and the latter being considered
an early sign of atherosclerosis and cardiovascular disease
(Versari et al., 2009). This was conducted through the
assessment of “initial peak” and “plateau” heating-response
phases, respectively. In microcirculation, the “initial peak” phase
during local heating relies predominantly on local sensory
nerves (Minson et al., 2001) and is mediated by the axon
reflex that is dependent on calcitonin-gene-related peptide and
substance P (Holowatz et al., 2007), while the “plateau” phase
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TABLE 4 | Between-groups pairwise comparisons of cardiovascular function of older adults.

p-value

Aqua vs. Land Aqua vs. Mix Aqua vs. Sed Land vs. Mix Land vs. Sed Mix vs. Sed

CVC

Initial peak 0.10 1.00 0.001* 0.10 0.20 0.009*

Plateau 0.40 0.60 <0.0005* 0.50 0.05* 0.003*

Max 0.30 0.60 0.001* 0.30 0.02* 0.002*

%FMD 0.20 0.90 <0.0005* 0.40 <0.0005* <0.0005*

*Statistical significance = p < 0.05. CVC, cutaneous vascular conductance; FMD, flow mediated dilation. Aqua, aquatic exercise; Land, land-based exercise; Mix, mixed
aquatic and land-based exercise; Sed, sedentary.

is mediated primarily by endothelium-dependent NO release
(Minson et al., 2001).

It is accepted that land-based exercise regimes offer important,
microvascular CVD risk-reduction benefits (Lanting et al.,
2017). Our findings suggest that these benefits extend also to
regular aquatic-based exercise whether this is conducted alone
or in combination with land-based exercises. The mechanism
to which aquatic exercise improves microvascular function,
and particularly NO bioavailability that is of primary interest
in CVD, is not clear, although it is likely that this is due
to an increased plasma concentration of nitrates and not
catecholamine, as it has been observed in clinical populations
following swimming (Mourot et al., 2009), in a manner similar
to that caused following land-based exercise training (Tew et al.,
2010). Nevertheless, the possibility of this occurring through
a shear stress-mediated increase in endothelial NO synthase
e(NOS) gene expression (Hodges et al., 2007) or via training-
related changes in microvascular function (Tew et al., 2010)
can also not be excluded: For example, it is known that.
eNOS-generated NO facilitates dynamic alterations in blood
flow distribution (e.g., in response to altered shear stress) and
has antiatherosclerotic effects at the level of the endothelium
(Melikian et al., 2009). Therefore, it would be useful for
future studies in the field, to conduct specific experiments that
will explore the exact mechanisms involved. In any case, our
findings, in agreement with others (Suntraluck et al., 2017)
suggest that an additional option might exist for treatment and
rehabilitation purposes, for the conditions that have a strong
microcirculatory element and for which aerobic exercise might
be beneficial.

Most of the CVD-related studies conducted on the effects
of aquatic exercise on older people, have been focused on
people with coronary heart disease and heart failure (Mourot
et al., 2009; Cugusi et al., 2019; Vasić et al., 2019), with little
work having been completed on the longer-term effects on a
general, “older-but-healthy” population (Igarashi and Nogami,
2018). This is an important knowledge gap, considering that
a number of researchers debate the positive cardio-protective
influence that aquatic exercise may have on our bodies (Tanaka,
2009; Lazar et al., 2013). In that sense, a study like ours
was required, in order to explore cardiovascular differences in
“older-but-healthy” individuals, who train regularly for a long-
period of time.

Our study indicates that long-term, water-based exercise
in older individuals can offer improvements in macrovascular
function parameters, which are associated with CVD risk
reduction, such as %FMD (Klonizakis et al., 2017). This happens
in a manner similar to what is observed in the short-term, in
clinical populations such as people with coronary heart disease
(Vasić et al., 2019) and osteoarthritis (Alkatan et al., 2016). Our
work extends the findings of other research groups on clinical
(e.g., peripheral artery disease) (Park et al., 2019) and general
(Sherlock et al., 2014; Reichert et al., 2018) populations, which
have used alternative measures known to be related to CVD
risk, such as arterial stiffness (assessed by Pulse Wave Velocity)
(Sherlock et al., 2014) and blood pressure (Reichert et al., 2018),
suggesting notable risk reductions, similar to that observed
following land-based exercise (Di Francescomarino et al., 2009).
Indeed, aquatic exercise may confer additional benefit for
older adults, where participants can obtain the advantages of
regular land-based exercise (i.e., improved strength, balance,
flexibility, and cardiovascular health benefits) without pain,
stress, or strain on joints (Heyneman and Premo, 1992;
Kim and O’Sullivan, 2013).

Exploring the mechanism that triggers these positive findings,
is less straight forward. In our study all participants were
normotensive, and no differences were observed in MAP between
groups. Thus, it is unlikely that a reduction in distending
pressure contributed to the improved macrovascular function.
This observation is in agreement with findings from other studies,
which suggest that even when improvements are detected in
arterial stiffness, these are most likely related to a reversal of
endothelial dysfunction (Sherlock et al., 2014). Nevertheless, this
is no surprise, looking closely to our findings: FMD, in which we
observed the biggest differences between older people following
aquatic exercise regimes and sedentary older adults, is known
to be endothelium-dependent, NO-mediated. Considering that
longer-term aquatic exercise is associated with a reduction in
the markers of low-grade inflammation (Alkatan et al., 2016),
the most plausible mechanism behind the observed increase in
NO bioavailability, is that this was achieved through a reversal
of the inflammation affected endothelial dysfunction, possible
in combination with hemodynamic changes triggered by long-
term aquatic exercise (Vasić et al., 2019). As we observed similar
differences at microcirculatory level, the effect is most likely
happening on a systemic manner, which is a novel finding worthy
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of further investigation (and confirmation) in future studies,
exploring both micro- and macro-circulation.

Finally, the fact that all of our study participants were
engaging in regular exercise (4 times per week on average),
should not be overlooked: it is known that regular moderate
physical activity promotes an antioxidant state and preserves
endothelial function, eliciting systemic molecular pathways
connected with angiogenesis and chronic anti-inflammatory
action (Di Francescomarino et al., 2009) Our work suggests that
irrespective of the mechanisms involved, benefits are similar
between land-, water- and mixed-mode based, aerobic exercise
regimes, provided that a training program is followed regularly.

Limitations
As the study is a cross-sectional observational study, our findings
cannot be used to establish a causal relationship. However,
this study can be built upon to investigate causality in further
research. In addition, data regarding exercise intensity and
frequency is necessarily self-reported, and thus may contain some
inaccuracies based on recall. We did not differentiate between
alternative sub-modes of land- or water- exercise programs
(e.g., aquarobics, pool swimming). Although this might be
considered as a limitation, we did that purposefully as it is
unlikely that people, particularly older, would undertake a single
mode of exercise when joining a swimming pool, particularly
when undertaking water-based exercises. They would be more
likely to combine swimming and water-based exercise classes
within the same week, rather than following solely one of these.
Therefore, we chose to follow a pragmatic approach, rather
than a traditional “laboratory study” one. We also excluded
people who were not normotensive, knowing that as older
age advances, hypertension is common. This was done to
allow for a better comparison between participants, hoping
that the next step would be to conduct larger studies in
clinical populations. We also concentrated on aerobic, non-
high-intensity regimes. Again, this happened in order to limit
variation. Due to the fact that the study had limited funding,
we were unable to explore the differences between groups
on inflammation markers. Considering that the changes to
that level may occur at a later point in exercise life (Alkatan
et al., 2016), it would have added to our findings. In addition,
due to limited funds, automatic vessel measurement software
(i.e., wall tracking and edge detection) was not available,
but computer-assisted measurements were made nonetheless.
Finally, results were not adjusted to account for BMI or body
composition variables. Nevertheless, the novelty of our work
is not diminished, and our observations contribute to existing
research in the field.

CONCLUSION

The ACELA study is the first to compare the micro- and
macro-circulatory function in groups of “older-but-healthy”

adults undertaking different modes of long-term, aerobic exercise
regimes. We reported improved NO-mediated, endothelial
function at both micro- and macro-circulatory levels for
all training groups in comparison to the sedentary group
observing no differences between training environments. These
findings suggest that aquatic exercise could have similar
CVD risk reduction benefits to land-based exercise in this
population. Although this study is a cross-sectional study
and outcomes were not measured over time, our findings
are in agreement with work by others (Sherlock et al.,
2014; Cugusi et al., 2019; Vasić et al., 2019). This study
provides support for the CVD risk-reduction role of aquatic
exercise and highlights a potential next step, which would be
developing a cohort study to measure changes in circulatory
function over time.
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Aim: We investigated the antioxidant protective power of egg white hydrolysate (EWH) 
against the vascular damage induced by mercury chloride (HgCl2) exposure in 
resistance arteries.

Methods: Male Wistar rats received for 60 days: (I) intramuscular injections (i.m.) of saline 
and tap water by gavage – Untreated group; (II) 4.6 μg/kg of HgCl2 i.m. for the first dose 
and subsequent doses of 0.07 μg/kg/day and tap water by gavage – HgCl2 group; (III) 
saline i.m. and 1 g/kg/day of EWH by gavage – EWH group, or (IV) the combination of 
the HgCl2 i.m. and EWH by gavage – EWH + HgCl2 group. Blood pressure (BP) was 
indirectly measured and dose-response curves to acetylcholine (ACh), sodium nitroprusside 
(SNP), and noradrenaline (NE) were assessed in mesenteric resistance arteries (MRA), as 
in situ production of superoxide anion, nitric oxide (NO) release, vascular reactive oxygen 
species (ROS), lipid peroxidation, and antioxidant status.

Results: Egg white hydrolysate prevented the elevation in BP and the vascular dysfunction 
after HgCl2 exposure; restored the NO-mediated endothelial modulation and inhibited the 
oxidative stress and inflammatory pathways induced by HgCl2.

Conclusion: Egg white hydrolysate seems to be a useful functional food to prevent 
HgCl2-induced vascular toxic effects in MRA.

Keywords: egg white hydrolysate, antioxidant properties, mercury, mesenteric resistance arteries, vascular 
damage, nitric oxide, oxidative stress

INTRODUCTION

The imbalance between the excessive formation of reactive oxygen species (ROS) and limited 
antioxidant defenses is one of the most harmful mechanisms that induce deleterious cardiovascular 
effects (Liguori et  al., 2018). Oxidative damage has been implicated in vascular injury and 
endothelial dysfunction (Halliwell, 2007), a proliferation of vascular smooth muscle cells (VSMC), 
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increase in vascular tone, migration of inflammatory mediators, 
vascular remodeling (Szasz et  al., 2007), and hypertension 
(Touyz and Briones, 2011; Montezano and Touyz, 2014; 
Montezano et  al., 2015; Incalza et  al., 2018).

Several studies point out the beneficial effects of consuming 
different natural antioxidant compounds and bioactive food 
ingredients, such as protein-derived peptides against oxidative 
imbalance (Serafini and Peluso, 2016; Peluso and Serafini, 2017; 
Chikara et  al., 2018). Bioactive peptides from egg white 
hydrolysate (EWH) have shown important antioxidant properties, 
preventing dysfunction in hypertensive and obese experimental 
models (Manso et  al., 2008; Garces-Rimon et  al., 2019). 
We  propose to use EWH obtained after hydrolysis of hen egg 
white with pepsin for 8  h, which has previously demonstrated 
antioxidant, anti-inflammatory, and angiotensin-converting 
enzyme (ACE) inhibitory properties (Miguel et  al., 2004; 
Moreno-Fernandez et  al., 2018a,b).

Metals, such as mercury (Hg), are dangerous pollutants in 
the ecosystem, found in different physical and chemical forms. 
Their toxic effects are dose and time-dependent and can 
be  characterized as a risk factor for the development of 
cardiovascular diseases by the promotion of oxidative stress 
(Genchi et  al., 2017). Hg participates in the Fenton reaction, 
increasing ROS production and also leading to the depletion 
of important antioxidant enzymes due to their affinity for the 
sulfhydryl radicals (Valko et  al., 2006; Su et  al., 2008).

Studies have been shown that 30-day exposure to a low 
concentration of mercury chloride (HgCl2) induces oxidative 
stress and activation of cyclooxygenase (COX) and angiotensin II 
pathways, promoting vascular changes, such as endothelial 
dysfunction and increased reactivity (Wiggers et  al., 2008; 
Peçanha et  al., 2010). It has been found that EWH improves 
the Hg-induced damage in parameters related to memory 
deficits (Rizzetti et  al., 2016a), peripheral nervous disorders 
(Rizzetti et  al., 2016b), male reproductive dysfunction (Rizzetti 
et  al., 2017b), and conductance arteries injury (Rizzetti et  al., 
2017a). In aorta of long-term Hg-exposed rats, EWH prevented 
the high vascular reactivity and endothelial dysfunction promoted 
by the metal. However, small arteries, such as resistance 
mesenteric arteries (MRA), represent the primary vessels that 
are involved in the regulation of arterial blood pressure (BP) 
as well as blood flow within the organ.

Thus, we  investigate whether the antioxidant properties of 
EWH have a protective power against vascular damage caused 
by exposure to HgCl2 in MRA and the underlying 
pathways involved.

MATERIALS AND METHODS

Animals and Experimental Groups
The experiments were conducted in compliance with the 
Principles of Laboratory Animal Care (National Institutes of 
Health publication 80–23, revised 1996) and in agreement with 
the guidelines by the Brazilian Societies of Experimental Biology 
and approved by the Ethics Committee on Animal Use 
Experimentation of the Federal University of Pampa, Uruguaiana, 
Rio Grande do Sul, Brazil (protocol 05/2014). The rats (Male 
Wistar rats; age 3 mo; 250–300  g) were kept in controlled 
light, temperature, and humidity conditions (12/12  h light/
dark cycle; 23  ±  2°C; 50  ±  10%, respectively) with free access 
to food and water and randomly submitted to one of the 
following protocols for 60  days: (I) intramuscular injections 
(i.m.) of saline solution 0.9% and tap water by gavage – Untreated 
group; (II) 4.6  μg/kg of HgCl2 i.m. for the first dose and 
subsequent doses of 0.07  μg/kg/day, to cover daily loss, using 
the model described previously (Rizzetti et  al., 2017c) and tap 
water by gavage – HgCl2 group; (III) saline solution 0.9% i.m. 
and EWH from pepsin for 8  h diluted in tap water (1  g/kg/
day), by gavage, according to the model prior reported (Rizzetti 
et  al., 2016a) – EWH group, or (IV) the combination of the 
HgCl2 i.m. and EWH by gavage – EWH  +  HgCl2 group. 
Bodyweight, food, and water intakes were measured once a week.

This experimental model of chronic controlled exposure to 
a low concentration of Hg has a total metal concentration in 
the blood at the end of the treatment of 3.04  ng/ml (Rizzetti 
et  al., 2017c), which is within the safety limit established by 
US Environmental Protection Agency’s (5.8 ng/ml) and similar 
to the blood Hg concentration of people exposed to the metal 
by the workplace or through diet (Rice, 2004). Moreover, to 
make the model more similar to the human exposure condition, 
we  carry out a simultaneous treatment of Hg and EWH, 
considering that humans are rarely entirely free of any level 
of exposure to this metal. So our concern was to investigate 
the benefits of EWH during continuous and concurrent 
exposure to Hg.

Systolic Blood Pressure
Systolic Blood Pressure (SBP) was recorded once a week by 
tail plethysmography (ADInstruments Pty Ltd., Bella Vista, 
NSW, Australia) according to Rizzetti et al. (2017c). The animals 
were preheating the animals at 37°C for 10  min to make the 
pulsations of the caudal artery detectable, followed by 10 
sequential cycles of tail inflation-deflation. The SBP was 
considered the average of all measures.

Vascular Experiments in the Mesenteric 
Arteries
The MRA from anesthetized (ketamine-xylazine, 87 and 
13  mg/kg  i.p.) rats (diameter of third-order branch, in μm: 
Untreated: 262  ±  5.1; HgCl2: 301  ±  4.8; EWH: 254  ±  7.0 and 
EWH  +  HgCl2: 318  ±  5.4; p  >  0.05) were removed and rings 
of 2  mm in length were mounted in an isometric small-vessel 
myograph (Multi Wire Myograph System, DMT620, ADInstruments, 

Abbreviations: ACE, Angiotensin-converting enzyme; ACh, Acetylcholine; BH4, 
Tetrahydrobiopterin; COX, Cyclooxygenase; DAF, 2-4,5-diaminofluorescein diacetate; 
dAUC, Areas under the concentration-response curves; DCF, 2', 7'-dichlorofluorescein; 
DCHF-DA, 2', 7'-dichlorofluorescein diacetate; DTNB, 5,5'-dithio-bis(2-nitrobenzoic 
acid); EWH, Egg white hydrolysate; Fe2+, Ferrous ion; Fe3+, Ferric ion; FRAP, 
Ferric Reducing/Antioxidant Power; Hg, Mercury; HgCl2, Mercury chloride; i.m., 
Intramuscular injections; L-NAME, N-nitro-L-arginine methyl ester; MDA, 
Malondialdehyde; MRA, Resistance mesenteric arteries; NE, Noradrenaline; NO, 
Nitric oxide; NOS, Nitric oxide synthase; NPSH, Non-protein thiols; ROS, Reactive 
oxygen species; RS, Reactive species; SBP, Systolic blood pressure; SDS, 
Sodiumdodecilsulphate; SHR, Spontaneously hypertensive rats; SNP, Sodium 
nitroprusside; TBA, Thiobarbituric acid; TPTZ, 2,4,6-Tri(2-piridil)-s-triazina.
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Australia) according to Mulvany and Halpern (1977) and connected 
to an acquisition system (PowerLab 8/35, ADInstruments, Australia). 
Briefly, the rings were submerged in warmed (37°C) Henseleit 
solution (KHS, in mM at 37°C: 115 NaCl, 25 NaHCO3, 4.7 KCl, 
1.2 MgSO4 7H2O, 2.5 CaCl2, 1.2 KH2PO4, 11.1 glucose, and 0.01 
Na2EDTA) continuously bubbled with carbogen (5% CO2 in O2). 
Initially, segments were contractility contracted with KCl (120 mM) 
to test the viability of the vessels. The endothelium of some 
vessels was removed by rubbing the intimal surface. The absence 
of acetylcholine (ACh – 0.01  nM – 30  mM)-induced relaxation 
in rings pre-contracted by noradrenaline (NE 10  μM) was taken 
as an indicator of successful endothelium denudation. Endothelium-
independent relaxation were tested by sodium nitroprusside 
(SNP – 0.1  nM  −  3.5  mM) under the same pre-contracted 
conditions (NE – 10 μm). We also evaluated the vascular response 
to increasing concentrations of NE (10 nM – 30 μM). To evaluate 
the pathways involved in the contractile responses, the following 
drugs were added 30  min before the generation of the NE 
concentration-response curves: nitric oxide synthase (NOS) inhibitor 
N-nitro-L-arginine methyl ester (L-NAME, 100  mM), a NAD(P)
H oxidase inhibitor (VAS2870, 10  μM), an essential cofactor for 
NO synthesis, tetrahydrobiopterin (BH4, 100  μM), a superoxide 
dismutase mimetic (TEMPOL, 10 μM), and a non-selective COX 
inhibitor (Indomethacin, 10  μM).

Vascular in situ Nitric Oxide and Reactive 
Oxygen Species Detection
Measurements of NO and ROS levels in MRA segments were 
performed as previously published by Martin et  al. (2012) and 
Avendaño et  al. (2014), respectively. Briefly, the MRA rings 
were incubated for 45 min with 4,5-diaminofluorescein diacetate 
(DAF-2, 10 μM) to assess the release of NO. The first collection 
of the medium measured the basal release of NO, and after 
the segments were incubated with NE 0.1  nM and relaxed 
with ACh 10  μM, the medium was collected again, and the 
induced release of NO was measured by fluorescence method 
(excitation at 492  nm and emission at 515  nm – SpectraMax 
M5 Molecular Devices, Sunnyvale, CA, United  States). The 
results are expressed as arbitrary units/g tissue as a percentage 
of fluorescence obtained for Untreated rats. The release of NO 
is the result of fluorescence evoked by ACh subtracted from 
the basal release of NO.

For ROS measured, MRA rings were dissected, frozen in 
OCT solution and then cut in 14-μm-thick sections, placed 
on a glass slide, and equilibrated in a Krebs-HEPES buffer 
(in mM: 130 NaCl, 5.6 KCl, 2 CaCl2, 0.24 MgCl2, and 8.3 
HEPES), and 11 glucose, pH 7.4. DHE (2  μM, 30  min, 37°C) 
incubated for 30  min in a dark-chamber and then viewed by 
a fluorescence microscope (Eclipse 50i55i Epi-fluorescence 
Nikon, Tokyo, Japan, magnification:  ×  40). The total ring area 
was analyzed using Image J version V1.56 (National Institutes 
of Health, Bethesda, Maryland, United  States) software.

Biochemical Assays
The supernatant fraction derived from homogenization (50 mM 
Tris-HCl, pH 7.4, 1/10, w/v) and centrifugation (2,400 g; 10 min; 
4°C) of the MRA was frozen at −80°C. The levels of reactive 

species (RS) were measured according to Loetchutinat et al. (2005) 
by a spectrofluorometric method. Briefly, after diluted 
(1:5  in Tris-HCl 50  mM; pH 7.4), samples received 1  mM  
of 2', 7'-dichlorofluorescein diacetate (DCHF-DA). The  
2', 7'-dichlorofluorescein (DCF) fluorescence intensity emission 
represents the amount of ROS formed (520  nm emission with 
480 nm excitation for 60 min at 15 min intervals – SpectraMax 
M5 Molecular Devices, CA, United  States). The ROS levels 
were expressed as fluorescence units and as a percentage of 
those obtained for Untreated rats.

The malondialdehyde (MDA) levels that represent the lipid 
peroxidation were measured following Ohkawa et  al. (1979) 
protocol with modifications by the colorimetric method. Briefly, 
thiobarbituric acid (TBA) 0.8%, acetic acid buffer (pH 3.2) 
plus sodiumduodecilsulphate (SDS) 8% were added to the 
samples and the color reaction was measured against blanks 
(532 nm – SpectraMax M5 Molecular Devices, Sunnyvale, CA, 
United  States). The data were expressed as nmol of MDA per 
gram of tissue.

The total antioxidant capacity was measured by Ferric 
Reducing/Antioxidant Power (FRAP) assay, according to Benzie 
and Strain, 1996. Briefly, homogenate of MRA was added to 
FRAP reagent [acetate buffer pH 3.6, 10  mM; 2,4,6-Tri(2-
piridil)-s-triazina – TPTZ, 40  mM HCl; FeCl3-10:1:1; 37°C] 
and incubated at 37°C for 10  min. The absorbance was read 
at 593  nm (SpectraMax M5 Molecular Devices, CA, 
United  States). The standard dose-response curve of Trolox 
(50–1,000  μM) was performed, and results are presented with 
particular reference to Trolox equivalents.

Non-protein thiols (NPSH) were measured, according to 
Ellman (1959). MRA tissue was added to a buffer of potassium 
phosphate (1  M, pH 7.4), and 5,5'-dithio-bis(2-nitrobenzoic 
acid) (DTNB, 10  mM) and the color reaction was 
spectrophotometrically read (412 nm – SpectraMax M5 Molecular 
Devices, CA, United  States). The results were expressed as 
nmol of NPSH per gram of tissue.

Statistical Analyses
Values are expressed as means ± SEM. The results were analyzed 
using a two-way ANOVA. When two-way ANOVA showed a 
statistical significance, the Fisher post hoc test was applied 
(Graph Pad Prism 6.0 Software, San Diego, CA). To compare 
the effects between groups (endothelium removal and drugs) 
on the response to NE, some results are expressed as the 
differences of areas under the concentration-response curves 
(dAUC) in the control and experimental situations. The 
differences were expressed as the % of the AUC of the 
corresponding control situation. The results were considered 
statistically significant for values of p  <  0.05.

RESULTS

The water and food intake (data not shown) as well body 
weight gain were not modified during the treatment (body 
weight gain, in g: Untreated: 58.5  ±  4.1; HgCl2: 60.3  ±  4.9; 
EWH: 59.7  ±  3.8; EWH  +  HgCl2: 61.1  ±  5.3; n  =  8; and 
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p > 0.05). Increased SBP values were observed in HgCl2-treated 
rats and EWH treatment was able to decrease SBP values in 
HgCl2-treated rats (SBP values, in mmHg: Untreated: 120.1 ± 1.9; 
HgCl2: 135.2  ±  2.8*; EWH: 124.5  ±  1.5; EWH  +  HgCl2: 
122.0  ±  2.2#; n  =  8; and p  <  0.05 – * vs. Untreated and # vs. 
HgCl2). In MRA reactivity, the maximum response to KCl 
was similar between groups (in mN/mm, Untreated: 14.1 ± 0.3; 
HgCl2: 14.2 ± 0.5; EWH: 14.3 ± 0.1; EWH + HgCl2: 14.1 ± 0.2; 
n  =  8; and p  >  0.05), demonstrating that neither Hg nor 
EWH alter vascular integrity of MRA.

Egg white hydrolysate intake prevented the increased 
contractile responses to NE and the reduced endothelium-
dependent vasodilator response to ACh induced by HgCl2 
exposure. The endothelium-independent vasodilator response 
to NPS in MRA was not affected in all treatments (Figures 1A–C).

Denuded endothelium or NOS inhibitor incubation (L-NAME) 
increased the contractile response to NE in all groups except 
in HgCl2 group as evidenced by the dAUC values 
(Figures  2A–E,a–e). These findings show the absence of 
endothelial participation in the vasoconstrictor response to NE 
in this group. MRA segments from HgCl2 exposure animals 
that received EWH showed similar effects of endothelium 
removal or L-NAME compared to the Untreated group 
(Figures 2A–E,a–e), suggesting that EWH prevented this reduced 
endothelial modulation by NO. In agreement, ACh-induced 
NO release was lower in MRA from Hg-treated rats. On the 
other hand, rats receiving EWH alone and those receiving the 
combination of HgCl2 and EWH had a greater percentage of 
NO release when compared to the Untreated group (Figure 2a’). 
This finding suggests that EWH was able to induce NO 
production by NOS.

The cofactor for NO synthesis BH4 incubation had a smaller 
contractile response to NE in HgCl2-treated rats, showing lower 
BH4 bioavailability and, possibly, an uncoupled state of 
endothelial nitric oxide synthase (eNOS)  in this vessel. EWH 
intake maintained BH4 bioavailability in MRA from HgCl2-
treated rats, indicating the improvement of eNOS and NO 
synthesis (Figures  3A–E).

The NAD(P)H oxidase inhibitor VAS2870 reduced the 
contractile response to NE in MRA only in HgCl2 group 
(Figures 3a–e). EWH prevented the increased ROS participation 

from NAD(P)H oxidase on contractile response to NE. The 
superoxide dismutase mimetic TEMPOL reduced the contractile 
response to NE in MRA only from HgCl2-exposed rats; thus, 
the NE responses remained unchanged in the other groups 
(Figures 3a’–e’). We also observed significantly higher superoxide 
anion production in arteries of rats exposed to HgCl2; EWH 
prevented this effect (Figure  4). Chronic Hg treatment for 
60  days increased ROS levels and lipid peroxidation in MRA 
from exposed rats (Figures  5A,B) and reduced the total 
antioxidant capacity and the NPHS levels in the Hg-exposed 
rats (Figures  5C,D). EWH was able to prevent the oxidative 
stress in MRA of HgCl2-treated rats, balancing the pro-oxidant 
and antioxidant status (Figures  5A–D).

Indomethacin reduced the response to NE in MRA segments 
from only in HgCl2-treated rats (Figures 6A–E) indicating that 
the enhanced COX pathway participation in these responses 
was prevented by EWH.

DISCUSSION

Intake of EWH as a functional food was able to reverse the 
increase in SBP induced by chronic exposure to HgCl2 at low 
concentrations, which is related to the reduction of contractile 
responses and the vascular dysfunction induced by the metal 
in MRA. These effects were associated, at least in part, with 
the capacity of EWH to produce NO from eNOS and with 
its antioxidant and anti-inflammatory properties. The bioactive 
peptides of EWH protect against high concentrations of ROS 
from NAD(P)H oxidase and, possibly, activation of inflammatory 
COX in MRA in HgCl2-treated rats, thus normalizing the NO 
modulation in the vasculature.

The Hg is a well-known environmental risk factor for 
cardiovascular diseases (Virtanen et al., 2007). Acute Hg exposure 
promotes the reduction of myocardial contractility and inhibition 
of myosin ATPase activity (Vassallo et  al., 1999). Moreover, 
subchronic exposure to Hg, at doses similar to human exposure, 
increases vascular reactivity of resistance and conductance 
vessels in rats (Wiggers et  al., 2008; Peçanha et  al., 2010). A 
prolonged exposure at low doses of HgCl2 for 60 days increased 
SBP and vascular dysfunction in conductance arteries; these 

A B C

FIGURE 1 | Effect of egg white hydrolysate (EWH) co-treatment in mesenteric resistance arteries (MRA) reactivity of rats exposure to mercury chloride (HgCl2) for 
60 days. Concentration–response curves to (A) noradrenaline (NE), (B) acetylcholine (ACh), and (C) sodium nitroprusside (SNP) in MRA segments. The results 
(mean ± SEM) are expressed as a percentage of the response to 120 mmol/l KCl. Two-Way ANOVA followed by Fisher test; n of each group in parenthesis; 
*p < 0.05 vs. Untreated and # vs. HgCl2.
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effects were related to stimulation of ACE activity, NAD(P)H 
oxidase-mediated oxidative stress and activation of COX-2 
inflammatory pathway in these vessels (Rizzetti et al., 2017a,c). 
Our results demonstrate that resistance arteries are also affected 
by prolonged exposure to Hg, which could better explain the 
high SBP values observed, since the main vascular site responsible 
for vascular resistance and maintenance of BP is the resistance 
arteries (Oparil et  al., 2018). Our purpose was to investigate 
if the mechanisms involved in this increment of SBP could 
be  blocked by EWH treatment.

The Hg exerts its toxic effects on the cardiovascular system 
through oxidative stress caused by the production of superoxide 
anion from NAD(P)H oxidase and, possibly, inflammatory 
mediators derived from COX. Although we  have not verified 
the specific participation of the COX-2 pathway in the current 
study, previous work of our group, at the same model, evidenced 
the participation of this pathway in increasing vascular reactivity 
in conductance arteries using a selective COX-2 inhibitor (NS 
398), and the relationship between ROS and COX-2-derived 
prostanoids. Moreover, the vascular functional findings showed 
a reduction in the COX-2 participation in the cardiovascular 
system of Hg-treated rats after EWH intake, proving its anti-
inflammatory property observed in vitro (Rizzetti et al., 2017a). 

Thus, in this study, we  suggest that inflammatory mediators 
derived from COX-2 are also involved in increasing vascular 
reactivity in resistance arteries. However, future investigations 
using selective inhibitors of this pathway may explore 
these findings.

Besides, we verified for the first time the possible involvement 
of eNOS uncoupling in HgCl2-induced negative actions on 
vascular tissue; this could be  due to high vascular oxidative 
stress caused by inflammatory stimuli from the COX pathway. 
Our findings demonstrated the protective effect of EWH on 
resistance arteries, which blocked the mechanisms involved in 
the increment of blood pressure by Hg.

Egg white hydrolysate derived from hydrolysis with pepsin 
for 8  h has several biological activities, such as antioxidant, 
free radical scavenger, ACE inhibitor, vascular-relaxing, and 
anti-inflammatory (Miguel et al., 2004). Fourteen of its constituent 
peptides have been identified (FRADHPFL, RADHPFL, 
YAEERYPIL, YRGGLEPINF, ESIINF, RDILNQ, IVF, YQIGL, 
SALAM, and FSL; Davalos et  al., 2004; Miguel et  al., 2004; 
Garcés-Rimón et  al., 2016) and their biological actions have 
been previously reported in vitro or in vivo studies (Miguel 
et  al., 2006, 2007; Garces-Rimon et  al., 2019). However, these 
peptides and amino acids act individually, cooperatively, and 

A B C D

E

a

a’

b c d
e

FIGURE 2 | Effects of EWH co-treatment in MRA of rats exposure to HgCl2 for 60 days on the endothelium and nitric oxide (NO) mediated vascular response. 
Concentration-response curve to NE in the absence of endothelium (E−; A−D ) and N-nitro-L-arginine methyl ester (L-NAME; 100 μM; a–d) in mesenteric segments 
from rats Untreated (A), treated with HgCl2 (B), with EWH (C), and with EWH + HgCl2 (D). The results (mean ± SEM) are expressed as a percentage of the response 
to 120 mmol/l KCl. Two-Way ANOVA followed by Fisher test; *p < 0.05 vs. Untreated and # vs. HgCl2. Differences in the area under the concentration-response 
curves (dAUC) in mesenteric segments are represented in (E,e) of the four experimental groups; one-way ANOVA, *p < 0.05 vs. Untreated and # vs. HgCl2. In (a’) 
represent the NO release in all experimental groups.
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FIGURE 3 | Effects of EWH on NO cofactor modulation, participation of reactive oxygen species (ROS) from NAD(P)H oxidase and participation of superoxide 
anion in vasoconstrictor responses to NE in MRA from rats exposed to low concentrations of HgCl2 for 60 days. Concentration-response curve to NE in the 
absence (Ct), presence of the endothelial nitric oxide synthase (eNOS) cofactor (BH4; A–D), the presence of the NAD(P)H synthase inhibitor (VAS2870; a–d) and the 
presence of the superoxide anion scavenger mimetic (TEMPOL; a’–d’) in mesenteric segments from rats Untreated (A), treated with HgCl2 (B), with EWH (C), and 
with EWH + HgCl2 (D). The results (mean ± SEM) are expressed as a percentage of the response to 120 mmol/l KCl. Differences in the area under the 
concentration-response curves (dAUC) in mesenteric segments in the presence and the absence of BH4, VAS2870 and TEMPOL of the four experimental groups 
(E,e,e’); n of each group in parenthesis, one-way ANOVA, *p < 0.05 vs. Untreated and # vs. HgCl2.

FIGURE 4 | Effects of EWH on local anion superoxide production in mesenteric of rats exposed to low concentrations of HgCl2 for 60 days. Superoxide Anion 
production in mesenteric from rats Untreated, treated HgCl2, with EWH and with EWH + HgCl2 levels in mesenteric of all groups; n of each group in parenthesis, 
one-way ANOVA, *p < 0.05 vs. Untreated, # vs. HgCl2.
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synergistically; during their passage through the gastrointestinal 
tract, some modifications due to new hydrolysis should 
be  considered (Miner-Williams et  al., 2014). Thus, we  do not 
know if the effects observed in this study are due to a specific 
peptide or the sum of all its constituent peptides’ effects. 
Although most studies conducted in recent years have focused 
on the isolation of peptide sequences released during hydrolysis, 
it has recently been proven that the administration of complete 
hydrolysates could be  more relevant than the administration 
of a single isolated peptide since a more significant biological 
effect could be achieved (Liu et al., 2017). Moreover, we consider 
that hydrolysates could be more attractive products for developing 
functional foods from a technological and organoleptic point 
of view.

In the present study, we  demonstrated improvements in 
resistance arteries function and, consequently, in SBP levels 
of Hg-treated rats after the EWH treatment. The mechanisms 
involved on cardiovascular beneficial effects observed after 
consumption of EWH are probably due to its vascular-relaxing, 
antioxidant and anti-inflammatory effects. The antihypertensive 
capacity of EWH we  show here was previously reported in 
experimental models of spontaneously hypertensive rats (SHR) 
(Miguel et  al., 2006) and was attributed, at least in part, to 
the vasodilator peptides whose N-terminal position exhibits 
amino acids Arg or Tyr (Miguel et  al., 2004, 2005).

It has been previously reported that alterations in eNOS 
gene increase the susceptibility to cardiovascular diseases in 
individuals after Hg exposure by modulating NO levels (de 
Marco et  al., 2012). Exposure to Hg at low concentrations has 
deleterious vascular effects on aorta, coronary and basilar 
arteries related to greater vascular reactivity caused by the 
reduction of NO bioavailability in these vessels (Wiggers et al., 
2008; Peçanha et  al., 2010; Botelho et  al., 2019). Moreover, a 
study in mesenteric arteries from rats exposed for 30  days to 
HgCl2 showed eNOS protein expression upregulation possibly 
due to a compensatory mechanism against metal-induced 
endothelial dysfunction (Wiggers et  al., 2008). Our results 
indicate that lower NO bioavailability and endothelial dysfunction 
persists in MRA of long-term Hg exposure. Moreover, we showed 
that lower NO bioavailability occurs, at least in part, due to 
less NO release in resistance arteries.

Considering previous and present findings, we could hypothesize 
that the increased eNOS protein expression in MRA can accompany 
the reduction of this isoform activity or that its expression and 
activity may be  increased. However, this enzyme could 
be  decoupled and producing ROS, which would support the 
increase in oxidative stress associated with reducing the NO 
release observed in this study. In this condition, eNOS shifts 
from NO production to overproducing superoxide anion, increasing 
oxidative stress in the vasculature (Antoniades et  al., 2006).  

A B C D

FIGURE 5 | Effects of EWH in the ROS (A), MDA (B), the total antioxidant capacity (C), and NPSH (D) in mesenteric of rats exposed to low concentrations of 
HgCl2 for 60 days. Data are expressed as mean ± SEM. Number of animals is indicated in parentheses respectively, one-way ANOVA, *p < 0.05 vs. Untreated; 
# vs. HgCl2.

A B C D
E

FIGURE 6 | Effects of EWH on contribution of cyclooxygenase (COX) pathway on vasoconstrictor responses to NE in mesenteric of rats exposed to low 
concentrations of HgCl2 for 60 days. Concentration-response curve to NE in the absence (Ct), the presence of the non-selective COX inhibitor (Indomethacin; A–D) 
in mesenteric segments from rats Untreated (A), treated with HgCl2 (B), with EWH (C), and with EWH + HgCl2 (D). The results (mean ± SEM) are expressed as a 
percentage of the response to 120 mmol/l KCl. Two-Way ANOVA followed by Fisher test; n of each group in parenthesis; *p < 0.05 vs. Untreated and # vs. HgCl2. 
Differences in the area under the concentration-response curves (dAUC) in mesenteric segments are represented in (E) graph (one-way ANOVA).
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Here we observed lower BH4 bioavailability in MRA of Hg-treated 
rats, which represents an important cofactor for the production 
of NO by this enzyme. This finding suggests that Hg induces 
eNOS uncoupling by inhibiting its cofactor. In any case, the 
alteration of eNOS protein expression induced by exposure to 
Hg increases, oxidative stress, and vascular damage are being 
protected by the ingestion of EWH.

In this sense, NO bioavailability could also be  related to 
oxidative stress imbalance due to overproduction of vascular 
ROS, generation of peroxynitrite, and reduction of antioxidant 
reserves (Faria et  al., 2018). Interestingly, oxidative stress has 
also been reported as an important mechanism responsible 
for lower NO bioavailability induced by Hg (Wiggers et  al., 
2008; Rizzetti et  al., 2017c); it is also involved in Hg-induced 
vascular damage in our study. Besides, oxidative stress can 
directly modify eNOS protein or its cofactor BH4, leading to 
enzymatic dysfunction in vascular tissue (Dumitrescu et al., 2007).

It is important to emphasize that EWH is composed of 
several peptides that have vasodilator effects (Miguel et  al., 
2007). These peptides were related to EWH capacity for 
increasing NO release by the rise in eNOS activity or the 
upregulation in protein expression of endothelial cells (Miguel 
et al., 2020). Our study suggests that EWH was able to increase 
the NO release possibly by enhancing the eNOS function, 
which is the major isoform involved in the control of vascular 
function and blood pressure. The vasodilator power of EWH 
in SHR models is related to Arg or Tyr peptide content 
necessary in the N-terminal position for vasodilator activity 
(Garcia-Redondo et  al., 2010).

An alternative mechanism implied on the vasodilator activity 
of the EWH and derived peptides is its action mediated by 
NO production via the bradykinin B1 receptor (Miguel et  al., 
2007). Others authors showed that egg ovotransferrin-derived 
peptides increased NO-mediated vasodilation in MRA of SHR 
animals through increasing eNOS expression (Majumder et al., 
2013). Future studies are required to elucidate the mechanisms 
of action by which EWH acts on the expression and activity 
of eNOS.

In the present study, EWH was able to prevent oxidative 
stress in MRA of Hg-treated rats, avoiding superoxide anion 
generation from NAD(P)H oxidase and balancing pro-oxidant 
and antioxidant status verified by the functional experiments 
and the oxidative stress biomarkers in vascular tissue. Long-
term Hg exposed-rats had lower NOX-4 and p22phox mRNA 
levels in aorta after co-treatment with EWH; this was related 
to lower vascular reactivity in conductance vessels (Rizzetti 
et  al., 2017a). A similar effect could be  found in MRA in the 
present study to explain our findings. Previous studies showed 
that antioxidant EWH properties decreased plasmatic MDA 
levels and increased the levels of low glutathione in the liver 
of Zucker obese animals (Garcés-Rimón et  al., 2016). Restored 
plasma antioxidant capacity was found in high-fat/high-dextrose 
fed rats with metabolic syndrome after EWH intake (Moreno-
Fernandez et al., 2018a). Also, normalized oxidative biomarkers 
were reported in neurological, reproductive and cardiovascular 
systems from Hg-exposed animals after EWH consumption 
(Rizzetti et  al., 2016a,b, 2017a,b).

In summary, EWH intake promotes protective effects against 
the endothelial dysfunction in MRA, and consequently, the 
increase in SBP of long-term HgCl2-exposed rats. EWH benefits 
could be  related to its NO-induced vasodilatation capacity and 
its antioxidant and anti-inflammatory properties. EWH reduces 
high ROS generation by NAD(P)H oxidase and, possibly, the 
activation of inflammatory COX in MRA from Hg-treated rats. 
Our findings strongly suggest that dietary supplementation with 
EWH may represent an important strategy for counteracting 
the effects of cardiotoxicity by pro-oxidant agents such as 
heavy metals.
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The acute-on-chronic liver failure (ACLF) is a syndrome characterized by liver
decompensation, hepatic encephalopathy (HE) and high mortality. We aimed to
determine the mechanisms implicated in the development of HE-associated cerebral
vasculopathy in a microsurgical liver cholestasis (MHC) model of ACLF. Microsurgical
liver cholestasis was induced by ligating and extracting the common bile duct
and four bile ducts. Sham-operated and MHC rats were maintained for eight
postoperative weeks Bradykinin-induced vasodilation was greater in middle cerebral
arteries from MHC rats. Both Nω-Nitro-L-arginine methyl ester and indomethacin
diminished bradykinin-induced vasodilation largely in arteries from MHC rats. Nitrite
and prostaglandin (PG) F1α releases were increased, whereas thromboxane (TX) B2

was not modified in arteries from MHC. Expressions of endothelial nitric oxide synthase
(eNOS), inducible NOS, and cyclooxygenase (COX) 2 were augmented, and neuronal
NOS (nNOS), COX-1, PGI2 synthase, and TXA2S were unmodified. Phosphorylation was
augmented for eNOS and unmodified for nNOS. Altogether, these endothelial alterations
might collaborate to increase brain blood flow in HE.

Keywords: acute-on-chronic liver failure, hepatic encephalopathy, cerebral vasculature, bradykinin, nitric oxide,
prostaglandin I2

INTRODUCTION

Liver cholestasis is a well-known clinical syndrome that may be induced by multiple pathologies
(Rodríguez-Garay, 2003). Independently of its origin, liver cholestasis is clinically characterized by
jaundice, discolored urine, pale stools, pruritus, spleen enlargement, liver cirrhosis, hepatorenal
syndrome, and portal hypertension, the latter due to an increase in portal vein resistance
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(Boyer, 2007). Alterations in endothelium-derived vasoactive
factors are determinant in the circulatory disturbances
observed in liver cholestasis, leading to the development
of portal hypertension and to a splanchnic and systemic
vasodilation (Pateron et al., 2000; Iwakiri and Groszmann,
2007). Different experimental models of liver cholestasis have
shown a decompensation after six postoperative weeks, together
with hepatic encephalopathy (HE) and ascites, leading to an
acute-on-chronic liver failure (ACLF; García-Moreno et al., 2005;
Gilsanz et al., 2017). This decompensation can aggravate these
cardiovascular disturbances, causing hypotension, decreased
effective blood volume, and increased cardiac output (Møller
et al., 2001; Sastre et al., 2016b; Caracuel et al., 2019), eventually
leading to patient death.

Hepatic encephalopathy is a complex neuropsychiatric
syndrome present in around 30% of the patients with ACLF
(Lizardi-Cervera et al., 2003). Although insufficient clearance
of toxins from blood, hyperammonemia, increased oxidative
stress and enhanced inflammatory pathways are pivotal in the
pathophysiology of HE, abnormalities in cerebral blood flow are
also implicated in the development of this syndrome (Shawcross
et al., 2004; Shawcross and Jalan, 2005). Both increases and
decreases in cerebral vasculature resistance have been reported
in HE, depending on the seriousness of the pathology, and
can lead to either a decrease or an increase in cerebral blood
flow, respectively (Guevara et al., 1998; Hollingsworth et al.,
2010; Sunil et al., 2012; Dam et al., 2013; Zheng et al., 2013).
In fact, an increased cerebral blood flow has been reported to
correlate with raised intracranial pressure in patients with ACLF
(Kerbert et al., 2017).

Several factors modulate physiological regulation of cerebral
blood flow, including neural, metabolic and endothelial factors.
Focusing on the last, endothelium exerts a profound influence on
blood flow in cerebral arteries by releasing nitric oxide (NO) and
prostanoids, among other factors (Andresen et al., 2006; Peterson
et al., 2011), thus regulating the tone of underlying smooth
muscle. Under inflammatory conditions, the role of vascular
endothelium can be modified in cerebral vessels (Hernanz et al.,
2004; Maccarrone et al., 2017), leading to increases in NO and
prostanoids release.

Despite the reports regarding modifications in cerebral blood
flow in HE, to the best of our knowledge the studies concerning
possible endothelial modifications in cerebral vasculature in
ACLF are scarce. Thus, the objective of this study was to
determine the mechanisms implicated in the development of
cerebral vasculopathy in microsurgical liver cholestasis (MHC), a
model of ACLF, which develops HE (García-Moreno et al., 2005;
Gilsanz et al., 2017). Specifically, we analyzed whether MHC
modifies the endothelial function in rat middle cerebral artery
(MCA), and the possible alterations of the endothelial vasoactive
factors in cerebral vasculature.

MATERIALS AND METHODS

Ethical Statements
All experimental procedures were approved by the Ethical
Committee of the Universidad Autónoma de Madrid, and the

Comunidad de Madrid (PROEX 322/16), are in compliance with
NIH guidelines, with the ARRIVE guidelines (Animal Research:
Reporting in Vivo Experiments) for how to REPORT animal
experiments, and follow the European Parliament Directive
2010/63/EU guidelines.

Animals
Thirty-four male Wistar rats (Initial weight: 337.9 ± 6.91 g)
were purchased from Harlan Ibérica SL, Barcelona, Spain and
housed in the Animal Facility of the Universidad Autónoma
de Madrid (Registration number EX-021U). Rats were held in
groups of 2 in appropriate cages in controlled environmental
conditions (20–24◦C, 55% relative humidity and 12 h light-dark
cycle). All rats had access to drinking water and specific rat chow
ad libitum.

Animals were randomly divided into two groups: Sham-
operated (SO; n = 17), in which the common bile duct was
dissected; and MHC (n = 17), in which the extrahepatic biliary
tract was resected (García-Moreno et al., 2005; Sastre et al.,
2016b; Gilsanz et al., 2017; Caracuel et al., 2019). Surgery
was performed under aseptic but not sterile conditions. In
summary, rats were anesthetized with Ketamine hydrochloride
(100 mg/kg) and xylazine (12 mg/kg) i.m. In the SO group,
the bile duct and its lobular branches were dissected. In
the MHC group, the extrahepatic bile tract was resected
using a binocular operatory microscope (Zeiss, OPMI 1-
FR). First, the common bile duct was ligated (silk 4/0)
and sectioned close to the beginning of its intrapancreatic
portion. Dissection and sectioning between ligatures of all
biliary branches that drain the hepatic lobes is possible using
a binocular operatory microscope (Zeiss, OPMI 1-FR). The
dissection and excision of the bile ducts from the four liver
lobes of the rat was done without injuring either the portal
and/or, most especially, the arterial vascularization of these
lobes. The abdomen was closed in two layers by continuous
running sutures using an absorbable suture (3/0 polyglycolic
acid) and silk (3/0). Buprenorphine s.c. (0.05 mg/kg/8 h)
was administered postoperatively for analgaesia the first 24 h
after the surgery.

Systolic Blood Pressure
Systolic blood pressure (SBP) was measured using the tail-cuff
method 8 weeks after the surgery was performed (Xavier et al.,
2010; Sastre et al., 2016b; Caracuel et al., 2019).

Portal Vein Pressure Measurement
After an overnight fasting, splenic pulp pressure, an indirect
measurement of portal pressure (PP) was measured in four
animals from each group, by inserting a fluid filled 20-gauge
needle into the splenic parenchyma (Sastre et al., 2016b;
Caracuel et al., 2019). The needle was joined to a PE-50
tube, and then connected to a pressure recorder (PowerLab
200 ML 201) and to a transducer (Sensonor SN-844) with a
Chart V 4.0 computer program (ADI Instruments), that was
calibrated before each experiment. The pressure reading was
considered satisfactory when a stable recording was produced
and respiratory variations were observed. Previous studies have
demonstrated the excellent correlation between splenic pulp
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pressure and PP (Kravetz et al., 1986). These animals were
discarded for the following experiments.

Animal Euthanasia and Sample
Collection
After an overnight fasting, animals were sacrificed by CO2
inhalation followed by decapitation. Ascitic liquid was carefully
extracted to measure its volume. Liver and spleen were extracted,
rinsed in saline solution and weighed. Kidneys were extracted,
rinsed in saline buffer, and frozen in liquid nitrogen and stored at
−70◦C, until use. Brain was removed and placed in cold Krebs–
Henseleit solution (KHS, in mmol/L: NaCl 115; CaCl2 2.5; KCl
4.6; KH2PO4 1.2; MgSO4·7H2O 1.2; NaHCO3 25; glucose 11.1,
Na2 EDTA 0.03) at 4◦C. Cerebral arteries were dissected under a
stereoscopic magnifying glass (Euromex Holland, Barcelona).

Gene Expression Studies
Total RNA was isolated from 1/4 rat renal samples with
TriPure Isolation Reagent (Sigma). cDNA was synthesized
using the NZY First-Strand cDNA Synthesis Kit (Nzytech)
using 2 µg of total RNA, following the manufacturer’s
instructions. Real Time PCR was performed in 7500 Fast
ABI System (Life Technologies Inc.) to detect gene expression
of Rat NGAL (FW: 5′-GAGCGATTCGTCAGCTTTGC-
3′; Rv:5′ATTGGTCGGTGGGAACAGAG-3′) and Rat
KIM-1 (FW:5′-AAGCCGAGCAAACATTAGTGC-3′; RV:5′-
TGAGCTAGAATTCAGCCACACA-3′). mRNA copy numbers
were calculated for each sample by the instrument software
using Ct value (“arithmetic fit point analysis for the lightcycler”).
Results are expressed in copy numbers, calculated relative to
control rat, after normalization with rat β2 microglobulin (Fw:
5′ ACCGTGATCTTTCTGGTGCTTG-3′; Rv: 5′ TAGCAGTTG
AGGAAGTTGGGCT-3′).

Vascular Reactivity Experiments
For vascular reactivity experiments, we used MCA segments
of 2 mm in length (internal diameter: SO: 231.4 ± 1.8 µm,
(n = 6); MHC: 233.8 ± 1.4 µm (n = 4); P > 0.05) were
mounted in a wire myograph for measurement of isometric
tension according to a described method (Hernanz et al., 2004).
Segment contractility was tested by an initial exposure to a
high-KCl solution (120 mmol/L KCl-KHS), observing a similar
vasoconstriction in MCA segments from both SO and MHC
animals (in mN/mm: SO: 2.216 ± 0.65; MHC: 2.194 ± 0.38;
P > 0.05).

Endothelium integrity was determined by the ability of
1 µmol/L bradykinin (BK) to relax segments precontracted with
10 µmol/L 5-hydroxytryptamine (5HT, serotonin). Afterward,
concentration-response curves for BK (0.1 nmol/L to 10 µmol/L)
were performed in 5HT-precontracted MCA segments from
SO and MHC rats. The effects of the non-selective NO
synthase inhibitor Nω -nitro-L-arginine methyl ester (L-
NAME, 0.1 mmol/L) or the non-specific cyclooxygenase (COX)
inhibitor indomethacin (10 µmol/L) on the concentration-
response curves for BK were investigated. The inhibitors
were added 30 min before the concentration-response curve
was performed. The inhibitors did not alter the arterial
basal tone.

The vasodilator response to the NO donor, diethylamine
NON-Oate, (DEA-NO, 0.1 nmol/L–0.1 mmol/L) was
determined in 5HT-precontracted MCA segments from
both experimental groups.

NADPH Oxidase Activity
The specific superoxide anion production generated by NADPH
oxidase activity was determined as previously described
(Llévenes et al., 2018). For that purpose, frozen cerebral
vasculature was homogenized in an ice-cold buffer containing
20 mmol/L KH2PO4, 1 mmol/L EGTA and 150 mmol/L
sucrose. The reaction was started by the addition of a lucigenin
(5 µmol/L)/NADPH (100 µmol/L) mixture to the tissue
homogenate. Chemiluminescence was determined every 2.4 s
for 5 min in a plate luminometer (AutoLumat LB 953, Berthold,
Germany). Buffer blank was subtracted from each reading.
Luminescence was normalized by protein concentration, and
data were expressed as chemiluminiscence units/µg protein.

Vasoactive Factor Production
The production of NO, TXA2 and PGI2 were measured using the
commercial kits Nitric Oxide Assay Kit (Abcam Laboratories),
Thromboxane (TX) B2 ELISA kit (Cayman Chemical) and 6-
keto Prostaglandin (PG) F1α ELISA Kit (Cayman Chemical),
respectively. For sample collecting, the cerebral vasculature was
pre-incubated for 30 min in 2 mL of KHS at 37◦C, continuously
gassed with a 95% O2–5% CO2 mixture (stabilization period).
This was followed by two washout periods of 10 min in a bath
of 0.2 mL of KHS. Then, the medium was collected to measure
basal release. Afterward, arteries were subjected to 10 µmol/L 5-
HT for 2 min, and then a BK concentration curve (0.1 nmol/L
to 10 µmol/L) was applied at 1 min intervals. Afterward, the
medium was collected to measure the BK-induced vasoactive
factor release. For NO production measurement, some samples
were collected in presence of 5 µmol/L L-NPA (specific neuronal
nitric oxide synthase – nNOS-inhibitor), 1 µmol 1400W (specific
inducible NOS – iNOS-inhibitor) or 0.1 mmol/L L-NAME. The
inhibitors were added 30 min before the concentration-response
curve to BK was performed. Samples were immediately frozen
in liquid nitrogen and conserved at −70◦C until the assays were
performed. The different assays were carried out according to the
manufacturers’ instructions.

Western Blot Analysis
For Western blot analysis, the cerebral vasculature were
homogenized in a buffer composed of 1 mmol/L sodium
vanadate (a protease inhibitor), 1% SDS, and 0.01 mol/L
pH 7.4 Tris–HCl. Protein content was determined using a
DCTM Protein Assay (Bio-Rad Laboratories, Hercules, CA,
United States). Homogenates containing 30 µg protein were
electrophoretically separated on a 7.5% (iNOS, eNOS, PS1177–
eNOS, nNOS, and PS1417 nNOS), or 10% (COX-1, COX-2,
TXA2 synthase, and PGI2 synthase) SDS–polyacrylamide gel
(SDS–PAGE), and then transferred to polyvinyl difluoride
membranes (Bio Rad Immun-Blot w) overnight at 4◦C,
230 mA, using a Bio-Rad Mini Protean Tetra system (Bio-
Rad Laboratories, Hercules, CA, United States) containing
25 mmol/L Tris, 190 mmol/L glycine, 20% methanol, and
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0.05% SDS. PageRuler Prestained Protein Ladder (Thermo
Scientific) was used as molecular mass markers. The
membranes were blocked for 3 h at room temperature
in a Tris-buffered-saline solution (100 mmol/L, 0.9% w/v
NaCl, 0.1% SDS) with 5% bovine serum albumin before
being incubated overnight at 4◦C with mouse monoclonal
anti-eNOS (1:1000, Transduction Laboratories), rabbit
polyclonal anti-PS1177 eNOS (1:1000, Abcam laboratories),
mouse monoclonal anti-nNOS (1:1000, Transduction
Laboratories), rabbit polyclonal anti-PS1417 nNOS (1:1000,
Abcam laboratories); mouse monoclonal anti-iNOS (1:1000,
Transduction Laboratories); rabbit monoclonal anti-COX-
1 (1:1000 dilution, Abcam laboratories); rabbit polyclonal
anti-COX-2 (1:2000 dilution, Cayman Chemical); rabbit
polyclonal anti-TXA2 synthase (1:500 dilution, Cayman
Chemical); or rabbit polyclonal anti-PGI2 synthase (1:500
dilution, Cayman Chemical). After washing, the membrane
was incubated with a 1:2000 dilution of the appropriate
secondary antibody (anti-mouse or anti-rabbit immunoglobulin
G antibody) conjugated to horseradish peroxidase (GE
Healthcare, Little Chalfont, United Kingdom). The membrane
was thoroughly washed and the immunocomplexes were
detected using an enhanced horseradish peroxidase/luminol
chemiluminescence system (ECL Plus, GE Healthcare,
Little Chalfont, United Kingdom). Finally, the images were
developed and quantified using the Quantity One software
(v. 4.6.6, Biorad, Spain). The same membranes were used
to determine β-actin expression (1:50000 dilution, Sigma-
Aldrich, Spain) and the content of the latter was used to correct
protein expression.

Drugs and Solutions
Drugs used were 5-hydroxytryptamine creatinine sulfate
(serotonin), bradykinin, sodium vanadate, L-NAME (Nω -
nitro-l-arginine methyl ester), indomethacin, SDS, Trizma-base
and bovine serum albumin (Sigma-Aldrich; Spain). Stock
solutions (10 mmol/L) were made in bidistilled water and kept at
−20◦C. Appropriate dilutions were made in KHS on the day of
the experiment.

Data Analysis
Graph representation and statistical analysis were performed
using GraphPad Prism 8.0 software (CA, United States). The
relaxations induced by BK were expressed as a percentage of
the initial contraction elicited by 5HT (in mN: SO: 1.18 + 0.15;
MHC: 1.29 + 0.19, P > 0.05). Non-lineal regressions were
performed. Areas under the curve (AUC) were calculated
from the individual concentration-response plots. Results were
expressed as mean ± standard error of the mean (SEM). In
vascular reactivity experiments, statistical analysis was performed
by means of two-way analysis of variance (ANOVA). For
differences of AUC (dAUC), vasoactive substance release and
Western blot experiments, the ROUT method was used to
identify and remove outliers. Moreover, a Shapiro–Wilk test
was applied to confirm the normality of the population data,
followed by a Student’s t-test statistical analysis. P < 0.05 was
considered significant.

RESULTS

Animal Evolution
All MHC animals showed jaundice and choluria. Paraesophageal,
splenorenal and pararectal collateral vessels developed in MHC
animals (Data not shown). Final body weight and body weight
gain were lower in MHC animals. Systolic blood pressure was
lower, and PP was enhanced in the MHC group. Moreover,
both spleen and liver hypertrophy, and extravasation of ascitic
fluid were present in MHC animals (Table 1). We also found
that both neutrophil gelatinase-associated lipocalin (NGAL),
and Kidney injury molecule 1 (KIM-1), renal damage markers,
were enhanced after MHC (Table 2). In addition, a jaundice-
derived color and an inflammatory phenotype were found in rats
submitted to MHC (Figure 1). Altogether, these results confirm
that MHC is an appropriate experimental model for studying
hepatic and extrahepatic complications of this pathology.

Bradykinin-Induced Vasodilation
Large cerebral arteries, like MCA, strongly contribute to total
cerebrovascular resistance (Faraci and Heistad, 1990, 1998).
For that reason, we analyzed whether MHC could modify
the endothelium dependent BK-induced response in MCA.
We observed that BK produced a concentration-dependent
vasodilator response in MCA from both groups, which was
greater in MHC animals (Figure 2).

Role of Endothelium-Derived NO on the
Vasodilator Response to BK
One of the pivotal endothelial vasoactive factors modified by
inflammation is NO, which exerts a vasodilator effect in cerebral
vessels (Faraci and Heistad, 1998; Andresen et al., 2006). To
determine a different role of NO in SO and MHC animals,
we preincubated MCA segments with the non-selective NO
synthase inhibitor L-NAME. This drug diminished BK-induced
vasodilation in MCA segments from both groups, being this
decrease greater in arteries from rats submitted to MHCcerebral
vasculature from MHC (Figures 3A,B, and dAUC). It is also
remarkable that the vasodilator role to NO donor DEA-NO
was similar in MCA segments from both experimental groups
(Figure 3C). This result rules out possible differences in smooth
muscle sensitivity to NO in our experimental conditions.

To analyze whether this differential role of NO was due to
NO release, we analyzed the release of the stable NO metabolite
nitrite, finding that BK-induced nitrite release was greater in the
cerebral vasculature from MHC animals (Figure 4A).

Multiple enzymes are implicated in the NO synthesis.
When analyzing the influence of different NOS inhibitors in
nitrite release, we found that the specific nNOS inhibitor L-
NPA diminished BK-induced nitrite release in a similar extent
in cerebral vasculature from both experimental groups (in
percentage of inhibition: SO: 61.3 + 6.5; MHC: 65.1 + 3.1;
P > 0.05). In addition, the specific iNOS inhibitor 1400W
significantly decreased BK-induced nitrite release only in arteries
from MHC rats, while the non-specific NOS inhibitor L-NAME
abolished this release in the cerebral vasculature from both SO
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TABLE 1 | Effect of microsurgical liver cholestasis (MHC) on body weight (BW), body weight gain (BWG), systolic blood pressure (SBP), portal pressure (PP), liver weight
(LW), spleen weight (SW) and ascitic liquid extravasation in Wistar rats.

BW (g) BWG (g) SBP (mm Hg) PP (mm Hg) LW (g) SW (g) Ascitic liquid (mL)

SO 420.0 ± 9.98 77.12 ± 9.51 120.0 ± 3.67 8.49 ± 0.14 13.54 ± 0.51 0.74 ± 0.04 –

MHC 341.8 ± 12.42* 8.85 ± 5.28* 79.76 ± 3.31* 16.07 ± 1.38* 22.41 ± 1.73* 1.68 ± 0.12* 15.84 ± 5.69

Results are expressed as means ± SEM. *P < 0.05 versus SO (Student t-test). n = 4–17 animals each group.

TABLE 2 | NGAL and KIM-1 levels in kidneys from Sham-Operated (SO) and
microsurgical liver cholestasis (MHC) rats.

NGAL (n-fold) KIM-1 (n-fold)

SO 1 ± 0.21 1 ± 0.38

MHC 2.309 ± 0.67* 2.098 ± 0.52*

Results are expressed as means ± SEM. *P < 0.05 versus SO (Student t-test).
n = 6–9 animals each group.

and MHC rats (Figure 4A). We also observed an increase in iNOS
expression in arteries from MHC rats. Moreover, both eNOS
expression and phosphorylation in Ser 1177 were enhanced
in MHC cerebral arteries, while neither nNOS expression nor
Ser1417 phosphorylation were modified by MHC (Figure 4B).

Aside from NO release, it is also important to remark that
NO function also depends on its bioavailability. Liver pathologies
enhance oxidative stress in different tissues, including vascular

tissue (Xavier et al., 2010), thereby reducing NO function.
The fact that NADPH oxidase activity, the main producer of
superoxide anion, was similar in cerebral vasculature from both
experimental rules (Figure 4C), allowed us to rule out possible
alterations in NO bioavailability.

Role of COX-Derived Prostanoids on the
Vasodilator Response to BK
Modifications of other vasoactive factors could also be involved
in the pathogenesis of arterial vasodilation in MHC (Theodorakis
et al., 2003). To analyze the possible participation of prostanoids
in the enhanced BK-induced vasodilation observed in MHC
rats, we preincubated MCA with the unspecific COX inhibitor
indomethacin. We observed that BK-induced vasodilation was
not modified by indomethacin in MCA from SO animals, while it
was diminished in arteries from MHC rats (Figures 5A,B).

An overexpression of the enzymes implicated in prostanoid
synthesis has been reported in different vascular beds in rats with

FIGURE 1 | Representative pictures showing the brains from Sham-Operated (SO) and rats submitted to microsurgical liver cholestasis (MHC).
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FIGURE 2 | Effect of microsurgical liver cholestasis (MHC) on the
concentration-dependent relaxation to bradykinin in rat middle cerebral
arteries. Sham-Operated (SO): n = 6; MHC: n = 4. Results (mean ± SEM)
were expressed as a percentage of the initial contraction elicited by 5HT.

liver pathologies (Xavier et al., 2010). When analyzing COX-1,
we observed a similar expression in cerebral arteries from both
experimental groups, while the expression of COX-2 was greater
in cerebral arteries from MHC animals (Figure 6A).

Among the prostanoids implicated in the regulation of
vascular tone, both vasodilator PGI2 and vasoconstrictor TXA2
have a relevant role in cerebral vessels (Andresen et al., 2006;
Peterson et al., 2011; Maccarrone et al., 2017). When analyzing
the expressions of PGI2 synthase and TXA2 synthase, the
enzymes implicated in their synthesis, we observed no differences
among groups (Figure 6A). Moreover, when analyzing 6-keto
PGF1α and TXB2, the respective stable metabolites of PGI2 and
TXA2, we observed that MCH enhanced BK-induced 6-keto
PGF1α release but did not modify BK-induced TXB2 release
(Figures 6B,C).

DISCUSSION

The present study analyses the alterations in the cerebrovascular
function in rats submitted to MHC, a model of ACLF,
which develops HE. The results obtained show an enhanced
endothelium-dependent BK-induced vasodilation in MHC rats,
which is due to increases in the vasodilator factors NO and
PGI2 release.

Extrahepatic cholestasis is the most common model to study
the vascular complications of obstructive liver cholestasis. Rats
with MHC develop ACLF symptoms such as hepatomegaly, PH,

enlarged spleen, collateral portosystemic circulation, and ascites,
as reported earlier (Aller et al., 2012; Sastre et al., 2016b; Caracuel
et al., 2019). It is also remarkable that we previously described
alterations in albumin, total protein, bilirubin, and transaminases
after this experimental procedure (Gilsanz et al., 2017; Caracuel
et al., 2019). We can also highlight that these animals developed
hepatorenal syndrome, since both the renal damage markers
NGAL and KIM-1, were enhanced in kidneys from MHC rats.
In is also interesting to remark the jaundice-derived color and
the inflammatory phenotype that we observed in brains from
rats submitted to MHC. In addition, a previous study from our
group showed alterations in different brain structures, such as
the hippocampus, several weeks after this surgery was performed
(García-Moreno et al., 2002). These alterations were accentuated
after 8 weeks of the surgery (Braissant et al., 2019), consequently
developing behavioral changes including both cognitive and
motor impairment, which worsen together with the severity of
the pathology (García-Moreno et al., 2002; Giménez-Garzó et al.,
2015; Braissant et al., 2019). Altogether, these data allow us to
confirm that MHC is an appropriate experimental model for
studying hepatic and extrahepatic complications, including HE
alterations, developed in ACLF.

Microsurgical liver cholestasis is characterized by the
development of systemic vascular complications, which can be
the origin of the HE associated to ACLF (Jalan and Williams,
2002; Wright et al., 2014). Moreover, previous studies have
reported that a systemic proinflammatory state can activate
microglia and consequently produce a neuroinflammatory
situation, therefore worsening the neuropsychiatric symptoms of
HE (Butterworth, 2013; Rama Rao et al., 2014; Macías-Rodríguez
et al., 2015). This proinflammatory state can modify the release of
endothelial vasoactive factors in several vascular beds, including
cerebral vessels (Faraci and Heistad, 1998; Andresen et al.,
2006), consequently altering cerebral blood flow and vascular
resistance, and contributing to the development of the brain
abnormalities observed in this pathology. Large cerebral arteries,
like MCA, strongly contribute to total cerebrovascular resistance,
being the main determinants of local microvascular pressure
(Faraci and Heistad, 1990, 1998). For that reason, we analyzed
whether MHC could modify the endothelium dependent BK-
induced response in MCA. We observed an augmented BK
vasodilation in vessels from MHC rats, as has been reported
in other vascular beds (Xavier et al., 2010; Hollenberg and
Waldman, 2016; Caracuel et al., 2019). As we commented in the
introduction section, alterations in the balance of vasodilator and
vasoconstrictor agents are frequent in liver pathologies, leading
to blood flow alterations in multiple vascular beds (Xavier et al.,
2010; Bolognesi et al., 2014; Bosch et al., 2015; Sastre et al.,
2016b; Caracuel et al., 2019). One of the pivotal endothelial
vasoactive factors modified by inflammation is NO, which exerts
a vasodilator effect in cerebral vessels both in vivo and ex vivo by
activating soluble guanylate cyclase and/or producing smooth
muscle hyperpolarization through potassium channel opening
(Faraci and Heistad, 1998; Andresen et al., 2006). A dysregulation
of NO production is a common denominator of most of the
symptoms accompanying liver pathologies. The role of NO is
reported to vary in different vascular beds. Thus, a decrease
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FIGURE 3 | Effect of preincubation with NOS inhibitor L-NAME on the concentration-dependent relaxation to bradykinin in rat middle cerebral arteries from
Sham-Operated (SO), (A); (n = 4–6 segments from different animals) and microsurgical liver cholestasic (MHC), (B); (n = 4 segments from different animals) rats.
Results (mean ± SEM) were expressed as a percentage of the initial contraction elicited by 5HT. The attached graph shows the differences of area under the curve
(dAUC) to bradykinin for segments in the absence or presence of 0.1 mmol/L L-NAME. dAUC values are expressed as a percentage of the difference of the
corresponding AUC for the segments in the absence of L-NAME. (C) Vasodilator response to NO donor DEA-NO in arteries from SO and MHC rats (n = 4 segments
from different animals in each group). Results (mean ± SEM) were expressed as a percentage of the initial contraction elicited by 5HT.

in NO levels has been described in portal vein, increasing the
resistance in this vascular bed. Conversely, increases in NO have
also been reported in systemic vasculature and plasma, where
they participate in the development of hyperdynamic circulation
in splanchnic and systemic circulation (Bolognesi et al., 2014;
Bosch et al., 2015; Hollenberg and Waldman, 2016). We
observed that, similar to earlier reports in different splanchnic
and systemic vascular beds (Xavier et al., 2010; Sastre et al.,
2016b; Caracuel et al., 2019), BK-induced nitrite (the stable NO
metabolite) levels were significantly increased in cerebral arteries
from MHC rats compared to SO animals. This result correlates
with the fact that preincubation with unspecific NOS inhibitor
L-NAME diminished BK-induced relaxation to a greater extent
in MCA from MHC rats, hence confirming a major functional
role for NO in this experimental group. In addition, the fact that

the vasodilator role to NO donor DEA-NO was similar in MCA
segments from both experimental groups allowed us to rule out
possible differences in both smooth muscle sensitivity to NO and
in the NO signaling pathway in MCA due to MHC.

NO can be synthetized through the action of both constitutive
eNOS and nNOS, and inducible iNOS. The increase in iNOS
expression in splanchnic vasculature suggests involvement
by iNOS-derived NO in the development of hyperdynamic
circulation in different liver pathologies (Bhimani et al.,
2003; Ferguson et al., 2006; Xavier et al., 2010). Given the
fact that iNOS plays a relevant role in NO synthesis in
brain under inflammatory conditions (Hernanz et al., 2004;
Rama Rao et al., 2014), we analyzed possible differences in
iNOS expression under our experimental conditions, finding an
increase in this enzyme expression in cerebral arteries from MHC
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FIGURE 4 | (A) Bradykinin-induced nitrite release in cerebral vasculature from Sham-Operated (SO; n = 4-9 animals) and microsurgical liver cholestasic (MHC;
n = 4–10 animals) rats. Effect of preincubation with specific nNOS inhibitor L-NPA, specific iNOS inhibitor 1400W, or non-specific NOS inhibitor L-NAME. Data
(Mean ± SEM) were expressed as nmol nitrites/mg tissue. *P < 0.05 SO vs MHC (Student t-test). #P < 0.05 conditions without drug vs. conditiosmn with drug
(Student t-test). (B) Western blot analysis for and inducible nitric oxide synthase (iNOS), total and phosphorylated endothelial nitric oxide synthase (eNOS) in the Ser
1177 residue (P-eNOS), and total and phosphorylated neuronal nitric oxide synthase (nNOS) in the Ser 1417 residue (P-nNOS), in cerebral arteries from
Sham-Operated (SO) and microsurgical liver cholestasis (MHC) rats. The blots are representative of 4–7 segments from each group. Lower panels show
densitometry analysis for the expression of each protein. Results (mean ± SEM) were expressed as the relation between the signal obtained for the protein analyzed
and the signal obtained for β-actin. *P < 0.05 SO vs MHC (Student t test). (C) NADPH activity in cerebral vessels from SO and MHC rats (n = 5 different animals from
each group). Results (mean ± SEM) were expressed as chemiluminiscence units (CU.)/µg protein.

animals. Consequently, the increase in iNOS expression in MHC
animals would explain the augmented NO release observed in
this experimental group. The fact that the specific iNOS inhibitor
1400W reduced nitrite release only in cerebral vessels from MHC
rats corroborates this hypothesis, thereby confirming the relevant
role of iNOS in the vascular alterations in MHC.

We must also take into account that both constitutive isoforms
eNOS and nNOS are also present in vascular endothelium of
cerebral arteries (Andresen et al., 2006; Iwakiri and Groszmann,
2007). An increase in eNOS expression was described in the
splanchnic and systemic vascular beds in several liver pathology
models (Wright et al., 2012; Lin et al., 2014), and eNOS-
derived NO has been described to be high in cerebral vessels
under inflammatory status (Ando et al., 2004; Maccarrone

et al., 2017). Thus, we cannot rule out possible alterations
in eNOS expression/activation in cerebral arteries from MHC
animals. An increase in eNOS expression was found in cerebral
vessels from MHC rats. Additionally, we observed an augmented
eNOS phosphorylation at Ser1177, indicating enhanced eNOS
activation, as we previously described in mesenteric vascular bed
(Xavier et al., 2010; Caracuel et al., 2019).

Regarding nNOS-derived NO, it is implicated in the increased
vasodilation observed in splanchnic and systemic vasculature
in liver pathologies, including ACLF (Xu et al., 2000; Sastre
et al., 2016b), while several reports have described that nNOS
is present in cultured endothelial cells from different vascular
beds, exerting an anti-inflammatory role (Chakrabarti et al.,
2012). We found no modifications in either nNOS expression
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FIGURE 5 | Effect of preincubation with COX inhibitor indomethacin on the concentration-dependent relaxation to bradykinin in rat middle cerebral arteries from
Sham-Operated (SO), (A); (n = 4–6 segments from different animals) and microsurgical liver cholestasic (MHC), (B); (n = 4 segments from different animals) rats.
Results (mean ± SEM) were expressed as a percentage of the initial contraction elicited by 5HT.

or phosphorylation on Ser1417. Moreover, the specific inhibition
of nNOS diminished NO release in a similar extent in both
experimental groups. These results contrast with these studies
previously mentioned. The different tissues and experimental
model could explain this discrepancy. Altogether, these results
show that the observed increase in NO release in cerebral
arteries from MHC rats could be due to augmented eNOS and
iNOS activity.

Multiple studies have shown that MHC induced a systemic
increase of oxidative stress. Specially, enhanced pro-oxidative
biomarkers and diminished antioxidant mechanisms have been
reported in brain from MHC rats (Ommati et al., 2020). In
blood vessels, superoxide anions can modulate the role of
NO, diminishing its bioavailability. Although there are several
sources of reactive oxygen species, the enzyme NADPH oxidase
is the main producer of the excessive superoxide anions
in vascular tissue (Miller et al., 2010; Sastre et al., 2016a;
Llévenes et al., 2018). When analyzing the activity of this
enzyme, we found no differences between our experimental
groups. This result might contrast with the fact that liver
pathologies enhance vascular oxidative stress in other vascular
beds (Xavier et al., 2010), while we also found no differences
in superoxide anions in superior mesenteric artery from MHC
rats (unpublished results from our group). It is interesting to
remark that an enhanced systemic oxidative stress systemic
does not necessary correlate with local alterations in superoxide
anions (Torres et al., 2019; Llévenes et al., 2020). In addition,
we cannot rule out the participation of other sources of
vascular superoxide anions. Since the functional analysis
of NO-induced vasodilation showed no differences between
SO and MHC rats, we can infer that the oxidative stress

participation in cerebral vasculature might not change due
to MHC.

Aside from excess NO generation in the splanchnic
circulation, data from eNOS and iNOS knockout mice suggests
that modifications of vasoactive factors other than NO could
be involved in the pathogenesis of arterial vasodilation in liver
pathologies (Theodorakis et al., 2003). Endothelial prostanoids,
synthetized through COX activation, participate in the regulation
of vascular tone in healthy situations, depending on the vascular
bed analyzed, but their production can be modified under
certain inflammatory pathological situations (Brian et al.,
2001; Hernanz et al., 2004; Mollace et al., 2005; Blanco-Rivero
et al., 2007; Peterson et al., 2011; Wiggers et al., 2016). In fact,
multiple studies have already focused on the role of COX-derived
vasodilator (PGI2) and vasoconstrictor (TXA2) prostanoids in
the vascular disturbances observed in liver pathologies (Xavier
et al., 2010; Macías-Rodríguez et al., 2015; Caracuel et al., 2019).
Therefore, we aimed to determine the possible differential
influence of prostanoids on the BK-induced vasodilation in
cerebral vessels from SO and MHC rats. For that purpose, we
incubated MCA segments with the non-specific COX inhibitor
indomethacin, observing that this drug exerted no influence in
vessels from SO animals, as previously described (Wiggers et al.,
2016), while it diminished BK-induced vasodilation in arteries
from MHC animals. Previously, an overexpression of COX-2 was
described in splanchnic vasculature in liver pathologies (Xavier
et al., 2010). What is more, alterations in constitutive COX-1
expression have also been reported in several tissues, including
endothelium and brain tissue (Zheng et al., 2013; Kerbert et al.,
2017). Therefore, we aimed to investigate possible alterations in
the expression of both COX isoforms. We found a greater COX-2
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FIGURE 6 | (A) Western blot analysis for cyclooxygenase (COX) 1 and 2, PGI2 synthase (PGI2S) and TXA2 synthase (TXA2S) in cerebral arteries from
Sham-Operated (SO) and microsurgical liver cholestasis (MHC) rats. The blots are representative of 6–7 segments from each group. Lower panels show
densitometry analysis for the expression of each protein. Results (mean + SEM) were expressed as the relation between the signal obtained for the protein analyzed
and the signal obtained for β-actin. *P < 0.05 SO vs MHC (Student t-test). Effect of microsurgical liver cholestasis (MHC) on cerebral artery 6-Keto PGF1α release
(B); (SO: n = 9 animals; MHC: n = 10 animals) and TXB2 release (C); (n = 10 animals from each experimental group) Results (mean ± SEM) were expressed as pg
prostanoid/mL mg tissue. *P < 0.05 SO vs MHC (Student t-test).

expression in cerebral arteries from MHC rats, while COX-1
was not modified in our experimental conditions. Therefore, the
increase in COX-2 expression we observed in cerebral arteries
suggests the presence of alterations in prostanoid release in
this vascular bed.

One of the main vasodilator prostanoid present in cerebral
arteries is PGI (Andresen et al., 2006; Xavier et al., 2010; Peterson
et al., 2011; Maccarrone et al., 2017). We observed an increase
in BK-induced 6-keto PGF1 α (the stable PGI2 metabolite)
release in cerebral arteries from MHC animals, similarly to
that reported in aorta and mesenteric resistance arteries in
diverse liver pathologies (González-Correa et al., 1996; Blanco-
Rivero et al., 2009; Xavier et al., 2010). Since no differences
in PGI2 synthase expression were observed, we could attribute
the increased PGI2 release in MHC cerebral arteries to the
augmented COX-2 expression, but we cannot exclude a possible
enhancement in PGI2S activity.

Aside from vasodilator PGI2, COX-derived vasoconstrictor
TXA2 also has a relevant role in the regulation of vascular tone in
cerebral arteries (Hou et al., 2000; Andresen et al., 2006; Peterson
et al., 2011). In fact, inter-relations between both prostanoids

have been described (Cheng et al., 2002; Mollace et al., 2005).
Modifications in TXA2 participation have been described in
cerebral vasculature in different pathologies (Andresen et al.,
2006). Regarding liver pathologies, both increases and decreases
in TXA2 participation have been described in portal vein and
splanchnic vasculature, respectively (Iwakiri and Groszmann,
2007; Gatta et al., 2008; Xavier et al., 2010), but, to the best of
our knowledge, no reports regarding possible modifications in
this vasoconstrictor factor have been observed in cerebral vessels.
When measuring the stable TXA2 metabolite, TXB2, we found
no differences between its release in cerebral arteries from SO
and MHC rats, agreeing with the observation that TXA2 synthase
expression was similar in both experimental groups. Altogether,
these data show augmented PGI2 release in cerebral arteries from
MHC rats, mainly due to the increase in COX-2 expression, while
no modification in TXA2 release was observed.

An extravasation of ascitic fluid to the abdominal cavity is
found in this MHC model after a six-week evolution of the
pathology, being this symptom characteristic of ACLF. Regarding
cerebral vasculature, the vasculopathy that we observed in the
present study could be implicated in the development of HE
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related to an ACLF, characterized by a brain edema and
hypoxia situation, which might consequently lead to CNS
ischemia (Faraci and Heistad, 1990; Theodorakis et al., 2003;
Sawhney et al., 2016). In fact, after a longer evolution of MHC
(8 weeks or more), the animals die after going into a coma.
Therefore, it would be interesting in the future to determine the
pathogenic influence of vasoactive mediators in the development
of the endothelial permeability that causes the HE related
to ACLF.

In conclusion, we observed an enhanced BK-induced
vasodilation observed in MCA from MHC rats, due to increased
NO and PGI2. This augmented vasodilation might collaborate to
increase brain blood flow in HE, and consequently be implicated
in the brain alterations observed in ACLF.
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Migration in Hypercholesterolemic
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An early event in atherogenesis is the recruitment and infiltration of circulating monocytes
and macrophage activation in the subendothelial space. Atherosclerosis subsequently
progresses as a unresolved inflammatory disease, particularly in hypercholesterolemic
conditions. Although physical exercise training has been a widely accepted strategy
to inhibit atherosclerosis, its impact on arterial wall inflammation and macrophage
phenotype and function has not yet been directly evaluated. Thus, the aim of this
study was to investigate the effects of aerobic exercise training on the inflammatory
state of atherosclerotic lesions with a focus on macrophages. Hypercholesterolemic
LDL-receptor-deficient male mice were subjected to treadmill training for 8 weeks and
fed a high-fat diet. Analyses included plasma lipoprotein and cytokine levels; aortic
root staining for lipids (oil red O); macrophages (CD68, MCP1 and IL1β); oxidative
(nitrotyrosine and, DHE) and endoplasmic reticulum (GADD) stress markers. Primary
bone marrow-derived macrophages (BMDM) were assayed for migration activity, motility
phenotype (Rac1 and F-actin) and inflammation-related gene expression. Plasma levels
of HDL cholesterol were increased, while levels of proinflammatory cytokines (TNFa,
IL1b, and IL6) were markedly reduced in the exercised mice. The exercised mice
developed lower levels of lipid content and inflammation in atherosclerotic plaques.
Additionally, lesions in the exercised mice had lower levels of oxidative and ER stress
markers. BMDM isolated from the exercised mice showed a marked reduction in
proinflammatory cytokine gene expression and migratory activity and a disrupted motility
phenotype. More importantly, bone marrow from exercised mice transplanted into
sedentary mice led to reduced atherosclerosis in the recipient sedentary mice, thus
suggesting that epigenetic mechanisms are associated with exercise. Collectively, the
presented data indicate that exercise training prevents atherosclerosis by inhibiting bone
marrow-derived macrophage recruitment and activation.

Keywords: atherosclerosis, exercise, inflammation, macrophages, bone-marrow transplantation
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INTRODUCTION

Atherosclerosis and resulting cardiovascular diseases are
major causes of death worldwide (Libby et al., 2019).
Hypercholesterolemia, particularly increased LDL cholesterol,
promotes atherosclerosis. The disease is initiated with deposition
of cholesterol-rich lipoproteins in the arterial intima, leading
to local oxidative stress, activation and recruitment of immune
cells and the establishment of an unresolving inflammation
process (Koelwyn et al., 2018; Mury et al., 2018). Macrophages
play crucial roles in all phases of atherosclerosis, including
the initiation and progression to advanced lesions. Their
content and presence at injury sites reflects their capacity
for differentiation, proliferation, retention, emigration and
death of both resident and macrophages from blood-borne
monocytes (Moore et al., 2018). Driven by chemotaxis and
differentiation factors, the majority of monocytes newly recruited
from bone marrow and other medullary organs become cells
with macrophage-like features that engulf the retained and
modified lipoproteins, a process that is initially favorable but
ultimately results in the accumulation of lipid-filled foam
cells that trigger plaque formation (Moore et al., 2018; Xu
et al., 2019). Foam cell development is usually associated
with a classical M1 proinflammatory phenotype (Chinetti-
Gbaguidi et al., 2011), which is critical for a well-characterized
inflammatory response that includes secreting interleukins
and chemokines and being a major source of large amounts of
oxidants species, such as those derived from NADPH oxidase
activation and inducible nitric oxide synthase (iNOS) (Tabas
and Bornfeldt, 2016). Phenotypic and functional alterations
of macrophages in lesions have profound consequences for
plaque biology (Leitinger and Schulman, 2013; Tabas and
Bornfeldt, 2016). For instance, M1 macrophages seems to be the
predominant phenotype in rupture prone shoulder regions of
the plaques while the M2 anti-inflammatory macrophages are
predominant in the adventitia (Stöger et al., 2012). Chinetti-
Gbaguidi et al. (2011) have localized M2 macrophages in
more stable cell-rich areas of plaque away from the lipid core.
On the other hand, several other macrophage populations,
distinct from the M1 and M2 extremes, likely evoked by
the microenvironment stimuli and activation of specific
intracellular signaling pathways are present in atherosclerotic
lesions, representing a wide spectrum of phenotypes and
functions. These macrophages play key roles in lesion initiation,
progression, necrosis, remodeling, regression, and resolution
(Tabas and Bornfeldt, 2016).

Changes in lifestyle, including diet and regular physical
exercise, have been widely accepted as powerful strategies to
decrease the risks of developing atherosclerosis and induce its
amelioration (Adams et al., 2017; Fiuza-Luces et al., 2018).
Numerous studies on humans have shown cardiovascular risk
improvements achieved through different types of physical
exercise training, such as improved lipid and lipoprotein
profiles, glycemic control, endothelial function, and antioxidant
status (Palmefors et al., 2014). However, data on the direct
anti-atherogenic effects of physical exercise in the general
population are scarce. Rauramaa et al. (2004) found in a

randomized, controlled trial, excluding men taking statins, that
the progression of intima-media thickness in the carotid was
40% less in the exercised group compared to the control
group in a 6-year period. In experimental studies, more
abundant data on the relationship between physical exercise
and atherosclerosis were found. Exercise slows the progression
of atherosclerosis in hyperlipidemic animal models, such as
ApoE−/− and LDLr−/− mice (Ramachandran et al., 2005;
Shimada et al., 2007; Guizoni et al., 2016; Jakic et al., 2019),
promotes stabilization and prevents plaque rupture (Pynn et al.,
2004; Napoli et al., 2006; Pellegrin et al., 2009; Kadoglou et al.,
2011), whereas physical inactivity accelerates atherosclerosis
development (Laufs et al., 2005; Mury et al., 2018). The
positive effects of physical exercise are attributed in part to
general antioxidant action, alleviation of endoplasmic reticulum
(ER) stress-mediated endothelial dysfunction and local oxidative
stress (Okabe et al., 2007; Hong et al., 2018) and promotion
of anti-inflammatory action (Chen et al., 2010; Kawanishi
et al., 2010). Accordingly, exercise training lowers the levels of
circulating inflammatory monocytes (CD14+ CD16+) in humans
(Timmerman et al., 2008). In addition, exercise training, through
promoting shear stress and mechanical stimulus, increases
endothelial nitric oxide (NO) synthase (eNOS) expression and
NO production in the vasculature. Because NO has numerous
anti-atherosclerotic properties, increased eNOS expression in
response to exercise can explain part of the beneficial effects
of exercise in cardiovascular disease (Harrison et al., 2006).
In an experimental model of vascular disease, ApoE−/−
mice supplemented with the cofactor BH4 had increased
eNOS activity and NO bioavailability and markedly reduced
infiltration of T-cells, macrophages and monocytes into plaques,
and reduced T-cell infiltration in the adjacent adventitia
(Schmidt et al., 2010).

Although in-depth knowledge about the overall anti-
atherogenic role of physical exercise has been attained, data
concerning the impact of exercise directly on macrophage
phenotype and function, which are causally linked to arterial
wall lesion development, remain scarce. Therefore, here,
we investigate the potential of physical exercise training to
modify concurrent (in vivo and ex vivo) and long-lasting (bone
marrow transplantation) macrophage features relevant to the
atherosclerosis context. We subjected hypercholesterolemic mice
lacking the LDL receptor (LDLr−/−) to a program of moderate
aerobic treadmill training and an atherogenic diet. Subsequently,
we evaluated 1- lipid load, inflammatory macrophage content
and oxidative stress markers of atherosclerotic plaques; 2- gene
expression, migratory activity and cytoskeleton organization
of bone marrow-derived macrophages; and 3- the capacity of
bone marrow from exercised mice to reduce atherosclerosis
in sedentary mice.

MATERIALS AND METHODS

Animals
Low-density lipoprotein receptor-knockout [LDLr−/− (B6.
129S7-Ldlrtm1Her/J)] male and female mice with a C57BL6/J
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background, originally from the Jackson Laboratory (Bar
Harbor, ME), were obtained from the breeding colony
at the State University of Campinas (UNICAMP) and
maintained under controlled temperature (22 ± 1◦C) in
a 12 h dark/light cycle in a local (conventional) animal
facility in individually ventilated cages (4–5 mice/cage),
with unlimited access to filtered water and regular
rodent AIN93-M diet (Supplementary Table 1). All
animal experiments were performed in the Laboratory of
Lipid Metabolism in the Department of Structural and
Functional Biology, Institute of Biology, State University of
Campinas. The experimental protocols were approved by the
University Committee for Ethics in Animal Experimentation
(CEUA/UNICAMP #3002-1) and were performed in
accordance with national Brazilian guideline number
13 for “Control in Animal Experiments,” published on
September 13th, 2013 (code 00012013092600005, available
at: http://portal.in.gov.br/verificacao-autenticidade). Procedures
adhered to ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines.

Training Protocol
Male LDLr−/− mice (8 weeks old) were randomly assigned to
an exercise training (Exe) or sedentary (Sed) group, and both
mouse groups were fed a high-fat diet (35 g% fat, Supplementary
Table 1) (Pragsoluções Biociências, Jaú, SP, Brazil) for 8 weeks.
Before the training program, at 7 weeks of age, the mice were
familiarized with the treadmill by undergoing five sessions of
15 min of treadmill (10 cm/sec) for 1 week. The exercise
training protocol consisted of a 1-h session on a treadmill,
five times a week, at a 45◦ slope, and 50–60% VO2max for
8 weeks. The speed corresponding to the 50–60% VO2max was
determined after the maximal exercise test, described below. The
mouse control group remained sedentary. Before starting the
training period, mice were submitted to a maximal (incremental)
exercise test on an inclined treadmill (45◦ slope) to determine
the speed corresponding to the VO2max. The test consisted
of 5 min at 10 cm/s, followed by increases of 5 cm/s every
min until exhaustion, which was defined as the point at which
mice stopped running or touched the end of the treadmill five
times in 1 min. This test provided data on the exhaustion time,
distance run and the peak workload (maximal speed/VO2max)
(Guizoni et al., 2016). The maximal speed at the beginning of
the protocol was ∼22 cm/s for both groups (Supplementary
Figure 1). Based on this test, an initial training speed of 13 cm/s
(corresponding to 50–60% of the maximal speed) was applied
to the exercise training group, with speed increments of 1 cm/s
per week during the 8 weeks of training (final week speed of
20 cm/s). At the end of the physical exercise program, the
effectiveness of the training was evaluated again by the same
incremental exercise test on the treadmill for both the sedentary
and exercised mice. As expected, after 8 weeks of training, we
observed significant increases in exhaustion time (44%), distance
run (84%), and maximal speed (47%) in the exercised LDLr−/−
mice compared with the sedentary LDLr−/− mice, while no
differences between the groups were observed before the training
period (Supplementary Figure 1).

Lipid, Lipoprotein, Glucose, and
Cytokine Measurements
Blood was collected via the retro-orbital plexus of anesthetized
mice for plasma analyses. Total cholesterol and triglyceride
(TG) concentrations were measured using colorimetric-
enzymatic assays (Chod-Pap; Roche Diagnostic GmbH,
Mannheim, Germany). The cholesterol distribution in
plasma lipoprotein fractions was determined by fast
protein liquid chromatography (FPLC) gel filtration
with Superose 6 HR 10/30 columns (Pharmacia) and
subsequent cholesterol determination of the collected
fractions. Blood glucose concentrations were measured
using a glucose analyzer (Accu-Chek Advantage, Roche
Diagnostic, Switzerland). IL-1β, IL-6, IL-10, and TNF-α plasma
concentrations were determined by ELISA (R&D Systems,
Minneapolis, United States).

Aortic Root Histology and
Immunostaining
At the end of the experimental period, the mice were anesthetized
with xylazine/ketamine (10 and 50 mg/kg, respectively, ip).
Mouse hearts were perfused with 10 mL of phosphate-
buffered saline (PBS) and fixed overnight in 10 mL of 4%
paraformaldehyde (PFA). After incubation in PFA, the hearts
were washed with PBS and left in PBS for 1 h. Next, the
hearts were embedded in OCT compound (Sakura Inc., Torrance,
CA, United States) and frozen at −80◦C. The tip of the
heart (ventricle) was removed with a surgical knife. Serial
slices of 60 µm were cut using a cryostat and discarded until
the aortic sinus leaflets were visible. Then, the slices were
cut to a 10-µm thickness; two sliced sections were placed
on separate slides until a total aorta length of 640 µm was
reached. These sliced sections were stained with oil red O.
The red areas of the lesions were calculated as the sum of
lipid-stained lesions. The lipid stained lesions were quantified
using ImageJ (1.45 h) software. An investigator who was
unaware of the treatments evaluated the slides. The same
procedures of cryo-sectioning were employed on other hearts
that were used for immunofluorescence staining of CD68,
CD68 + IL-1β, CD68 + GADD153, nitrotyrosine (3-NT) and
MCP-1. The sections were blocked with 10% bovine serum
albumin (BSA) and then incubated for 3 h at 22◦C (RT)
or overnight at 4◦C with the following primary antibodies:
rat anti-CD68 (1:250; AbD Serotec), goat anti-IL-1β (1:50;
Santa Cruz Biotechnology), rabbit anti-GADD153 (1:50; Santa
Cruz Biotechnology), rat anti-MCP-1 (1:150; Abcam), and
biotinylated nitrotyrosine (3-NT) (1:200; Cayman Chemical).
The sections were washed and incubated with fluorescent
Alexa Fluor-conjugated secondary antibody (Invitrogen). Nuclei
were counterstained for 10 min with DAPI. The sections
were mounted with VECTASHIELD medium, and pictures
were taken with a Leica DMI600B microscope using a 20×
objective. Microscopic images of the aortic root sections were
digitized, and morphometric measurements were recorded.
ImageJ software (NIH-ImageJ, United States) was used for all
quantification procedures.
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Reactive Oxygen Species (ROS)
Measurement
In situ ROS production was estimated using the oxidation
of the dihydroethidium (DHE) probe to fluorescent products
(Davel et al., 2012). Transverse aortic sections (10 µm) obtained
with a cryostat were incubated with PBS at 37◦C for 10 min.
Fresh PBS containing DHE (5 µM) was topically applied to
each tissue section, and the slices were incubated in a light-
protected humidified chamber at 37◦C for 30 min and then
a coverslip was added. Negative control sections were treated
with the same volume of PBS as the experimental section but
without DHE. Images were obtained with a Leica DMI600B
microscope equipped for epifluorescence detection using a 20×
objective. ImageJ software (NIH-ImageJ, United States) was used
for the quantification.

Bone Marrow-Derived Macrophage
(BMDM) Isolation
Bone marrow was aseptically flushed from the tibias and
femurs with DMEM high glucose (4.5 g/L glucose) (Vitrocell)
and 10% fetal bovine serum (FBS) and centrifuged at room
temperature for 5 min at 1,000 rpm. Then, the cells were
resuspended in 2 mL of red blood cell-lysing buffer (Sigma)
and incubated for 5 min for the complete lysis of the red
blood cells and preservation and concentration of nucleated
white blood cells. Two milliliters of sterile PBS was added
to neutralize the lytic reaction. The cells were centrifuged
for 5 min at room temperature and resuspended in complete
DMEM supplemented with 15% L929 cell-conditioned media,
10% FBS and 1% penicillin/streptomycin. Next, these cells were
plated and cultured in complete medium for 7 days to induce
macrophage differentiation (BMDM). On the fourth day of
culture, contaminating non-adherent cells were eliminated by
changing one-half of the medium. On the eighth day, the
culture supernatants were discarded. The remaining adherent
cells were washed with 5 mL of pre-warmed PBS. The PBS
washes were discarded, and the adherent cells were gently
scraped to detach them in preparation for the migration assay,
immunofluorescence staining and RNA extraction.

BMDM Migration Assay
Cell migration assays were performed with a 24-well Boyden
chamber using Costar Transwell inserts with a 8-µm pore
size (Corning) as previously described (Rotllan et al., 2015).
Under sterile conditions, BMDM were incubated in serum-
free DMEM at 37◦C and 5% CO2 for 1 h prior to the assay.
The chemoattractant MCP-1 (R&D Systems), prepared to 100
ng/mL in serum-free DMEM was added to the bottom chambers.
BMDM were then carefully added to the top of the filter
membrane of the Transwell insert (upper chamber) (2.5 × 105

cells/mL) and incubated at 37◦C and 5% CO2 for 4 h. Then,
the Transwell inserts were removed, and the BMDMs were fixed
with 4% paraformaldehyde in PBS for 5 min, washed with PBS
twice and stained with crystal violet (0.1%, Invitrogen) for 15 min
at room temperature. The cells remaining on the top of the
membrane (inner side of the insert) were gently removed with a

cotton swab. An inverted Olympus BX51 microscope connected
to an Olympus DP72 digital camera (10× objectives) was used to
obtain images of the cells attached to the outer side of the insert
membrane. Cell numbers represent the average of counts of five
random visual fields. Experiments were performed in triplicate;
the results represent four independent experiments.

BMDM Immunofluorescence Staining
and Confocal Imaging
BMDM were seeded onto 8-well Lab-Tek slides (Thermo Fisher
Scientific) using macrophage growth medium. These cells were
serum-starved for 1 h and then stimulated with 100 ng/mL MCP-
1 (R&D System) for 5 and 15 min. These BMDM were fixed
with 4% PFA in PBS for 10 min at room temperature. Then,
these cells were permeabilized with 0.2% Triton X-100 in PBS
for 5 min and stained with anti-RAC-1 (1:100, Sigma). The
cells were then incubated with fluorescent secondary antibody
[Alexa Fluor 488 anti-mouse (Invitrogen)]. F-actin was visualized
with rhodamine-conjugated phalloidin (Invitrogen). Nuclei were
counterstained with DAPI (Sigma) for 10 min. Finally, the
cells were mounted onto glass slides with VECTASHIELD
mounting medium (Vector Laboratories). Images of the cells
were acquired using a Leica LSM 780 confocal microscope with a
63× objective, followed by measurement of the average cell areas
of at least 10 cells per field using ImageJ software. The results are
representative of at least three independent experiments.

Real-Time PCR
BMDM mRNA was extracted using an RNeasy kit (Qiagen,
Cat. #74007). One microgram of purified mRNA was used to
synthesize cDNA (high-capacity cDNA reverse transcription kit,
Applied Biosystems, Foster City, CA). Relative quantification was
performed using the StepOne real-time PCR system (Applied
Biosystems). The primers were designed and tested against the
Mus musculus genome (GenBank). The relative quantities of
the target transcripts were calculated from duplicate samples
(211CT), and the data were normalized against the endogenous
control GAPDH. The studied genes were CD36, IL-1β, MCP-1,
IL-6, TNF-α, SOD1, GADD153, and CDC42. The primer
sequences are shown in Supplementary Table 2.

Irradiation and Bone Marrow
Transplantation
For bone marrow transplantation we chose female LDLr−/−
mice as graft recipient, since they exhibit more and larger
lesions than males. We also chose to use a cholesterol containing
high fat diet to induce more severe atherosclerosis (22 g%
and 0.15 g% of fat and cholesterol, respectively) (Pragsoluções
Biociências, Jaú, SP, Brazil) (Supplementary Table 1). Male
LDLr−/− donor mice were subjected to a 16-week treadmill
training or remained sedentary and fed a high-fat diet. Seven-
week-old female LDLr−/− recipient mice were exposed to
a single 8.0-Gy total-body irradiation dose using a 6 MV
linear accelerator (Clinac 2100C, Varian Medical Systems,
United States). The donor bone marrow cells were aseptically
harvested by flushing the femurs and tibias from male LDLr−/−
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sedentary or exercised mice with Dulbecco’s PBS containing
2% fetal bovine serum. The samples were filtered through a
40 µm nylon mesh and centrifuged at room temperature for
10 min at 1,000 rpm. The cells were resuspended in Dulbecco’s
PBS containing 2% fetal bovine serum to a concentration of
5.0 × 106 viable nucleated cells in 200 µL for use in each
recipient mouse. Female LDLr−/− mice were randomly assigned
to groups to receive bone marrow from the exercised LDLr−/−
or sedentary LDLr−/− mice via intravenous injection (tail vein).
Subsequently, the recipient mice were housed in sterilized cages
and treated with antibiotics (0.2 mg Bactrim R© trimethoprim
and 1.0 mg/mL sulfamethoxazole) in the drinking water for
4 days before and 7 days after bone marrow transplantation.
After 1 week of recovery, the mice had free access to sterile
water and a sterile high-fat and high-cholesterol diet for
8 weeks. For terminal experiments, mice were anesthetized with
xylazine/ketamine (10 and 50 mg/kg, respectively, ip), and hearts
were perfused and excised for atherosclerosis and macrophage
content analysis.

Statistical Analysis
The data are presented as the means ± the standard
error (SE) and (n) is provided in each figure legend.
Two mean comparisons were evaluated with two
tailed Student’s t-test. Significance was accepted at the
level of p ≤ 0.05.

RESULTS

Exercise Training Reduces Body and Fat
Mass, Increases HDL Cholesterol and
Decreases Inflammatory Cytokine
Plasma Levels
Body and fat mass and food/water consumption after chronic
moderate aerobic training are shown in Table 1. The exercise
protocol resulted in a reduction in body weight (10%) and
epididymal fat pad (40%). No differences in food intake
were observed. The sedentary LDLr−/− group gained weight
and exhibited greater accumulation of adipose tissue than
their exercised counterparts despite similar levels of food
consumption. Water consumption was 27% higher in the
exercised LDLr−/− mice than in the sedentary mice. The
blood biochemistry parameter measurements are shown in
Table 2. The plasma glucose levels did not differ between the
sedentary and exercised LDLr−/− mice, while the plasma
triglyceride levels were 16% lower in the exercised group.
Total plasma cholesterol levels were similar in both groups.
However, the FPLC lipoprotein fraction showed significantly
increased HDL cholesterol in the exercised LDLr−/− mice
(Table 2). Circulating levels of inflammatory cytokines
were significantly diminished in the exercised LDLr−/−
mice as follows: 48% for IL-6, 77% for TNF-α, and 76%
for IL-1β (Table 2). These results demonstrate that aerobic
exercise training was effective in counteracting diet-induced
systemic inflammation.

Exercise Training Decreases Lipid
Deposition and Inflammation in the
Atherosclerotic Lesions
Concerning artery atherosclerotic lesions, exercise training
induced a marked reduction in the lipid-stained plaque area in
the aortic root of the exercised LDLr−/− mice (55%) compared
with that in the sedentary LDLr−/− group (Figures 1A,B).
To analyze lesion inflammatory status, we performed
immunofluorescence double staining for macrophages (CD68)
and IL-1β (Figure 1C). We observed lower levels of IL-1β (68%)
in the arteries of the exercised mice (Figures 1C,D). In addition,
the amount of aortic sinus monocyte chemoattractant protein-1
(MCP-1), a major inflammatory chemokine, was reduced by 64%
in the lesions of the exercised LDLr−/− mice (Figures 1E,F).
These findings suggest that physical exercise reduces macrophage
infiltration and activation.

Exercise Training Decreases Aortic
Oxidative and Nitro-Oxidative Damage
and ER Stress Markers
Examining the aortic root for oxidative stress, we found that
exercise training promoted a reduction in the fluorescence
of the reactive oxygen species (ROS) sensitive DHE probe
in the atherosclerotic plaques of the exercised LDLr−/−
mice. As shown in Figures 2A,B, physical exercise markedly
inhibited DHE fluorescence (reduction of 70%), suggesting

TABLE 1 | Food and water consumption, body and tissue weights of the
sedentary and exercised LDLr−/− mice fed a high-fat diet for 8 weeks.

LDLr−/− Sed LDLr−/− Exe

Body weight (g) 27.65 ± 0.74 (15) 24.92 ± 0.49 (15)**

Epididymal fat pad (g/100 g) 0.997 ± 0.09 (15) 0.588 ± 0.06 (15)**

Brown fat (g/100 g) 0.105 ± 0.003 (15) 0.093 ± 0.004 (15)

Liver (g/100 g) 0.859 ± 0.01 (15) 0.833 ± 0.01 (15)

Food intake (g/week) 17.01 ± 1.13 (15) 14.60 ± 0.40 (15)

Water consumption (mL/week) 23.10 ± 1.87 (15) 29.45 ± 1.52 (15)*

Data are the mean ± SE (n). *P < 0.05, **P < 0.01. Student’s t-test.

TABLE 2 | Plasma biochemical profile of the sedentary and exercised LDLr−/−

mice fed a high-fat diet for 8 weeks.

LDLr−/− Sed LDLr−/− Exe

Glucose (mg/dL) 96.40 ± 3.36 (10) 94.30 ± 3.57 (10)

Triglycerides (mg/dL) 123.7 ± 5.63 (15) 102.9 ± 4.38 (15)**

Total cholesterol (mg/dL) 452.3 ± 28.78 (15) 413.1 ± 30.66 (15)

VLDL cholesterol (%) 4.9 ± 1.4 (4) 3.3 ± 0.6 (4)

IDL + LDL cholesterol (%) 62.8 ± 2.7 (4) 53.7 ± 2.9 (4)

HDL cholesterol (%) 31.7 ± 3.1 (4) 42.6 ± 2.9 (4)*

Cytokines

Interleukin-1β (pg/mL) 23.2 ± 5.6 (5) 5.5 ± 2.6 (5)*

Interleukin-6 (pg/mL) 4.3 ± 0.4 (5) 2.2 ± 0.3 (6)**

Tumor necrosis factor-α (pg/mL) 31.1 ± 8.3 (5) 7.2 ± 0.84 (5)*

Data are the mean ± SE (n). *P < 0.05, **P < 0.01. Student’s t-test.
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FIGURE 1 | Exercise training decreases the lipid level and attenuates the inflammation in aortic root atherosclerotic lesions. Comparison of sedentary (Sed) and
exercised (Exe) LDLr−/− mice fed a high-fat diet for 8 weeks. The lipid stained (oil red O) representative images (A) and lesion areas (n = 15) (B).
Immunofluorescence staining (n = 5–6) for macrophage CD68 (green) and IL-1β (red) and merged images of CD68 and IL-1β (yellow) (C) and IL-1β positive areas
(D); immunofluorescence staining for MCP-1/CCL2 (green), DAPI for nuclei (blue) (E), and MCP-1 positive areas (F). Data are presented as the means and individual
determinations. P-values according to the Student’s t-test.

the inhibition of local ROS production. In addition, nitro-
oxidative stress was evaluated by using a nitrotyrosine antibody.
Figures 2C,D shows the marked decrease in nitrotyrosine

staining of the aortic lesions in the exercised LDLr−/−
group (55%), indicating that physical exercise also prevented
the formation of nitrated proteins. Moreover, endoplasmic

Frontiers in Physiology | www.frontiersin.org 6 November 2020 | Volume 11 | Article 59937964

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


fphys-11-599379 November 17, 2020 Time: 18:41 # 7

Rentz et al. Exercise Attenuates Macrophage Activation and Migration

FIGURE 2 | Exercise training reduces oxidative, nitro-oxidative and ER stress in atherosclerotic lesions. Comparison of sedentary (Sed) and exercised (Exe) LDLr−/−

mice fed a high-fat diet for 8 weeks. Representative images and quantitative fluorescence analyses of sections stained with the probe dihydroethidium (DHE, red)
(A,B), nitrotyrosine antibody (3-NT, green) (C,D), CD68 antibody (for macrophages, green), GADD153 antibody (red) and merged images (yellow) (E,F). Blue
represents nuclei stained with DAPI. Data are presented as the means and individual determinations (n = 4–7). P-values according to the Student’s t-test.
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FIGURE 3 | Exercise training reduces the migratory activity of bone marrow-derived macrophages (BMDM) in response to MCP-1. Migration of the BMDM of the
sedentary and exercised LDLr−/− mice fed a high-fat diet for 8 weeks after incubation with serum-free DMEM (basal condition) and MCP-1 (100 ng/mL, stimulated
condition) for 4 h. At the end of the incubation period, the cells were stained with crystal violet (A) and counted (B). Data are presented as the means and individual
determinations of four independent experiments performed in triplicate. P-values according to the Student’s t-test.

reticulum (ER) stress, which is known to occur during
diet-induced atherogenesis, was evaluated by staining the
aortic sinus for GADD153 (growth arrest DNA damage
protein, also known as CHOP, CCAAT-enhancer-binding
protein homologous protein), an undetectable protein in the
absence of ER stress. We observed that physical exercise
suppressed GADD153 expression in the aortic roots of
the exercised LDLr−/− mice by 76% compared to the
abundant GADD153 expression and colocalization with
macrophages observed in the aortas of the sedentary LDLr−/−
mice (Figures 2E,F).

Exercise Training Attenuates Migratory
Activity, Cytoskeletal Motility
Organization and Inflammatory Gene
Expression in Bone Marrow-Derived
Macrophages (BMDM)
An initial event in atherogenesis is the recruitment of
monocytes to susceptible sites of the vascular wall by monocyte
chemotactic protein-1 (MCP-1). Therefore, we evaluated the
migration response of the BMDM from both sedentary
and exercised LDLr−/− mice toward MCP-1 (Figure 3).
Compared to the basal state, the addition of MCP-1 significantly
increased BMDM migration, by twofold in both groups.
However, it is noteworthy that in both the basal and
stimulated conditions, a 40–50% reduction in migratory
activity was observed in the BMDM from the exercised
mice (Figures 3A,B).

To confirm the effect of physical exercise in inhibiting the
chemotactic response of macrophages, we measured changes in
the organization of the cytoskeleton necessary for cell motility.
RAC-1 is a protein involved in a variety of cytoskeleton
remodeling processes in different cell types. It induces actin
polymerization and lamellipodia formation. Stimulation of the
BMDM with MCP-1 induced a marked reorganization of the
cytoskeleton, as shown by the increase in the amount of RAC-1,
disruption of the surface localization of F-actin and colocalization
of RAC-1 with F-actin in the BMDM from sedentary LDLr−/−
mice (Figures 4A,C). This effect was profoundly attenuated in
the cells from the exercised LDLr−/− mice (Figures 4B,C).

To confirm previous results, we investigated the expression
of genes encoding key proteins involved in lipid and lipoprotein
uptake (CD36), inflammatory polarization phenotype (IL-1β,
IL-6, MCP-1, and TNFα), oxidative stress (SOD1), ER stress
(GADD153) and migration/motility activity (CDC42) in the
BMDM (Figure 5). We observed that aerobic exercise training
reduced the expression of CD36 mRNA by 50% compared
with the levels measured in cells from the sedentary mice,
in agreement with oil red lesion staining results. The mRNA
levels of IL-1β and MCP-1 in the BMDM were also reduced in
the exercised LDLr−/− mice (46 and 36%, respectively) when
compared with the cells obtained from the sedentary LDLr−/−
mice, in agreement with the immunostained aortic lesions.
The expression of other classical proinflammatory genes, IL-6
and TNF-α, was also reduced by one-half in the BMDM of
the exercised mice. The mRNA level of the cytosolic form of
superoxide dismutase (SOD1), an enzyme indicative of oxidative
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FIGURE 4 | Exercise training disrupts the motility phenotype of bone marrow-derived macrophages (BMDM) in response to MCP-1. Motility phenotype of the BMDM
of the sedentary and exercised LDLr−/− mice fed a high-fat diet for 8 weeks as indicated by immunostaining for Rac-1 and F-actin. The cells were treated with
MCP-1 (100 ng/mL) after 1 h of serum starvation. At the indicated time points, the cells were fixed and stained for Rac-1 (green) and F-actin (phalloidin, red) and with
DAPI (blue). Representative confocal microscopy images are shown at the original magnification of 63× (A,B) and with a 4× zoom objective (C). Images
representative of three independent experiments.

stress, was decreased by 45% in the BMDM from the exercised
mice. This finding suggests a lower ROS production in the cells
of the exercised LDLr−/− mice, in agreement with the results
of the aortic lesions (DHE and 3-NT levels). We also observed
a reduction in the expression of GADD153 mRNA, although
it was not statistically significant. An essential component of
macrophage motility machinery is the protein CDC42, which
induces filopodia formation. We observed that CDC42 mRNA
expression was decreased by 50% in the BMDM from the

exercised LDLr−/− mice, in agreement with previous BMDM
motility results.

Bone Marrow From the Exercised Donor
Mice Reduces Atherosclerosis When
Transplanted Into the Sedentary Mice
The changes observed in BMDM reflect phenomena that
occur in stem cells (bone marrow) and persist throughout
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FIGURE 5 | Exercise training downregulates the expression of genes involved in lipid uptake (CD36), inflammation (IL-1β, IL-6, MCP-1, and TNFα), oxidative stress
(SOD) and motility (CDC42) in bone marrow-derived macrophages (BMDM). Gene expression (normalized by GAPDH) in the BMDM of the sedentary (Sed) and
exercised (Exe) LDLr−/− mice fed a high-fat diet for 8 weeks. The expression of the ER stress marker GADD153 did not vary significantly between groups. Data are
presented as the means and individual determinations (n = 5–7). P-values according to the Student’s t-test.

the macrophage differentiation process ex vivo. Thus, we
hypothesized that bone marrow transplantation from the
exercised donor mice would be able to reduce atherosclerosis
in sedentary recipient mice. For these experiments we used
female LDLr−/− as bone marrow recipient mice because
they develop more severe atherosclerosis than males. The
male bone marrow donor mice were exercised for 16 weeks
to test long-term exercise training. Indeed, LDLr−/− female
sedentary mice that received bone marrow from exercised
LDLr−/− mice developed significantly smaller lesions than
the mice transplanted with bone marrow from sedentary
LDLr−/− mice (Figures 6A,B). Importantly, the macrophage
content of the atherosclerotic plaques was also markedly
reduced in the mice that received bone marrow from the
exercised donors, compared to that in the mice transplanted
with bone marrow from sedentary donors (Figures 6C,D).
Plasma lipid levels were similar between the transplanted
groups; however, the concentration of IL-6 was diminished
by 37% (p = 0.05) while TNF-α plasma levels showed
a trend to decrease (43%, p = 0.07) in the group that
received bone marrow from the exercised mice (Table 3).
The body and tissue weights of both graft recipient groups
were similar independent of the source of bone marrow
(Supplementary Table 3).

DISCUSSION

The beneficial adaptive responses to regular physical exercise
are appreciated and include improvements in metabolism,
redox state and inflammation scenario in several tissues. In
the present work, we focused on macrophage phenotype and
functions that are linked to arterial wall lesion development. We
showed that aerobic exercise training promoted a reduction in
lipid accumulation and the attenuation of the nitro-oxidative
damage and inflammatory state of atherosclerotic lesions. The
main and novel findings reveal that physical exercise targets
both monocyte-macrophages found in the arterial wall and
hematopoietic precursor cells that are relevant for the vascular
wall response to atherogenic insults. Macrophages from exercise-
trained mice showed an attenuation of their polarization to
the inflammatory phenotype and migratory function, which
was evidenced by the inhibition of the proinflammatory

gene expression profile and decreased cell migration and
cytoskeleton remodeling in response to chemotactic MCP-
1. More importantly, these findings were associated with
epigenetic mechanisms as indicated by the bone marrow
from the exercised mice diminishing atherosclerosis in the
recipient sedentary mice.

Several mechanisms may be raised to explain the connection
between exercise and reduced macrophage activation and
migration. The dysfunction of vascular endothelial layer is
critically implicated in the activation and recruitment of
macrophages in atherosclerosis prone conditions. When
exposed to oxidized lipoproteins or cytokines, endothelial
cells respond exhibiting a proinflammatory endothelial
phenotype, expressing leukocyte adhesion molecules and
secreting chemokines, such as MCP-1 among others. The influx
of T-cells and monocytes/macrophages, contributing their own
set of cytokines, creates a complex paracrine milieu of cytokines,
growth factors and ROS within the vessel wall, which perpetuates
a chronic pro-inflammatory state and fosters atherosclerotic
lesion progression (Gimbrone and García-Cardeña, 2016).
Improvement of endothelial function in atherosclerosis model
reduces T-cells, macrophages and monocytes infiltration
into plaques of ApoE−/− mice (Schmidt et al., 2010). It is
well-established that exercise training induces vasoprotective
endothelial phenotype triggered by hemodynamics processes
such as shear stress and mechanical stimulus (Harrison
et al., 2006) and consequently, may decrease macrophage
recruitment and activation. Exercise induced-laminar shear
stress promotes eNOS activity and expression, increasing
NO bioavailability and decreasing ROS production (Harrison
et al., 2006; Szostak and Laurant, 2011), thus preserving
endothelial layer integrity and suppressing chemotaxis.
Another theoretical possibility is that the exercise increased
blood flow could also directly influence mechanoreceptors
in the circulating leukocytes decreasing their activation and
subsequent transendothelial migration. Sympathetic activity to
the bone marrow, elicited by physical exercise, is an additional
possibility by which exercise may change the mobilization
of hematopoietic stem and progenitors cells (HSPC) into
peripheral circulation and subsequently change the number
and function of leukocytes. However, these effects are highly
dependent on the intensity of the exercise and may be transient
(Emmons et al., 2016; Kröpfl et al., 2020). Finally, exercise

Frontiers in Physiology | www.frontiersin.org 10 November 2020 | Volume 11 | Article 59937968

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


fphys-11-599379 November 17, 2020 Time: 18:41 # 11

Rentz et al. Exercise Attenuates Macrophage Activation and Migration

FIGURE 6 | Bone marrow from exercised donor mice reduces atherosclerosis in recipient sedentary mice. Sedentary LDLr−/− female mice (recipients) were
transplanted with bone marrow from sedentary (Sed) or exercised (Exe) LDLr−/− male mice (donors) fed a high-fat and high-cholesterol diet for 8 weeks.
Representative images (A) and lesion area stained with oil red O, n = 13–14 (B). The immunofluorescence images (C) and areas positive for macrophage CD68
(green), n = 6 (D). Blue color represents nuclei stained with DAPI. Data are presented as the means and individual determinations, P-values according to the
Student’s t-test.

training improves skeletal muscle secretion of myokines,
extracellular cargo vesicles and metabolites that facilitates
regulatory crosstalk with other tissues, including cells in the
vascular wall (McGee and Hargreaves, 2020).

Some of the expected systemic effects of exercise training were
observed in exercised LDLr−/− mice. Although total plasma
cholesterol levels did not change significantly, exercise training
increased the levels of HDL cholesterol plasma fraction, in

agreement with previous findings (Wang and Xu, 2017; Cai et al.,
2018; Lemes et al., 2018; Ruiz-Ramie et al., 2019). HDL has several
anti-atherogenic functions, such as macrophage cholesterol
efflux and vascular antioxidant and anti-inflammatory functions
(Camont et al., 2011). Exercise training also reduced the
circulating levels of the proinflammatory cytokines TNF-α, IL-
1β, and IL-6 in the LDLr−/− mice, in agreement with previous
findings in animal models (Ohta et al., 2005; Fukao et al., 2010),
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TABLE 3 | Plasma lipids and cytokines of the transplanted sedentary LDLr−/−

mice that received bone marrow from sedentary (LDLr−/−Sed) or exercised
(LDLr−/−Exe) donor mice and fed a high-fat and high-cholesterol diet for 8 weeks.

Bone marrow donors

LDLr−/− Sed LDLr−/− Exe

Triglycerides (mg/dL) 257.8 ± 33.9 (10) 232.0 ± 16.3 (8)

Total cholesterol (mg/dL) 1056.3 ± 39.6 (9) 1029.9 ± 95.7 (9)

Cytokines

Interleukin-10 (pg/mL) 16.0 ± 0.85 (8) 15.8 ± 0.61 (8)

Interleukin-6 (pg/mL) 7.07 ± 0.41 (6) 4.44 ± 0.99 (8)*

Tumor necrosis factor-α (pg/mL) 26.4 ± 4.7 (4) 14.9 ± 2.6 (4)#

Data are the mean ± SE (n). Student’s t-test: *p = 0.05, #p = 0.07.

in patients with cardiac disease (Schumacher et al., 2006)
or with metabolic syndrome or obesity (Pitsavos et al.,
2005; Bruun et al., 2006). The prominent role of IL-1β in
atherosclerosis is evidenced by the results of IL-1β gene ablation
in ApoE−/− mice (Kirii et al., 2003) and by neutralizing
antibody therapy against IL-1β that decreased the rate of
recurrent cardiovascular events, as shown in the CANTOS study
(Ridker et al., 2017).

Oxidative and nitro-oxidative stress are involved in the
initiation and propagation of atherosclerosis by influencing
inflammatory and chemotactic cell responses (Marchio et al.,
2019). Decreased ROS production was found in the arterial
wall of the exercised LDLr−/− mice in this study, as indicated
by the lower level of fluorescent DHE-derived oxidation
products. The level of nitrotyrosine, a major biomarker of
protein oxidative damage caused by peroxynitrite, was also
reduced in the exercised LDLr−/− mouse aortic plaques.
Nitrotyrosine has been related to plaque instability (Turko and
Murad, 2002) and detected in human serum and atherosclerotic
lesions (Pennathur et al., 2004; Upmacis, 2008). One possible
explanation for these findings is that exercise, through promoting
laminar shear stress, down-regulates endothelial angiotensin
II type 1 receptor (AT1R) expression, leading to decreases
in NADPH oxidase activity and superoxide anion production,
which in turn preserves endothelial NO bioavailability and
decreases oxidative/nitroxidative stress (Szostak and Laurant,
2011). Exercise training also improves tissue levels of antioxidant
enzymes, such as catalase and GSH peroxidase (Takeshita
et al., 2000; Linke et al., 2005) and markedly increases
extracellular isoform of superoxide dismutase (Fukai et al.,
2000). Structural and functional integrity of mitochondria is
important for cell metabolic and redox homeostasis. Increased
number and oxidative capacity of mitochondria in skeletal
muscles is a well-documented effect of regular physical exercise.
In addition, Kim et al. (2014) showed that exercise mediated
wall shear stress increases mitochondrial biogenesis in vascular
endothelium. Furthermore, 6 months of aerobic exercise training
alleviates the release of endothelial microparticles (a sign
of activated or apoptotic endothelial cell) in prehypertensive
individuals via shear stress-induced mitochondrial biogenesis
(Kim et al., 2015).

Hyperlipidemia and oxidative stress, among a large variety of
stresses, trigger perturbations of ER homeostasis (Cullinan and
Diehl, 2006) that may cause downstream maladaptive responses
such as inflammation and cell death. It has been previously
proposed that ER stress is involved in endothelial dysfunction.
Indeed, induction of ER stress in resistance and conductance
arteries resulted in defective endothelium-dependent relaxation,
as well as decreased eNOS phosphorylation and increased
NADPH oxidase activity (Kassan et al., 2012; Galán et al.,
2014). ER stress markers, including GRP78, CHOP/GADD,
p-IRE-1, XBP-1, ATF-6, p-PERK, and p-elf2 were reported
to be elevated in atherosclerotic aorta of ApoE−/− mice
(Zhou et al., 2005). Here, we showed the presence of ER
stress, as evidenced by GADD expression in the arteries of
sedentary high fat fed LDLr−/− mice. Interestingly, GADD
immunostaining was widely spread with partial colocalization
with macrophages (CD68). Physical exercise training markedly
suppressed the expression of this ER stress marker. This
finding is in agreement with previous studies. Treadmill
exercise training suppressed ER stress (PERK, IRElα, and
ATF6) and ameliorated endothelial dysfunction through
a PPARγ -dependent mechanism with an increase in NO
bioavailability in diabetic arteries (Cheang et al., 2017). In
addition, Hong et al. (2018) showed that exercise training
reversed the increase in CHOP expression in the superior
mesenteric arteries of ApoE−/− mice and ameliorated vascular
dysfunction by regulating downstream signaling pathways
including eNOS, UCP-2 (oxidative stress) and caspase-1
(inflammation) activities.

Macrophages in a lesion microenvironment are
heterogeneously shaped, assuming inflammation promoting
or suppressing and repair functions, designated M1 or M2,
respectively (Tabas and Bornfeldt, 2016). Physical exercise has
been identified as an inflammation suppressor in adipose tissue
(Kawanishi et al., 2010, 2013), liver (Kawanishi et al., 2012),
and skeletal muscle (Leung et al., 2016) by reducing the M1/M2
macrophage ratio. Furthermore, physical exercise is effective in
reducing M1 markers in isolated mouse peritoneal macrophages
(Chen et al., 2010) and human monocytes (Ruffino et al., 2016).
In this study, we found that the BMDM from the exercised
mice exhibited decreased expression of TNF-α, IL-1β, and IL-6,
markers of the M1 inflammatory macrophage phenotype. These
findings offer supporting evidence suggesting that physical
exercise blunts macrophage M1 polarization not only within
the arterial wall but also in precursor myeloid cells. Similarly,
the expression of the chemoattractant MCP-1 was repressed by
the exercise training, as seen in the arterial wall and BMDM
from the exercised LDLr−/− mice. The pro-atherogenic role of
MCP-1 and its receptor CCR2 in monocyte recruitment into
the arterial wall is well established (Boring et al., 1998; Tsou
et al., 2007; França et al., 2017). MCP-1 and its receptor are
involved in the regulation of the cytoskeletal changes required
for cell migration (Gerszten et al., 2001). In this study, we found
that the BMDM migration response to MCP-1 after physical
exercise training was reduced. This finding probably explains
the significant reduction in macrophage content (CD68) in the
atherosclerotic plaques. The macrophage become motile through
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sequential steps: protrusion of filopodia and lamellipodia at
the leading front, adhesion of the protruding edge to the
substratum, contraction of the cytoplasmic actin/myosin, and
finally release from contact sites at the tail of the cell (Jones,
2000). The activation of the proteins CDC42 and RAC leads
to the formation of filopodia and lamellipodia, respectively.
RAC-1 is localized at the leading edge of motile cells in response
to a chemoattractant stimulus. Accordingly, we found no such
localization of RAC-1 in macrophages from the exercised
mice in response to MCP-1. Furthermore, CDC42 mRNA
was markedly decreased in the BMDM of the exercised mice.
Endothelial-specific deletion of CDC42 attenuates chronic
inflammation and plaque formation in atherosclerotic mice
(Ito et al., 2014).

Growing evidence has revealed that unresolving
atherosclerotic inflammation is associated with immunological
memory. Known as trained immunity, this effect is also
established in bone marrow precursor cells (Zhong et al., 2020).
For instance, hematopoietic stem/progenitor cells (HSPCs)
conditioned by hypercholesterolemia aggravate atherosclerosis
after they have been grafted into a normocholesterolemic
microenvironment (Seijkens et al., 2014). In addition, LDLr−/−
mice fed a chow diet showed enhanced atherosclerosis after
receiving bone marrow from mice fed a high-fat western-type
diet (van Kampen et al., 2014). In contrast, physical exercise
appears to promote a beneficial effect on immunological
memory. A recent study revealed that exercise training decreased
the proliferation of HSPCs and circulating leukocytes, impaired
monocyte differentiation into macrophages and attenuated
atherosclerosis in mice (Frodermann et al., 2019). Here, we
show that aerobic exercise training promoted a differential
macrophage phenotype and function (cytokine expression,
migration and motility) that persisted in myeloid-derived
macrophages, leading to sedentary recipients of bone marrow
to slowing down the development lipid laden and less inflamed
atherosclerotic lesions. A limitation of this study design is that
we cannot assure that physical exercise, per se, would be able
to induce these epigenetic anti-atherogenic effects because
donor mice received high fat diet concomitantly with exercise
training. However, since many harmful metabolic and redox
epigenetic effects of high fat diets are well known, we may
hypothesize that exercise training counteracted or reversed these
diet detrimental effects.

CONCLUSION

Collectively, these data demonstrate that aerobic exercise
training slows down the progression of atherosclerotic
lesion and positively alters plaque feature and inflammation
profile. These findings are associated with exercise-
induced inhibition of activation and recruitment of
bone marrow-derived macrophages. Thus, we propose
that regular aerobic exercise induces epigenetic anti-
inflammatory changes in bone marrow stem cells, attenuating
atherosclerosis.
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Atherosclerosis constitutes a major risk factor for cardiovascular diseases, the
leading cause of morbidity and mortality worldwide. This slowly progressing, chronic
inflammatory disorder of large- and medium-sized arteries involves complex recruitment
of immune cells, lipid accumulation, and vascular structural remodeling. The α7 nicotinic
acetylcholine receptor (α7nAChR) is expressed in several cell types involved in the
genesis and progression of atherosclerosis, including macrophages, dendritic cells,
T and B cells, vascular endothelial and smooth muscle cells (VSMCs). Recently, the
α7nAChR has been described as an essential regulator of inflammation as this receptor
mediates the inhibition of cytokine synthesis through the cholinergic anti-inflammatory
pathway, a mechanism involved in the attenuation of atherosclerotic disease. Aside from
the neuronal cholinergic control of inflammation, the non-neuronal cholinergic system
similarly regulates the immune function. Acetylcholine released from T cells acts in
an autocrine/paracrine fashion at the α7nAChR of various immune cells to modulate
immune function. This mechanism additionally has potential implications in reducing
atherosclerotic plaque formation. In contrast, the activation of α7nAChR is linked to
the induction of angiogenesis and VSMC proliferation, which may contribute to the
progression of atherosclerosis. Therefore, both atheroprotective and pro-atherogenic
roles are attributed to the stimulation of α7nAChRs, and their role in the genesis and
progression of atheromatous plaque is still under debate. This minireview highlights
the current knowledge on the involvement of the α7nAChR in the pathophysiology
of atherosclerosis.

Keywords: vascular inflammation, atherosclerosis, α7nAChR, cholinergic signaling, cholinergic anti-
inflammatory pathway

Abbreviations: α7nAChR, α7 nicotinic acetylcholine receptor; α-BTX, α-bungarotoxin; ACh, acetylcholine; ASCVD,
atherosclerosis cardiovascular disease; BMDMs, bone marrow-derived macrophages; ChAT, choline acetyltransferase; DCs,
dendritic cells; LDLR−/−, low-density lipoprotein receptor depletion; oxLDL, oxidized low-density Lipoprotein; ROS,
reactive oxygen species; SLURP-1, Ly6/uPAR-related protein-1; VSMCs, vascular smooth muscle cells.
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INTRODUCTION

Atherosclerosis cardiovascular disease (ASCVD) constitutes
one of the leading causes of morbidity and mortality worldwide
(Benjamin et al., 2017). Atherogenesis is a complex-multiphase
pathology initiated by the progressive accumulation of
low-density lipoprotein cholesterol (LDL-C) and other
apolipoprotein B-containing lipoproteins in the subintimal
space. These entrapped lipoproteins are exposed to local
disturbed shear stress promoting endothelial dysfunction,
which in turn leads to the synthesis of reactive oxygen
species (ROS) by vascular endothelial, smooth muscle cells
(VSMCs) and resident macrophages. Moreover, entrapped
LDL particles become oxidized, generating oxidized LDL
(oxLDL), and triggering sterile inflammation by upregulating
the monocyte chemoattractant molecule-1 (MCP-1) and a
variety of cell-adhesion molecules including intercellular
adhesion molecule-1 (ICAM), P-selectin and vascular cell
adhesion molecule-1 (VCAM-1) (Li et al., 1993). These
molecules stimulate the adherence of circulating monocytes
into the plaques. Infiltrated monocytes differentiate into distinct
macrophage subtypes, which engulf LDL and produce several
inflammatory mediators and cytokines. This new plaque
milieu facilitates the migration of VSMCs from the media
to the intima, where they further proliferate and shift to a
less contractile and more secretory phenotype (Basatemur
et al., 2019). Recruited macrophage and infiltrated leukocytes
also undergo phenotypical switches to at least four classical
phenotypes: M1, M2, M4, or Mmox (Tabas and Bornfeldt,
2016; Cochain and Zernecke, 2017; Cochain et al., 2018).
This sequence of events is highly influenced by inflammatory
mediators released by vascular cells and distinct subpopulations
of innate/adaptive immune cells. Different cell types from the
innate immune system were identified in mice and human
plaques including mast cells, natural killers, dendritic cells
(DCs), and neutrophils. Regarding the adaptive immune system,
T and B cells are commonly found within atherosclerotic
lesions. T cells are activated by LDL, presented by antigen-
presenting macrophages and DCs. B-cell-derived plasma cells
also produce serum antibodies against modified and oxLDL. B
cells constitute a very heterogeneous population, comprising
different functional subsets. Therefore, B-cells may play either
atheroprotective or atherogenic roles, depending on the specific
subset and their functionality (Sage et al., 2019). Altogether,
experimental, clinical, and epidemiological research highlight
the interplay between intraplaque immune cells and systemic
inflammation as an important pathogenic mechanism in
atherosclerosis.

Atherosclerosis is a chronic disease in which inflammation is
present during plaque initiation, progression, and even rupture.
In each phase of the disease there are multiple inflammation-
related pathways (Libby, 2012). The role of the autonomic
nervous system in the regulation of inflammation has been
extensively studied over the past decades (Borovikova et al.,
2000; Pavlov and Tracey, 2005). In response to a variety of
inflammatory stimuli, an afferent signal through the vagus
nerve is triggered, activating efferent responses that attenuate

tissue-specific cytokine production. This pathway, known as
the “anti-inflammatory cholinergic reflex,” is mediated by the
activation of the alpha-7 nicotinic acetylcholine (ACh) receptor
(α7nAChR) in macrophages (Pavlov and Tracey, 2004), and
linked to the genesis/development of atherosclerosis (Chen
et al., 2016). In addition, the non-neuronal α7nAChR; expressed
in vascular and immune cells; plays a crucial role in the
pathology of atherosclerosis. In this minireview, we will
highlight the complex role of α7nAChR in the pathogenesis of
atherosclerosis (Figure 1).

THE α7-NICOTINIC ACETYLCHOLINE
RECEPTOR

The ACh receptor (AChR) is a well-characterized membrane
protein involved in the physiological responses to ACh in many
neuronal and non-neuronal cells (Sharma and Vijayaraghavan,
2002; Dani and Bertrand, 2007; Fujii et al., 2008). These receptors
are divided into two categories: (1) the muscarinic AChRs
(mAChR), which belong to the superfamily of G protein-coupled
receptors, is represented by five subtypes (M1–M5) (Hosey,
1992) and stimulated by muscarine. (2) The fast-ionotropic
cationic nicotinic receptor channel (nAChR), activated by
nicotine and involved in many pathophysiological disorders
including Alzheimer’s and Parkinson’s disease, depression, and
atherosclerosis.

Structurally, nAChRs constitute a large pentameric homo-
or heteromeric assembly (290 kDa), which arises from the
combination of 17 different subunits (α2–α10, β1–β4, γ, δ, and
ε) with diverse pharmacological and physiological signatures
(Sargent, 1993). Each subunit is composed of a relatively
long extracellular N-terminal domain that contributes to ligand
binding, 4 hydrophobic transmembrane domains (M1–M4), an
intracellular loop between M3 and M4, and a short extracellular
C-terminal end (Mckay et al., 2008).

Mammalian nAChRs are permeable to Na+, K+, and
Ca2+, and adopt three principal transition states; (1) basal or
resting (closed), (2) active (open), and (3) desensitized (closed)
(Edelstein et al., 1996). The classic α7nAChR is the most
abundant homologous nAChR subtype (5 α7 subunits) in the
brain, where it was originally discovered and studied as a
neuronal receptor. However, the α7nAChR is also expressed in
a variety of non-neuronal cells, including T-cells, macrophages,
vascular endothelium, VSMCs among others (Wang et al., 2003;
Razani-boroujerdi et al., 2007; Li et al., 2010; Smedlund et al.,
2011), where participates in the cholinergic anti-inflammatory
pathway, angiogenesis (Wu et al., 2009), vascular remodeling and
oxidative vascular stress (Li et al., 2014, 2018).

In neurons, the ligand-gated ion channel properties of
α7nAChR have been extensively studied. This receptor exhibits
high relative Ca2+ permeability (Seguela et al., 1993) and
contains one extracellular ligand-binding site with high affinity
for α-bungarotoxin (α-BTX) that rapidly and reversibly
desensitize the receptor (De Jonge and Ulloa, 2007). However,
very little is known about the channel properties of the
non-neuronal α7nAChR.
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FIGURE 1 | Neuronal and non-neuronal α7 nicotinic acetylcholine receptors (α7nAChR) are involved in the pathological process of atherosclerosis. In response to a
variety of inflammatory stimuli, an afferent signal through the vagus nerve is triggered. Efferent vagal fibers are connected to the splenic nerve in the celiac mesenteric
plexus. In the spleen, the splenic nerve releases norepinephrine, which activates β2 adrenergic receptors in T cells to release acetylcholine (ACh) that interacts with
α7nAChR on macrophages and inhibits the release of pro-inflammatory cytokines. The Non-neuronal α7nAChR is also expressed in immune and vascular cells.
Activation of α7nAChR in endothelial cells may stimulate angiogenesis, survival, apoptosis, increase cell proliferation and migration, and decrease the production of
reactive oxygen species (ROS). In vascular smooth muscle cells (VSMCs), the activation of α7nAChR may promote both positive or negative modulation of cell
migration, remodeling of the cytoskeleton, and a decrease in the production of ROS. In immune cells, the activation of α7nAChR may contribute to both anti- or
proatherogenic processes depending on cell type. The activation of α7nAChR in T cells stimulates differentiation into Th1, Th2, and Th17 cells, and decreases the
release of pro-inflammatory cytokines. Moreover, T cells synthesize and secrete ACh and Ly6/uPAR-related protein-1 (SLURP1). ACh and SLURP1 via paracrine
signaling activate macrophages’ α7nAChR decreasing the release of pro-inflammatory cytokines, the uptake of oxidized LDL (OxLDL) and the accumulation of
cholesterol inside macrophages. In dendritic and mast cells, ACh and SLURP1 increases the release of pro-inflammatory cytokines and degranulation, and the
release of β-hexosaminidase and histamine in mast cells.

THE NEURONAL AND NON-NEURONAL
CHOLINERGIC SYSTEM

The cholinergic system has an unquestionable role in
neurotransmission as all its critical elements (choline
acetyltransferase (ChAT), ACh, cholinesterase, and mAChRs and
nAChRs) are present in the central/autonomic nervous system
and at the neuromuscular junction (Brown, 2019).

The effects of ACh vary according to the predominance of
receptor subtypes in the target tissue and until recently, they
were reported to be mainly related to motor and cognitive
processes (Picciotto et al., 2012). However, in 2000 Tracey
and colleagues described the cholinergic system as a key
element in the control of inflammation (Borovikova et al.,
2000). The interplay between the neural pathway and immune
cells to modulate inflammatory responses was termed “the
inflammatory reflex.” In 2003, the same group described the

α7nAChR as the target for the reduction in pro-inflammatory
cytokines synthetized by macrophages and DCs (Wang et al.,
2003). Interestingly, the splenic ACh discovered by Dale
and Dudley (1929) is of non-neuronal origin as the spleen
lacks cholinergic innervation. The physiological significance of
this non-neuronal ACh remained undetermined until recent
studies showing that spleenic cholinergic T cells (but not
cholinergic neurons) constituted the source of ACh which
stimulates α7nAChRs on splenic macrophages (Rosas-Ballina
et al., 2011). Efferent vagal fibers are connected to the splenic
nerve in the celiac mesenteric plexus. The splenic nerve releases
norepinephrine, which stimulates β2 adrenergic receptors in
T cells to further release ACh. ACh subsequently activates
macrophage α7nAChRs, blocking the release of TNF, IL-1,
HMGB1, and other cytokines (Rosas-Ballina et al., 2011). Since
then, the role of the α7nAChR is considered essential in the
pathophysiology of inflammatory diseases including rheumatoid
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arthritis (Maanen et al., 2010), sepsis (Ren et al., 2018) and
atherosclerosis (Johansson et al., 2014).

These studies provide strong evidence that both neural
and non-neuronal cholinergic systems effectively cooperate
to control inflammation. In addition to immune cells,
endothelial and VSMCs also possess the cholinergic signaling
machinery (Wada et al., 2007; Pena et al., 2011; Fujii et al.,
2017), being ACh involved in proliferation, differentiation,
adhesion, migration, secretion, survival, and apoptosis via
autocrine/paracrine pathways.

THE NON-NEURONAL α7nAChR IN THE
REGULATION OF IMMUNE CELLS

The recent discovery that lymphocytes (T and B), macrophages,
and DCs synthesize ACh and express several types of
mAChRs/nAChRs supports the existence of a local non-
neuronal cholinergic system in immune cells (Reardon et al.,
2013). In this regard, ACh secreted from CD4+ T cells stimulates
α7nAChRs expressed by themselves or macrophages and DCs,
decreasing the production of inflammatory cytokines (Fujii
et al., 2017; Mashimo et al., 2019). Furthermore, activation of
α7nAChRs on CD4 + T cells stimulates cell differentiation
and proliferation (Treg cells and effector T cells) by antigen-
dependent or independent pathways (Mashimo et al., 2019).
Interestingly, T cells, CD205 + DCs, and macrophages express
Ly6/uPAR-related protein-1 (SLURP-1) (Fujii et al., 2014), a
positive allosteric ligand of the α7nAChR, which potentiates
the effects of ACh (Chimienti et al., 2003). SLURP-1 has
gained prominence in the cholinergic signaling of immune
cells as it causes α7nAChR-dependent activation of T cells
(Tjiu et al., 2011) and increases the production of ACh via
enhancement of ChAT expression in human mononuclear
cells and T cells (Fujii et al., 2014). Decreased production of
TNF, IL-1beta, and IL-6 by human erythrocytes, T cells, and
macrophages was also observed after activation of SLURP-1
(Chernyavsky et al., 2014).

The role of α7nAChR in distinct immune cells may differ
depending on cell type and function. In macrophages, besides
decreasing the release of inflammatory cytokines, α7nAChR
stimulates the survival and polarization of the anti-inflammatory
M2 phenotype (Lee and Vazquez, 2013). These findings support
the notion that immune cells have their own cholinergic
system. ACh and SLURP-1 modulate the cellular environment
in an autocrine/paracrine way via α7nAChR expressed by DCs,
macrophages, B and T cells, and culminating mostly in an anti-
inflammatory profile.

THE NON-NEURONAL α7nAChR IN
ENDOTHELIUM AND SMOOTH MUSCLE

The expression of the α7nAChR in the vasculature was initially
described in bovine aortic endothelial cells (Conti-Fine et al.,
2000). Shortly after, α7nAChRs were similarly identified in
human endothelial cells from the microvasculature and umbilical

veins, where they contribute to the angiogenic response to
hypoxia and ischemia (Heeschen et al., 2002). Currently, it
is well-established the modulatory role of the non-neuronal
endothelial α7nAChR in both physiological and pathological
angiogenesis (Cooke and Ghebremariam, 2008; Wu et al.,
2009). Further studies described the activation of endothelial
α7nAChR as an essential process in proliferation, migration,
antioxidant, anti-inflammatory, senescence inhibition, and
survival (Heeschen et al., 2002; Wu et al., 2009; Li et al., 2014,
2016; Liu et al., 2017). The underlying mechanisms of these effects
involve a rise of intracellular Ca2+ concentration, activation
of mitogen-activated protein kinase, phosphatidylinositol
3-kinase, endothelial nitric oxide synthase, and NF-κB,
enhancement of Sirtuin 1 activity, and cyclin upregulation
(Heeschen et al., 2002; Li and Wang, 2006; Wu et al., 2009;
Li et al., 2014, 2016).

The α7nAChR is also expressed in VSMCs from rat aorta
(Wada et al., 2007), guinea-pig basilar artery (Li et al., 2014), and
human cerebral (Clifford et al., 2008) and umbilical arteries (Lips
et al., 2005). In VSMCs, activation of α7nAChRs is associated
with positive/negative modulation of migration, suppression of
oxidative stress, inhibition of neointimal hyperplasia, abdominal
aortic aneurysm, and cytoskeletal remodeling (Li et al., 2004,
2018, 2019; Wang et al., 2013; Liu et al., 2017). Interestingly,
neovascularization, migration/proliferation of VSMCs, vascular
remodeling, and oxidative stress contribute to plaque initiation
and progression (Libby et al., 2019). Thus, the α7nAChR
is considered as a unique element of the non-neuronal
vascular cholinergic system, with a potential impact on the
pathophysiology of atherosclerosis.

ROLE OF α7nAChRs IN THE
PATHOPHYSIOLOGY OF
ATHEROSCLEROSIS

The cholinergic system, in particular the α7nAChR, has
been widely linked to the pathophysiology of atherosclerosis
(Santanam et al., 2012). The α7nAChR has been effectively
identified in advanced atherosclerotic lesions of the human
carotid artery (Johansson et al., 2014) suggesting its contribution
to atherosclerosis. Numerous studies using murine models of
atherosclerosis (summarized in Table 1) have either described
an anti- (Hashimoto et al., 2014; Wang et al., 2017; Al-Sharea
et al., 2017; Ulleryd et al., 2019) or pro-atherogenic role of
the α7nAChR (Kooijman et al., 2015; Lee and Vazquez, 2015;
Wang et al., 2017), being this aspect still an area of controversy
in the literature.

The hematopoietic deficiency of α7nAChR was evaluated
with the aid of low-density lipoprotein receptor knockout mice
(LDLR−/−), raising controversial findings. While Johansson
et al. (2014) reported an acceleration of the development
of atherosclerosis in high-fat diet fed mice (HFD; 8 weeks),
Kooijman et al. (2015) showed no changes in atheromatous
plaque formation.

Lee and Vazquez (2015) compared the impact of the
α7nAChR hematopoietic deficiency between early and advanced
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TABLE 1 | Involvement of the α7nAChR in the development of atherosclerosis in experimental models.

Model Lesion induction
time

Outcomes References

Hematopoietic α7nAChR
deficiency in LDLR−/− mice

7 weeks No differences in atherosclerotic lesion;
↑Leukocytes, monocytes, lymphocytes, and serum neutrophils.

Kooijman et al., 2015

Hematopoietic α7nAChR
deficiency in LDLR−/− mice

8 and 14 weeks No differences in early atherosclerotic lesions.
↓Atherosclerotic lesion advance.

Lee and Vazquez, 2015

Hematopoietic α7nAChR
deficiency in LDLR−/− mice

8 weeks ↑Atherosclerotic lesion Johansson et al., 2014

Total depletion (α7nAChR−/−) No lesion ↑Cholesterol accumulation in macrophages;
↑Ox-LDL uptake by macrophages;
↓Macrophage cellular paraoxonase activity and gene expression.

Wilund et al., 2009

Pharmacological α7nAChR agonists

GTS-21 in ApoE−/− mice 8 weeks ↓Atherosclerotic lesion;
↓Lipid accumulation within the lesion;
↓Macrophage accumulation within the lesion;
↓Circulating monocytes.

Al-Sharea et al., 2017

AR-R17779 ApoE−/− mice 4 weeks ↓Atherosclerotic lesion;
↓Gene expression of IL-1β, TNF-α, IL-6, NOX2 in the abdominal aorta;
Survival rate.

Hashimoto et al., 2014

PNU-282927 ApoE−/− mice 4 weeks ↓Atherosclerotic lesion;
↓IL-6 and serum TNF-α.

Chen et al., 2016

AZ6983 ApoE−/− mice 8 weeks ↓Atherosclerotic lesion;
↓Lipid accumulation within the lesion;
↓Macrophage accumulation within the lesion.

Ulleryd et al., 2019

Varenicline ApoE−/− mice 8 weeks ↑Atherosclerotic lesion. Koga et al., 2014

Nicotine (α-bungarotoxin
sensitive) in
ApoE−/−KitW-sh/W-sh mice*

12 weeks ↑Atherosclerotic lesion;
↑Lipid accumulation within the lesion;
↑MCP-1, IFN-y, and TNF-α, IL-6 production by peritoneal macrophages.

Wang et al., 2017

*ApoE−/− KitW−sh/W−sh, mast cell-deficient mouse.

atherosclerotic lesions (14 weeks of HFD) in LDLR−/− mice.
In the early stages, no significant changes in the development
of atherosclerosis were observed, whereas in advanced lesions
the lack of α7nAChRs resulted in the reduction of the lesion
size, macrophage content, and cell proliferation, indicating a pro-
atherogenic effect of the α7nAChR. Therefore, these results are
quite controversial, and the underlying rationale is still unclear.
However, it is remarkable that α7nAChRs are expressed in
immune, endothelial and VSMC cells, and participate in multiple
anti- and pro-atherogenic processes, which surely bring more
complexity for the understanding of the role of this receptor in
the pathophysiology of atherosclerosis.

Total depletion of α7nAChRs and its impact on
atherosclerosis development was also tested. Macrophages
from α7nAChR−/− mice exhibited an increase in the uptake
of oxLDL and cholesterol accumulation, as well as a decrease
in macrophage’s antioxidant capacity via reduction of cellular
paraoxonase expression (Wilund et al., 2009). These findings
collectively support an anti-atherogenic effect mediated by the
α7nAChR in macrophages.

The recruitment of immune cells to the lesion site and
the release of inflammatory cytokines into the circulation are
mechanisms involved in the progression of atherosclerosis.
The activation of the anti-inflammatory cholinergic reflex is
essential to decrease the production of TNF-α in the spleen
(Rosas-Ballina et al., 2011), a crucial monocyte-producing organ
for the development of atherosclerosis (Robbins et al., 2015).

Interestingly, Chen et al. (2016) demonstrated that baroreflex
dysfunction exacerbated atherosclerosis, and the activation of
α7nAChRs with a selective agonist (PNU-282927) attenuated the
development of atherosclerosis and decreased the size of the
lesion in ApoE−/− mice. Moreover, splenectomized ApoE−/−
mice displayed augmented atherosclerotic plaque size (Rezende
et al., 2011). These data are in line with an anti-atherogenic role
of immune cells’ α7nAChR.

As discussed above, the non-neuronal cholinergic system
may modulate the development of atherosclerotic lesions.
Accordingly, α7nAChR−/− mice exhibited enhanced levels
of circulating pro-inflammatory cytokines in plasma (Wilund
et al., 2009) and carotid arteries (Li et al., 2018). Additionally,
selective pharmacological activation of α7nAChRs decreased
circulating monocytes, plasma pro-inflammatory cytokines, and
the infiltration of inflammatory cells in atherosclerotic lesions
(Hashimoto et al., 2014; Al-Sharea et al., 2017; Ulleryd et al.,
2019). These results confirm that α7nAChR activation diminishes
systemic inflammation and modifies the inflammatory phenotype
of the plaque, consistent with an anti-atherogenic profile for
α7nAChR.

During the development of atherosclerosis, macrophage-
induced apoptosis is critical in the progression of the lesion.
A recent study using bone marrow-derived macrophages
(BMDMs) showed that AZ6983; a selective α7nAChR
agonist; enhanced macrophage phagocytosis of apoptotic cells
(Ulleryd et al., 2019). In vivo treatment with AZ6983 decreased
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the expression of CD47, a marker known to emit “don’t eat
me” signals (Oldenborg et al., 2012) in the atherosclerotic lesion
(Ulleryd et al., 2019). These studies are in line with an anti-
atherogenic role for macrophages’ α7nAChR. Conversely, the
activation of mast cells’ α7nAChR displays a pro-atherogenic
profile (Wang et al., 2017). The increased number of mast cells
was correlated to the progression of atherosclerosis in human
coronary arteries, and to the progression and destabilization
of the plaque in animal models (Kovanen et al., 1995; Bot
et al., 2014). Therefore, the activation of α7nAChRs in different
immune cell types may contribute to the controversial role of this
receptor in atherosclerosis.

Pharmacological tools were also employed to study the
contribution of α7nAChR in the development of atherosclerosis.
Using bone marrow mononuclear cells (BMMCs) from ApoE−/−
mice, Wang et al. (2017) observed that nicotine treatment
(100 µg/mL) activated mast cells, causing cell degranulation
and β-hexosaminidase and histamine release. This effect was
attenuated by mecamylamine or α-BTX, a non-selective and a
selective antagonist of α7nAChRs, respectively. Interestingly, the
supernatant of BMMCs (pre-treated with nicotine), increased
pro-inflammatory cytokines MCP-1, IFN-y, TNF-α, and IL-6 by
peritoneal macrophages. In human DCs, nicotine (0.1 µmol/L)
enhanced the synthesis of pro-inflammatory IL-12 and anti-
inflammatory IL-10 cytokines (Aicher et al., 2003), being
the above effects blocked by α-BTX. Increasing evidence has
demonstrated that nicotine increases atherosclerosis in ApoE−/−
mice through the activation of α7nAChRs in mast cells,
supporting its pro-inflammatory effects (Wang et al., 2017). In
contrast, pharmacological treatment of ApoE−/− mice with the
α7nAChR selective agonists PNU-282927 (Chen et al., 2016),
AZ6983 (Ulleryd et al., 2019), 3-(2,4-dimethoxybenzylidene)
anabaseine (GTS-21) (Al-Sharea et al., 2017), and AR-R17779
(Hashimoto et al., 2014), or acetylcholinesterase inhibitors
(Inanaga et al., 2010) diminished atherosclerotic lesions and
lipid accumulation within plaques. Therefore, pharmacological
selectivity for the α7nAChR is crucial for an anti-atherogenic
effect. Notably, both α1 (Zhang et al., 2011) and α3 nAChRs (Yang
et al., 2016) were reported to modulate atherosclerotic plaque
progression. Another critical characteristic of the α7nAChR is
its rapid desensitization (Edelstein et al., 1996). Thus, high
concentrations of α7nAChR ligands and long-term treatments
may represent a bias for some studies.

CONCLUSION

The involvement of the α7nAChR in the development of
atherosclerosis is yet an expanding field. In vivo studies
revealed both anti- or pro-atherogenic effects. In vitro studies
indicated that the stimulation of α7nAChRs regulates the
function of different cells involved in a diversity of pathways
linked to plaque progression. Stimulation of vascular α7nAChRs
contribute to angiogenesis and proliferation of VSMCs and
may promote atherogenesis. In immune cells, α7nAChRs seem
to exert anti- and/or pro-atherogenic effects depending on
the cell type. In macrophages, α7nAChR stimulation causes
atheroprotective effects as it prevents the synthesis of pro-
inflammatory cytokines and chemotaxis, reduces lipid uptake,
and improves the phagocytosis capacity of apoptotic cells.
In dendritic and mast cells, α7nAChR stimulation causes
destabilization and progression of atherosclerosis, increasing
vascular inflammation. Due to all these effects, the α7nAChR
represents a key element in the complex pathophysiology of
atherosclerosis and a promising target for the treatment of
vascular inflammation and atherosclerosis. Finally, the use of cell-
specific α7nAChR knockout models, the development of highly
selective α7nAChR agonists/antagonists, and a correct functional
analysis on the contribution of the different nAChRs subtypes
may aid in advancing our current knowledge on the impact of
α7nAChRs in the pathophysiology of atherosclerosis.
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Lead (Pb) exposure causes hazardous effects as hypertension and other cardiovascular
diseases. We evaluated whether chronic Pb exposure alters the peripheral vascular
resistance measuring the vascular reactivity of mesenteric resistance arteries in
rats to identify the underlying mechanisms that are associated to the development
of Pb-induced hypertension. Mesenteric resistance arteries from lead-treated and
untreated Wistar rats (1st dose: 10 µg/100 g; subsequent doses: 0.125 µg/100 g,
intramuscular, 30 days) were used. Contractile responses to phenylephrine increased,
while acetylcholine and sodium nitroprusside-induced relaxation was not affected
by lead treatment. Endothelium removal and inhibition of NO synthase by L-NAME
similarly enhanced the response to phenylephrine in untreated and lead-treated
rats. The antioxidants apocynin and superoxide dismutase (SOD) did not affect
vasoconstriction in either group. The vascular expression of cyclooxygenase-2 (COX-
2) protein increased after lead exposure. The respective non-specific or specific
COX-2 inhibitors indomethacin and NS398 reduced more strongly the response to
phenylephrine in treated rats. Antagonists of EP1 (SC19220), TP (SQ29548), IP
(CAY10441) and angiotensin II type 1 (losartan) receptors reduced vasoconstriction only
in treated rats. These conclusions present further evidence that lead, even in small
concentration, produces cardiovascular hazards being an environmental contaminant
that account for lead-induced hypertension.

Keywords: lead exposure, cyclooxygenase-2, vascular reactivity, mesenteric arteries 2, peripheral vascular
resistance

INTRODUCTION

Lead is an environmental and industrial pollutant without a biological role. It exerts toxic effects on
several organs and systems of the organism, including the development of hypertension (Xie et al.,
1998). Several reports suggest that it contributes to the genesis and/or maintenance of hypertension
increasing hemodynamic parameters and peripheral vascular resistance. Functional changes such
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as increased sympathetic activity and renin-angiotensin system
and insulin resistance are also involved in humans (Freis,
1973; Harrap, 1994). More recently, the participation of the
immune system and inflammatory mechanisms has also been
demonstrated in mice (Trott and Harrison, 2014). But only
recently the role of toxic metals has aroused the curiosity of the
scientific world in the genesis of hypertension (for reviews see
Prozialeck et al., 2008; Vassallo et al., 2011; Shakir et al., 2017).

Several mechanisms have been implicated in lead-induced
hypertension, which might increase vascular peripheral
resistance. Among them are the inhibition of Na, K-ATPase
(Weiler et al., 1990; Fiorim et al., 2012), the reduction of
nitric oxide (NO) bioavailability and the increased endothelial
release of endothelin (Khalil-Manesh et al., 1993; Gonick
et al., 1997; Grizzo and Cordelline, 2008; Vaziri and Gonick,
2008; Silveira et al., 2014); the participation of free radicals
by reducing NO bioavailability (Vaziri et al., 2001; Vaziri,
2002); depletion of antioxidant reserves (Farmand et al., 2005;
Patrick, 2006) and increase of ROS production (Farmand et al.,
2005). In addition, studies in rats have shown the increase
plasma angiotensin-conversing enzyme activity might be
implicated in the endothelial dysfunction associated with the
lead-induced hypertension (Carmignani et al., 1999; Simões
et al., 2011; Silveira et al., 2014). Another mechanism involved
in the lead-induced hypertension in rats is the increase of
sympathetic nerve activity followed by the reduction of
baroreflex sensitivity and parasympathetic tone (Carmignani
et al., 1999; Simões et al., 2016).

We also emphasize that lead exposure at low blood level
concentration increase the reactivity of the aorta by reducing
NO bioavailability and increasing ROS and COX-2-derived
prostanoids (Silveira et al., 2014; Simões et al., 2015). In
addition, it is already known that COX-2-derived prostanoids
contribute to the altered vascular responses in hypertensive
animals (Alvarez et al., 2005; Wong et al., 2010; Martínez-
Revelles et al., 2013) and also show that COX-2 is a source
of reactive oxygen species (ROS) in vessels (Martínez-Revelles
et al., 2013; Virdis et al., 2013). Reinforcing such mechanism
several studies demonstrated that angiotensin II modulates
prostaglandin production by regulating COX-2 expression in rat
aorta vascular cells (Ohnaka et al., 2000; Alvarez et al., 2007;
Beltrán et al., 2009). The renin-angiotensin system also plays a
role since losartan treatment reduced the production of COX-2-
derived products (Alvarez et al., 2007).

Clinical and experimental studies provide evidence that
exposure to Pb is a risk factor in the development of hypertension
(Vaziri, 2002; Vupputuri et al., 2003; Rahman et al., 2006; Fiorim
et al., 2011; Silveira et al., 2014; Simões et al., 2015). Recently
we demonstrated that chronic exposure to lead increased blood
pressure in rats with blood levels below the recommended
limits (Simões et al., 2015). Thus, the underlying mechanism
involved in the increase of reactivity in small arteries, the main
cause of hypertension, also remains to be elucidated. This study
investigates the role of oxidative stress, COX-2 and its derived
prostanoids, and angiotensin II in the vascular reactivity changes
in mesenteric resistance arteries induced by 30-day treatment
with a low lead concentration.

MATERIALS AND METHODS

Ethics Statement and Animals
Male Wistar (250–300 g) rats were obtained from the Animal
Quarters of the Health Center of the Federal University of
Espírito Santo (CCS-UFES). All experimental procedures were
conducted according to the research guidelines established by the
Brazilian Societies of Experimental Biology and were approved
by the institutional Ethics Committee in Animal Research of the
Federal University of Espírito Santo (CEUA 063/2011).

Rats were housed under a 12-h light/12-h dark cycle, with
free access to water and were fed with rat chow ad libitum. Rats
were randomly distributed in two groups: control (vehicle-saline,
intramuscular) or treated with lead acetate for 30 days (1st dose:
10 µg/100 g; subsequent doses: 0.125 µg/100 g, intramuscular, to
cover daily loss) according to the model of Simões et al. (2015).
The doses were adjusted weekly based on the weights of the rats
and all animals survived at the end of the treatment. At the end of
the treatment, the rats were killed by exsanguination after being
anesthetized with intraperitoneal doses of ketamine (50 mg/kg)
and xylazine (10 mg/kg). Thereafter, the mesenteric arteries were
carefully dissected, the third-order mesenteric resistance arteries
(MRA) were selected, the fat and connective tissue were removed.
In sequence they were placed in Krebs-Henseleit solution (KHS,
in mM: 115 NaCl, 25 NaHCO3, 4.7 KCl, 1.2 MgSO4 7H2O, 2.5
CaCl2, 1.2 KH2PO4, 11.1 glucose, and 0.01 Na2EDTA) at 4◦C.

Vascular Function
For the vascular reactivity experiments, the MRA were divided
into cylindrical segments of 2 mm in length and mounted in
a wire myograph for the measurement of isometric tension
(Model Myo Tech Danish, Model 410A and 610M, JP-Trading
I/S, Aarhus, Denmark) (Mulvany and Halpern, 1977). The
segments were stretched to their optimal lumen diameter for
active tension development. This value has been set based on
the internal circumference-to-wall tension ratio of each segment
by setting their internal circumference (Lo) to 90% of what the
vessels should have if exposed to a passive tension equivalent
to that produced by a transmural pressure of 100 mm Hg.
A 45 min equilibration period was taken before MRA were
exposed to 120 mM KCl to assess their functional integrity. The
presence of endothelium has been confirmed by the acetylcholine
(Ach, 10 µM) induced relaxation attaining approximately 50%
of the contraction induced by 120 mM KCl, in arteries pre-
contracted with phenylephrine. Segments with endothelium were
used to perform all experiments. Concentration–response curves
to ACh (0.1 nM–100 µM) or sodium nitroprusside (0.1 nM–
300 µM) were then performed in arteries previously contracted
with phenylephrine at a concentration that produced 50% of
the contraction to KCl in each case. After a 60 min washout,
concentration–response curves to phenylephrine (0.1 nM–
300 µM) were constructed. Single curves were performed
on each segment. The effects of NG-nitro-L-arginine methyl
ester (L-NAME, a non-specific NO synthase (NOS) inhibitor,
100 µM), apocynin (antioxidant, presumed NADPH oxidase
inhibitor, and 30 µM), superoxide dismutase (SOD, 150 U/mL),
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indomethacin (non-specific COX inhibitor, 10 µM), NS398
(COX-2 inhibitor, 1 µM), SC19220 (EP1 receptor antagonist,
1 µM), SQ29548 (TP receptor antagonist, 1 µM), CAY10441
(IP receptor antagonist, 100 nM) and losartan (angiotensin
II type 1 receptor antagonist, 10 µM) were investigated after
their addition to the organ bath 30 min before performing the
phenylephrine concentration-response curve. The endothelium
dependency of the response to phenylephrine was investigated
after its mechanical removal by rubbing the lumen with a horse
hair. The inability of 10 µM Ach to produce relaxation confirmed
the absence of endothelium.

Western Blot Analysis
Frozen samples of MRAs were sonicated with ice-cold RIPA
buffer (Sigma Aldrich, St Louis, MO, United States). The
lysate was centrifuged at 6,000 rpm, the supernatant of soluble
proteins was collected, and the protein concentration was
determined by Lowry assay. Laemmli solution was added to
aliquots containing 80 µg of protein from each animal. The
proteins were separated on a 10% SDS-polyacrylamide gel
and blotted to PVDF membrane (Amersham, GE Healthcare,
Buckinghamshire, United Kingdom). Blots were incubated
overnight at 4◦C with mouse monoclonal antibodies for COX-
2 (1:200; Cayman Chemical, Ann Arbor, MI, United States).
Membranes were washed and incubated with a horseradish
peroxidase-coupled anti-mouse (1:5,000; Stress Gen Bioreagent
Corp., Victoria, BC, Canada) antibody for 1 h at room
temperature. After thoroughly washing, the bands were detected
using an ECL plus Western blotting detection system (GE
Healthcare) after exposure to X-ray AX film (Hyperfilm
ECL International). Blots were quantified using the Image J
densitometry analysis software (National Institutes of Health).
Anti α-actin (1:5,000, Sigma Chemical Co.) expression was used
as a loading control.

Drugs and Reagents
L-phenylephrine hydrochloride, acetylcholine chloride, sodium
nitroprusside, L-NAME, apocynin, indomethacin, SOD,
losartan, salts and other reagents were purchased from Sigma
Chemical Co., and Merck (Darmstadt, Germany). NS398,
SQ29548, SC19220, and CAY10441 were purchased from
Cayman Chemical (Ann Arbor, MI, United States). Lead
acetate was obtained from Vetec (Rio de Janeiro, RJ, Brazil).
All drugs were dissolved in distilled water except NS398,
SC19220, and CAY10441, which were dissolved in DMSO,
and SQ29548, which was dissolved in ethanol. DMSO and
ethanol did not have any effects on the parameters evaluated for
vascular reactivity.

Data Analysis and Statistics
The tension developed by the MRAs were expressed as a
percentage of the maximal response induced by 120 mM KCl.
Relaxation responses to ACh or SNP were expressed as the
percentage of the previous contraction. The maximal effect
(Rmax) and the concentration of agonist that produced 50% of the
maximal response (EC50) were calculated for each concentration-
response curve, using non-linear regression analysis (Graph Pad

Prism 6, Graph Pad Software, Inc., San Diego, CA, United States).
The sensitivities of the agonists were expressed as pD2 (−log
EC50). The differences in the area under the concentration
response curves (dAUC) for the control and experimental groups
were used to compare the effects of endothelium denudation,
L-NAME and indomethacin, on the contractile responses to
phenylephrine. AUCs were calculated from the individual
concentration-response curve plots using a computer program
(GraphPad Prism 6, Graph Pad Software, Inc., San Diego, CA,
United States). Differences were expressed as the percentage of
the AUC of the corresponding control situation.

Data were expressed as the mean ± SEM of the number
of animals in each experiment. The data was evaluated using
Student’s t-test or one- or two-way ANOVA, followed by the
Bonferroni post hoc test or Tukey’s test, using Graph Pad Prism
Software. Differences were considered significant at P values
equal to or <0.05.

RESULTS

Lead acetate exposure for 30 days attained blood lead levels
of 21.7 ± 2.38 µg/dL, with similar body weight [Ct: before
218 ± 3.08 g and after 30 days 325 ± 5.80 g (n = 9); Pb:
before 217 ± 2.57 g and after 30 days 328 ± 7.27 g (n = 9)
P > 0.05] and presenting increased systolic blood pressure (Ct:
127 ± 0.57 mmHg, n = 7; Pb: 144 ± 1.67 mm Hg, n = 7, P < 0.05),
as previously reported (Simões et al., 2015).

Effects of Lead Treatment on Vascular
Reactivity
Response to KCl was not affected by lead treatment in mesenteric
arteries (untreated: 2.12 ± 0.09 mN/mm, n = 11; lead-treated:
2.39 ± 0.13 mN/mm, n = 11; P > 0.05). However, vasoconstrictor
responses to phenylephrine increased (Figure 1A and Table 1).
The Ach-induced vasodilator responses (Rmax, Ct: 97,78 ± 0.86
n = 10, Pb: 98.73 ± 0.61% n = 12; EC50, Ct: −7.78 ± 0.38 n = 10,
Pb −8.07 ± 0.06, n = 12) and SNP (Rmax, Ct: 77.13 ± 3.57
n = 5, Pb: 73.31 ± 3.47% n = 4; EC50, Ct: −5.78 ± 0.3 n = 5,
Pb: −6.19 ± 2.23 n = 4) were unaffected by lead treatment
(Figures 1B,C), suggesting that the metal did not affect the
endothelial function of the mesenteric rings.

Effects of Lead Treatment on the
Endothelial Modulation of
Vasoconstrictor Responses
To investigate whether lead treatment could alter the NO
modulation of MRA, the effects of endothelium removal and
incubation with the NOS inhibitor L-NAME (100 µM) on
vasoconstrictor responses to phenylephrine were investigated.
Both protocols, the endothelium removal and L-NAME
incubation caused a leftward shift in the concentration-response
curves to phenylephrine in mesenteric segments from both
groups. A similar effect was found in both the untreated and
treated groups, as shown by the dAUC values (Figures 2A,B).
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FIGURE 1 | Chronic lead treatment affects MRA reactivity. The effects of 30 days of exposure to lead on the concentration-response curves to (A) phenylephrine, (B)
acetylcholine, and (C) sodium nitroprusside (SNP). Data are expressed as the mean ± SEM. *P < 0.05 versus untreated using two-way ANOVA and Bonferroni
post hoc test. n denotes the number of animals used.

These findings suggest that endothelial NO production and/or
bioavailability remained unaffected after lead treatment.

Role of Oxidative Stress in Lead Effects
on Vasoconstrictor Responses
Another possibility to increase vasoconstriction of MRA could
be the production of H2O2 via NADPH oxidase and SOD. To
determine whether the changes in vascular reactivity observed
in the mesenteric rings after lead exposure were linked to an
increase in O2

− production, the effects of the NADPH oxidase
inhibitor apocynin and the superoxide anion scavenger SOD
were assessed. Neither apocynin (30 µM) nor SOD (150 U mL−1)
modified the vasoconstrictor responses to phenylephrine in either
experimental group (Figures 3A,B and Table 1). Altogether, these
findings suggest that chronic treatment with low concentrations

of lead do not induce oxidative stress via NADPH oxidase,
which could contribute to the increased reactivity of MRA
to phenylephrine.

Role of Lead Effects on the
Cyclooxygenase Pathway
To investigate the putative role of prostanoids, mesenteric
rings were incubated with indomethacin (10 µM), a non-
specific COX inhibitor. The response to phenylephrine
was reduced in both experimental groups. However, in
preparations from lead-treated rats this effect was enhanced
when compared to controls, as demonstrated by the dAUC
(Figure 4A and Table 1). These results suggest that the
enhanced vasoconstrictor responses depend on involvement of
vasoconstrictor prostanoids in.
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TABLE 1 | pD2 and the maximum response to phenylephrine in mesenteric segments from untreated rats and rats treated with lead with or without endothelium,
L-NAME, apocynin, SOD, indomethacin, NS398, SC19220, SQ29548, CAY10441, or losartan.

Untreated Lead treated

Rmax Pd2 Rmax pD2

Control 96 ± 2.7 −5.72 ± 0, 08 110 ± 2.6* −5.79 ± 0.08

E- 114 ± 7.7* −5.84 ± 0.24 108 ± 3.3 −6.28 ± 0.09†

L-NAME 111 ± 3.5* −6.32 ± 0.15* 124 ± 4.6† −6.33 ± 0.09†

Apocynin 103 ± 1.3 −5.32 ± 0.07 102 ± 4.5 −5.71 ± 0.08

SOD 101 ± 3.8 −5.42 ± 0.09 101 ± 3.0 −5.58 ± 0.07

Indomethacin 91 ± 1.7 −5.23 ± 0.08* 87 ± 5.4† −5.26 ± 0.15†

NS398 94 ± 3.2 −5.61 ± 0.13 99 ± 2.4† −5.52 ± 0.10

SC19220 101 ± 4.7 −5.47 ± 0.13 81 ± 3.4† −5.01 ± 0.09†

SQ29548 94 ± 4.4 −5.73 ± 0.13 98 ± 2.9† −5.6 ± 0.12

CAY10441 103 ± 4.5 −6.06 ± 0.17 99 ± 3.26† −5.65 ± 0.30

Losartan 100 ± 4.7 −5.65 ± 0.10 93 ± 4.44† −5.21 ± 0.14

Data are expressed as the mean ± SEM. Rmax values are expressed as a percentage of the maximal response induced by 75 mM KCl. *P < 0.05 versus control untreated.
†P < 0.05 versus control lead-treated. Rmax , Maximal response.

We also investigated whether lead effects were resulting
from the involvement of COX-2, prostaglandin E2 (PGE2),
thromboxane A2 (TXA2) and prostacyclin I2 (PGI2), products
of COX-2. Then, mesenteric rings were incubated with the
COX-2 inhibitor NS398 (1 µM), an antagonist of the EP1
receptor (SC19220, 1 µM), the TP receptor antagonist SQ 29548
(1 µM) and the IP receptor antagonist CAY10441 (100 nM).
NS398 had no effects on phenylephrine responses of control
mesenteric segments. However, in arteries from lead-treated
rats, NS398 reduced phenylephrine contraction (Figure 4B and
Table 1), suggesting that COX-2 was playing a role in the
vascular effects of lead. In agreement, COX-2 protein expression
increased in vessels from lead-treated rats (Figure 4C and
Table 1). SC19220, SQ29548, and CAY10441 did not change the
vascular reactivity to phenylephrine in the control mesenteric
rings, but in the lead exposure group the phenylephrine-induced
response was reduced, as shown in Figures 5A–C and Table 1).
Jointly, these findings suggest that chronic treatment with
low concentrations of lead enhances the production of COX-
2 derived vasoconstrictor prostanoids. Therefore, thromboxane
A2, prostaglandin E2 and prostacyclin I2 might contribute to
impair the vascular function of the MRA from lead-treated rats.

Role of the Renin-Angiotensin System in
the Effect of Lead on Vasoconstrictor
Responses
Another mechanism that could play a role regarding lead
effects could be the stimulation of AT1 receptors. This receptor
has a vasoconstrictor action, but it also stimulates COX
expression (Briones and Touyz, 2010). To investigate the putative
involvement of the renin-angiotensin system in the lead effects on
the alterations of vascular reactivity to phenylephrine, losartan
(10 µM) an AT1 receptors blocker was used. As shown in
Figure 6, losartan reduced the vasoconstrictor response induced
by phenylephrine in MRA from lead-treated rats but not in those
from control rats (Figure 6 and Table 1). This result suggests

that lead exposure might enhance the activity of the local renin-
angiotensin system and reinforces the hypothesis that the AT1
receptors might be involved in the rise of MRA vasoconstrictor
responses and arterial blood pressure in lead-treated rats.

DISCUSSION

The main results reported here are that exposure to low doses of
lead increases the peripheral resistance as shown by the increased
vascular tone of MRA. Such tone increment depends on the
enhanced production of COX-2-derived prostanoids; in addition,
a possible role for angiotensin II is also suggested. The treatment
regime used in this study attained blood lead concentrations
of 21.7 µg/dL, a value that is lower than the reference values
(Agency for Toxic Substances and Disease Registry [ATSDR],
2019), and this concentration has been shown to be sufficient to
increase systolic blood pressure (Simões et al., 2015).

The consequence of lead exposure that we observed in
resistance arteries is an increased vasoconstrictor response
to phenylephrine, which might explain, at least in part, the
hypertensinogenic effect of lead. Different from conductance
arteries the results of endothelial removal and pharmacological
interventions showed that NO bioavailability is preserved in
the MRAs and that there is no involvement of oxidative stress
in the observed increased reactivity of MRA. In addition,
results from these interventions suggest that COX-2 and the
renin–angiotensin system are involved in the effects of lead in
resistance arteries, and consequently, in the increased vascular
peripheral tone.

Hypertension is a chronic disease of multifactorial etiology,
and it is considered an important public health problem
because it is one of the cardiovascular risk factors (Yazbeck
et al., 2009). Previous reports suggested that high blood lead
levels correlates with hypertension development in animals
and humans (Victery et al., 1982; Carmignani et al., 1999;
Andrzejak et al., 2004; Patrick, 2006; Kosnett et al., 2007;
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FIGURE 2 | Role of nitric oxide in altered phenylephrine responses after lead treatment. The effects of (A) endothelium removal (E−) and (B) L-NAME (100 µM) on
the concentration-response curve to phenylephrine in mesenteric rings from untreated and treated rats. *P < 0.05 versus E + or control using two-way ANOVA and
Bonferroni post-test. The insert shows differences in the area under the concentration-response curves (dAUC) in denuded and intact endothelium segments and in
the presence and absence of L-NAME. *P < 0.05 versus untreated by Student’s t-test. Data are expressed as the mean ± SEM. n denotes the number of animals
used.

Navas-Acien et al., 2007; Silveira et al., 2014; Simões et al., 2015).
It is important to emphasize that the value found in exposed
persons, accepted by agencies, as the Agency for Toxic Substances
and Disease Registry (ATSDR) considers the reference blood
lead concentration to be 60 µg/dL (Patrick, 2006; Kosnett et al.,
2007). However, in this model of exposure, the blood lead
concentration was 21.7 ± 2.38 µg/dL (Simões et al., 2015),
which is less than 60 µg/dL. Moreover, despite the existence of
reports that show the toxic effects of this metal, the effects of
exposure to low doses of lead on the vascular function has been
described in conductance arteries but effects on resistance arteries
are not yet clear.

In this study, we used the mesenteric resistance arteries,
which play a key role in the total vascular resistance and
therefore in the maintenance of an increased blood pressure
(Mulvany and Aalkjaer, 1990). We observed that lead exposure
increased the maximum contractile response to phenylephrine
without changing the sensitivity. In agreement with our findings,
Skoczynska et al. (1986) showed enhanced pressor responses to
norepinephrine in isolated mesenteric arteries in rats exposed to
lead for 5 weeks (50.0 mg/kg/day gavage).

To ascertain the mechanisms by which lead promotes
alterations in the reactivity of the mesenteric resistance arteries,
we investigated the role of the negative modulation of the
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FIGURE 3 | Role of oxidative stress in altered phenylephrine responses after lead treatment. The effects of (A) apocynin and (B) SOD on the concentration-response
curve to phenylephrine in mesenteric rings from untreated and treated rats; Data are expressed as the mean ± SEM. P > 0.05 versus control. n denotes the number
of animals used.

endothelium. In mesenteric rings with denuded endothelium,
the reactivity to phenylephrine was similarly increased in both
experimental groups. Then, we used L-NAME to clarify the likely
role of NO in the effect of lead on the contractile responses
to phenylephrine. The findings indicated that lead incubation
did not alter the endothelial modulation induced by NO on
the vasoconstrictor responses in resistance arteries. In contrast,
our laboratory demonstrated that low doses of lead reduce
the bioavailability of NO in the aorta as a consequence of
increased ROS production (Silveira et al., 2014; Simões et al.,

2015). Accordingly, with our present findings, the endothelium-
dependent and endothelium-independent relaxation induced
by ACh and the known NO donor sodium nitroprusside,
respectively, did not change after 30 days of lead exposure. Our
results suggest that lead induces different effects depending on
the vascular bed.

Oxidative stress has been reported to contribute to the altered
responses in different vessels after exposure to several heavy
metals (Wiggers et al., 2008; Angeli et al., 2013). However, our
findings suggested that treatment with apocynin or SOD did not
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FIGURE 4 | Role of COX-2-derived prostanoids in altered phenylephrine responses after lead treatment. The effects of (A) the non-selective COX inhibitor
indomethacin and (B) the selective COX-2 inhibitor NS398 on the concentration-response curve to phenylephrine in mesenteric rings from untreated and treated
rats. The insert shows differences in the area under the concentration-response curves (dAUC) in the presence and absence of indomethacin. *P < 0.05 versus
control using two-way ANOVA and Bonferroni post hoc test or Student’s t-test. (C) Densitometric analysis of Western Blots for COX-2 protein expression in
mesenteric arteries from untreated and treated rats. Representative blots are also shown. *P < 0.05 versus untreated by Student’s t-test. Data are expressed as the
mean ± SEM. n denotes the number of animals used.
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FIGURE 5 | Role of prostanoidsin altered phenylephrine responses after lead treatment. The effect of (A) the EP1 antagonist SC19220, (B) the TXA2 receptor
antagonist SQ29548, and (C) the IP receptor antagonist CAY10441 on the concentration-response curve to phenylephrine in mesenteric rings from untreated and
treated rats. *P < 0.05 versus control using two-way ANOVA and Bonferroni post hoc test. Data are expressed as the mean ± SEM. n denotes the number of
animals used and is indicated in parentheses.
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FIGURE 6 | Role of angiotensin II in the altered phenylephrine responses after lead treatment. The effect of the selective AT1antagonistlosartan on the
concentration-response curve to phenylephrine in mesenteric rings from untreated and treated rats. *P < 0.05 versus control using two-way ANOVA and Bonferroni
post hoc test. Data are expressed as the mean ± SEM. n denotes the number of animals used and is indicated in parentheses.

reverse lead effects on the vascular reactivity to phenylephrine
in the MRA, suggesting that subjected to lead exposure, ROS
release did not contribute to vascular dysfunction. By contrast,
we recently showed that treatment with lead increased superoxide
anion production in both aorta and in VSMCs (Simões et al.,
2015). This difference might be explained by the fact that
conduction arteries are more NO-dependent, while resistance
arteries are not (Brandes et al., 2000; McNeish et al., 2002;
Freitas et al., 2003).

Prostanoids derived from COX-2 have also been involved
in the vascular lead effects (Silveira et al., 2014) as well as
the effects of other heavy metals like mercury (Peçanha et al.,
2010). The presence of COX-2 in the media layer of the arteries
mainly contributes to the changing vascular tone (Bishop-Bailey
et al., 1999), and increased vascular expression of COX-2 is
often in association with hypertension (Hernanz et al., 2014).
The reduction of the increased vasoconstrictor response to
phenylephrine by COX blockade with indomethacin, which is
observed only in lead-treated rats, suggests that vasoconstrictor
prostanoids play a role in the effects of lead. The selective COX-2
inhibitor NS398 decreased the vasoconstrictor responses induced
by phenylephrine in the lead-treated animals but not in controls,
proponing that prostanoids that contribute to the lead effect are
produced by the inducible isoform of COX-2.

The greater participation of COX-2-derived products
observed after lead treatment could be associated with the
upregulation of this COX isoform. In this sense, we found an
increase of COX-2 protein expression in mesenteric arteries
from lead-treated rats compared to untreated rats, reinforcing
the functional data. Accordingly, we recently reported that the
exposure of vascular smooth muscle cells to lead (20 µg/dl)

increased COX-2 at both the mRNA and protein levels (Simões
et al., 2015). In the tail vascular bed, it has been shown that
acute lead exposure has effects on the endothelium, releasing
COX-derived vasoconstrictors (Silveira et al., 2010), and that
COX-2 activation contributes to vascular changes after chronic
lead exposure in aorta segments (Silveira et al., 2014; Simões
et al., 2015). As to the best of our knowledge, this is the first report
to show the contribution of COX-2 to the altered responses in
resistance vessels produced by low level lead exposure.

Then, we aimed to elucidate the nature of the COX-derived
vasoconstrictors involved in the altered phenylephrine responses.
The first step was to investigate COX-derived prostanoids.
Incubations with EP1 receptor antagonist SC19220, the TP
receptor antagonist SQ 29548, and the IP receptor antagonist
CAY 10441 decreased phenylephrine contractile responses only
in lead-treated animals, thus suggesting the participation of
COX-derived prostanoids in the effects of lead. It’s well known,
that PGI2 promotes vasodilation in various vascular beds by
stimulating prostacyclin receptors (IP) and thereby increasing
the intracellular cyclic-AMP concentration (Wise and Jones,
1996). However, PGI2 can trigger a biphasic vasomotor response,
in which lower concentrations cause relaxation, while higher
concentrations cause contraction through the activation of TP
receptors (Levy, 1980; Williams et al., 1994; Zhao et al., 1996;
Blanco-Rivero et al., 2005; Xavier et al., 2008, 2009). Taken
together, our findings suggest for the first time the participation
TxA2, PGE2 and PGI2 on changes of endothelial function
produced by lead in resistance vessels and this endothelial
dysfunction can be associated with cardiovascular risk factors.

It is known that angiotensin II contributes to the development
of hypertension by its vasoconstrictor action and modulating
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prostaglandin production as a consequence of the regulation
of COX-2 expression (Ohnaka et al., 2000; Harris et al.,
2004; Alvarez et al., 2007; Beltrán et al., 2009; Hernanz
et al., 2014). In cultured rat vascular smooth muscle cells
(Ohnaka et al., 2000; Hu et al., 2002) and in adventitial
fibroblasts (Beltrán et al., 2009), angiotensin II induces COX-
2 expression. Furthermore, previous reports have revealed that
lead exposure increases the activity of the local and systemic
renin–angiotensin system (Fiorim et al., 2011; Simões et al.,
2011; Silveira et al., 2014). We found that the increased vascular
reactivity in the mesenteric rings after treatment with lead could
be a consequence of the activation of SRA, as suggested by
the losartan blockade of the vasoconstrictor effects observed
only in segments from treated animals. Therefore, we suggest
that the increased local angiotensin II production might be
responsible, at least in part, for the increased COX-2 activity after
chronic lead exposure.

CONCLUSION

In conclusion, we demonstrated for the first time that the chronic
exposure to small doses of lead increases the reactivity of the
peripheral vasculature. Also, such effects are different from lead
actions on conductance arteries that involves reduction of NO
bioavailability and oxidative stress. In addition, lead treatment
enhances the liberation of COX-2-derived vasoconstrictor
prostanoids. In association with this increased COX-2 activity it
occurs an increased activation of the renin-angiotensin system
caused by lead treatment. These actions might help to explain the
increased vasoconstrictor responses induced by lead exposure.
In addition, it must be emphasized that the present findings
reinforce the significance of lead as a hazardous environmental
contaminant. It harms the organism producing undesirable
effects to the cardiovascular system, which might contribute to
the genesis and maintenance of hypertension. These findings
strongly support the viewpoint that the concentration of lead,
considered to be safe, must be reduced.
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This review highlights recent findings about the role that endothelial glycocalyx
and caveolae play in vascular homeostasis. We describe the structure, synthesis,
and function of glycocalyx and caveolae in vascular cells under physiological and
pathophysiological conditions. Special focus will be given in glycocalyx and caveolae
that are associated with impaired production of nitric oxide (NO) and generation of
reactive oxygen species (ROS). Such alterations could contribute to the development
of cardiovascular diseases, such as atherosclerosis, and hypertension.

Keywords: glycocalyx, caveolae, vascular tone, ROS, hypertension, atherosclerosis, endothelial cells, eNOS

INTRODUCTION

The role that endothelium plays in modulating the vascular tone includes the synthesis
and release of several vasoactive substances, especially the vasodilator nitric oxide
(NO) (Cahill and Redmond, 2016). Endothelial NO synthase (eNOS) is responsible
for the synthesis of most of the NO that is produced in endothelial cells (ECs) (Zhao
et al., 2015). eNOS is localized on domains named caveolae, which are spread over
the entire ECs surface (Shaul, 2003). The glycocalyx is a polysaccharide-rich layer,
which underlies mechano-transduction and mediates the physiological activation of
NO synthesis by shear stress (Pahakis et al., 2007). More specifically, the glycocalyx
components transform mechanical signals into biochemical signals, to activate eNOS
(Florian et al., 2003; Pahakis et al., 2007), thereby contributing to vascular homeostasis
(Alphonsus and Rodseth, 2014).

Shedding of glycocalyx and changes in the structure of caveolae decreases eNOS activity, which
reduces NO bioavailability and generates reactive oxygen species (ROS) (Kumagai et al., 2009; Potje
et al., 2019). Both consequences are associated with cardiovascular diseases such as atherosclerosis
and hypertension. Therefore, the organization and function of glycocalyx and caveolae might
be altered in atherosclerosis and hypertension, which results in release of deleterious ROS that
contribute to these pathological conditions.

This review aims to highlight recent findings about the activation of glycocalyx and caveolar
enzymes that participate in the synthesis and release of NO and ROS and alterations that
could impair the proper function of glycocalyx and caveolae in pathological conditions like
atherosclerosis and hypertension.
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STRUCTURE AND SYNTHESIS OF
ENDOTHELIAL GLYCOCALYX

As reviewed by different groups, the endothelial glycocalyx
is mainly composed of glycosaminoglycans, proteoglycans,
and glycoproteins. Heparan sulfate, chondroitin sulfate,
and hyaluronic acid chains constitute glycosaminoglycans.
Proteoglycans include core protein families such as perlecan,
syndecans-1, -2, -3, -4, and glypican-1. Lastly, glycoproteins
consist of sialic acid oligosaccharides (Uchimido et al., 2019;
Möckl, 2020).

Heparan sulfate is the predominant constituent (from 50
to 90%) of glycocalyx (Reitsma et al., 2007). The syndecan
family can contain three to eight potential heparan sulfate
or chondroitin sulfate attachment sites depending on the
specific syndecan member. These sites are located close to
the syndecan NH2-terminal ectodomain or adjacent to the
transmembrane domain near the syndecan COOH terminal.
Glypican-1 is the only proteoglycan that is expressed exclusively
in ECs. It binds specifically to the heparan sulfate chain and
is localized in lipid rafts (caveolae) through a C-terminal
glycosylphosphatidylinositol (GPI) anchor (Uchimido et al.,
2019; Möckl, 2020).

Biosynthesis of glycosaminoglycans is a complex process
that is initiated by chain polymerization and which depends on
various stepwise reactions like sulfation and epimerization. This
process happens in many cellular components including
endoplasmic reticulum and Golgi apparatus, which are
responsible for the secretory pathway (Uchimido et al., 2019;
Möckl, 2020). On the other hand, hyaluronic acid is directly
assembled in the membrane by hyaluronan synthases, and it is
secreted into the extracellular space (Agarwal et al., 2019).

VASCULAR PROTECTIVE EFFECTS OF
GLYCOCALYX

Glycocalyx functions as a vascular protector because it
participates in angiogenesis, exerts an anticoagulant effect,
prevents leukocyte adhesion, acts as a selective permeable barrier
and filter, operates as a mechano-transducer of shear stress, and
contributes to maintaining the vascular tone.

Glycocalyx, specifically heparan sulfate, regulates angiogenesis
by playing a proangiogenic role (Fuster and Wang, 2010). 6-O-
sulfation of heparan sulfate is an essential regulator of vascular
morphogenesis in zebrafish (Chen et al., 2005). In addition,
decreased heparan sulfate N-sulfation impairs recruitment of
pericytes and development of vasculature in N-deacetylase/N-
sulfotransferase (Ndst)-1 knockout mice (Abramsson et al.,
2007). Moreover, complete loss of heparan sulfate chains in
mural cells causes embryonic death in the late stages of vascular
morphogenesis and stability (Stenzel et al., 2009). In this way,
glycocalyx contributes to angiogenesis process.

Antithrombin III is the main anticoagulant molecule that can
bind to specific sites of heparan sulfate; it also inhibits coagulant
factors and inactivates factors IX and X (Shimada et al., 1991;
Quinsey et al., 2004). Likewise, tissue factor pathway inhibitor

(TFPI) can also bind to heparan sulfates and block the initial
steps of blood coagulation by inhibiting factors VIIa and Xa
(Kato, 2002). Additionally, dermathan sulfate in glycocalyx can
activate heparin cofactor II, which inhibits thrombin (Tovar
et al., 2005). Furthermore, degradation of endothelial glycocalyx
induced by hyperglycemia activates coagulation in healthy
subjects (Nieuwdorp et al., 2006b). Therefore, glycocalyx has
anticoagulant and antithrombotic effects.

The glycocalyx layer has consistency and anti-adhesive
character, promoting resistance to penetration of circulating
leukocytes and preventing leukocyte-endothelial adhesion in
vascular smooth muscle cells (VSMCs). Besides, degradation of
the glycocalyx layer provoked by heparitinase in mouse cremaster
venules increases leukocyte adhesion in a dose-dependent
manner (Constantinescu et al., 2003). In addition, enzymatic
degradation of glycocalyx promoted increased of ICAM-1
expression, which was associated to a de-regulation in NF-κB
activity in response to flow and leukocyte adhesion (McDonald
et al., 2016). Moreover, endotoxemia stimulated in mice by
tumor necrosis factor-α (TNF-α) rapidly degrades pulmonary
microvascular glycocalyx, which contributes to neutrophil
adhesion (Schmidt et al., 2012). Consequently, the damage of
glycocalyx favors the adherence of leukocyte on the ECs.

Tumor necrosis factor-α treatment increases porosity
and permeation due to glycocalyx shedding with enhanced
intraluminal volume (Henry and Duling, 2000). Patients
with type 1 diabetes show glycocalyx damage in sublingual
capillaries, which is associated with microalbuminuria
(Nieuwdorp et al., 2006a). Furthermore, degradation of
heparan sulfate by heparanase promotes injury in porcine aortic
ECs, which was associated to apoptosis and cell death (Han et al.,
2005). Thus, glycocalyx works as a barrier and filter, besides
protecting vascular cells.

Shear stress on ECs is a frictional force (mechanical signals)
per unit area created by laminar blood flow (Pohl et al., 1986).
Heparan sulfate is important to detect the direction of shear
stress because degradation of this substance prevents shear stress-
induced directional migration of ECs and inhibits recruitment
of phosphorylated focal adhesion kinase in the flow direction
(Moon et al., 2005). Nevertheless, remodeling of glycocalyx in
response to short and long periods of shear stress has been
reported (Liu et al., 2016). Moreover, reorganization of actin
cytoskeleton and focal adhesions in response to fluid shear
stress has been shown in rat fat-pad ECs in various flow media
(Thi et al., 2004). Similarly, changes in the actin cytoskeleton
and caveolae have been demonstrated after long-term shear
stress (24 h), which also redistributes and restores heparan
sulfate, syndecan-1, and glypican-1 on the apical surface of ECs
(Zeng and Tarbell, 2014). In this way, the actin cytoskeleton
contributes to the structural stability of glycocalyx under shear
stress (Li and Wang, 2018).

Mechano-transduction is the conversion of mechanical signals
induced by shear stress into biochemical signals inside ECs
(Dabagh et al., 2017). Endothelial glycocalyx has been described
as the primary sensor activating the mechano-transduction
process, creating an immediate response to shear stress stimulus
and producing NO. Removing heparan sulfate and other
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glycocalyx components through a selective enzyme that degrades
endothelial glycocalyx constituents blocks shear-induced NO
production in ECs (Florian et al., 2003; Pahakis et al., 2007;
Yen et al., 2015; Dragovich et al., 2016). Furthermore, NO
production mediated by glycocalyx is associated with calcium
influx mediated by endothelial transient receptor potential (TRP)
channels. Under stimulation, the proteoglycans promote tension
in the lipid bilayer, which spreads through ECs due to its
interaction with cytoskeleton, and then both proteoglycans
and cytoskeleton may activate a diversity of mechanically
sensitive ion channels, such as TRP channels (Dragovich et al.,
2016). In addition, reduced NO production induced by flow
has been reported in isolated canine femoral arteries treated
with hyaluronidase, which degrades the hyaluronic acid GAG
(Mochizuki et al., 2003). These results show that intact glycocalyx,
mainly heparan sulfate chains, are needed to activate eNOS and
thus produce NO.

Glypican-1 seems to be the main heparan sulfate proteoglycan
that is associated with NO production, along with eNOS, both
resides in caveolae. First, glypican-1 knockdown blocks eNOS
activation under shear stress stimulus (Ebong et al., 2014).
Additionally, glypican-1 removal significantly suppresses eNOS
activation mediated by several steady shear stress magnitudes
(Zeng and Liu, 2016). Besides that, atomic force microscopy
(AFM) selectively applied on glypican-1 for a limited time
significantly increases NO production, whereas pulling on
syndecan-1, CD44, and hyaluronic acid does not change NO
concentration (Bartosch et al., 2017). Furthermore, disturbed
flow (DF) reduces caveolin-1 (Cav-1) expression and impairs
its co-localization with eNOS, consequently reducing eNOS
phosphorylation at Serine1177 (Harding et al., 2018). Taken
together, these results indicate that glypican-1 is a primary
mechano-sensor for shear stress-induced NO production, and
that the glypican-1-caveolae-eNOS-NO pathway is essential for
vascular tone maintenance.

FORMATION OF CAVEOLAE

Lipid rafts (also known as lipid microdomains) and caveolae
are domains of the plasma membrane that share the same
composition, such as cholesterol, sphingolipids, and glycosyl-
phosphatidylinositol GPI-anchored proteins. However, the
caveolae structure is an invagination at the membrane. On
the other hand, lipids rafts are flat areas of the membrane
(Bieberich, 2018). Caveolae were first described in the 1950s
by using an electron microscope. Due to lack of experimental
approaches and technologies, the caveolar functions remained
mostly unclear until the 1990s (Anderson, 1998). Now, caveolae
are defined as 60–80-nm-wide pits in the plasma membrane
that contain oligomeric caveolin (Parton and Simons, 2007).
Caveolae are predominantly expressed in vascular ECs, but they
are also present in VSMCs (Gratton et al., 2004). Molecular
understanding of caveolar formation is advancing rapidly, and
we now know that sculpting the membrane to generate the
characteristic bulb-shaped caveolar pit involves coordinated
action of integral membrane proteins and peripheral membrane

coat proteins in a process that depends on their multiple
interactions with membrane lipids (Parton et al., 2018).

Three mammalian caveolins exist: Cav-1, Cav-2, and Cav-
3. Cav-1 and Cav-2 are generally expressed together in
different types of cells other than muscle cells, whereas Cav-
3 is predominantly expressed in muscle cells (Razani and
Lisanti, 2001). Some cells, including smooth muscle cells and
cardiomyocytes, can express Cav-1, Cav-2, and Cav-3, (Head
et al., 2006; Robenek et al., 2008). Each caveola has estimated
140–150 Cav-1 molecules (Pelkmans and Zerial, 2005). Cav-1
loss results in complete absence of caveolae (Drab et al., 2001).
Moreover, Cav-1 expression in cells without caveolae causes
caveolae to form (Vogel et al., 2019). Therefore, Cav-1 is crucial
for caveolar formation.

Identifying the family of cytoplasmic proteins that
cooperatively work with caveolins for caveolar formation
and function has expanded our understanding of caveolar
biology. Liu et al. (2008) described that Cavins are cytoplasmic
proteins with amino-terminal coiled-coil domains that play
a role as protein component of caveolae, where they form
large heteromeric complexes that are recruited by caveolins
in cells expressing caveolae (Bastiani et al., 2009). The Cavin
family includes Cavin-1 (also known as polymerase I and
transcript release factor, PTRF), Cavin-2 (SDPR, serum
deprivation response protein), Cavin-3 (also known as related
gene product that binds to c-kinase - SRBC), and Cavin-4 (also
known as muscle-restricted coiled-coil protein, MURC). Cavin
knockout mice are viable, but they present a lipodystrophic
phenotype with high triglyceride levels, glucose intolerance, and
hyperinsulinemia (Liu et al., 2008). In addition, caveolae are
completely absent in Cavin knockout mice in specific tissues
like lung epithelium, intestinal smooth muscle, skeletal muscle,
and ECs. In this way, formation of caveolae requires Cavin-1
(Liu et al., 2008). Cavin-2 and Cavin-3 have been identified
as protein kinase C (PKC) substrates and have been suggested
to target PKC for caveolae. Cavin-2 has been associated with
caveolar membrane curvature, and Cavin-3 affects formation
of caveolar endocytic carriers (Hill et al., 2008). Cavin-4, which
is predominantly expressed in cardiac and skeletal muscles,
has been related to myogenesis and muscle hypertrophy via
RHOA–RHO-associated kinase (ROCK), ERK1, and ERK2, as
well as to regulation of atrial natriuretic peptide transcription in
cardiac muscle (Ogata et al., 2008; Bastiani et al., 2009).

After trafficking to the plasma membrane, caveolin oligomers
are stabilized by the complex of Cavins (Hayer et al., 2010).
Lipids and/or membrane lipid order may also be important for
this interaction. The four members of the Cavin family bind
to phosphatidylserine, which is abundant on the cytoplasmic
face of the plasma membrane, particularly in areas that are rich
in caveolae (Fairn et al., 2011). Cav-1 peptides can generate
phosphatidylserine domains in liposomes, so membrane lipid
reorganization by caveolins might also contribute to a stable
interaction in the plasma membrane (Wanaski et al., 2003).
In this way, Cavins and caveolins preserve the stable coat
around the bulb of caveolae (Hill et al., 2008). Additionally,
a protein called Eps15 homology domain protein 2 (EHD2)
is involved in mediating caveolar stabilization in the plasma

Frontiers in Physiology | www.frontiersin.org 3 January 2021 | Volume 11 | Article 62084098

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


fphys-11-620840 January 8, 2021 Time: 12:12 # 4

Potje et al. Glycocalyx and Caveolae on Vascular Tone Control

membrane (Stoeber et al., 2012). Moreover, the protein pacsin2
participates in membrane bending to form caveolae and to release
NO from eNOS-expressing cells (Hansen et al., 2011), thus it
reduces vascular tone ex vivo and lowers blood pressure in mice
(Bernatchez et al., 2011).

The way through which caveolae suffer endocytosis has been
a subject of controversy for many years. However, a consensus
has emerged that dynamin drives caveolar budding from the
surface. In ECs, caveolae have been proposed to bud in from the
luminal surface and to fuse with the abluminal surface, to mediate
efficient trans-endothelial transport from the blood stream to the
underlying tissues. In other cell types, caveolae fuse with early
endosomes (Rippe et al., 2002; Oh et al., 2007).

CAVEOLAE AND SIGNAL
TRANSDUCTION MOLECULES

Recently, the structures of caveolae and caveolin proteins have
been discovered to play an important role in cellular physiological
functions, particularly functions related to cholesterol transport,
endocytosis, tumor suppression, and cell signal transduction
(Lian et al., 2019).

Signal transduction is promoted by neurotransmitters,
circulating hormones, and growth factors that are critical for the
regulation of vasculature. Many such regulators act by interacting
with plasma membrane receptors and subsequently perturbation
pathways that modulate metabolic activity, growth, death, and
differentiated functions of the target cells (Insel and Patel, 2009).

Membrane rafts and caveolae concentrate a subset of
membrane constituents, including proteins and other
components involved in transport and signal transduction
(Allen et al., 2007; Patel et al., 2008). Lipid rafts have non-
homogeneously organized signaling, which facilitates temporally
and spatially efficient cellular regulation by extracellular
hormones and growth factors. The interior of cells has gradients
of second messengers and effectors (cyclic AMP, Ca2þ, protein
kinases/phosphatases, and phosphodiesterases) that participate
in vascular signaling (Bauman et al., 2006; Echarri et al., 2007).
Membrane rafts that lack caveolins also concentrate signaling
molecules, implying that other factors (e.g., binding to lipids)
contribute to the interaction of signaling entities with rafts and
caveolins (Patel et al., 2008).

In several types of cells, including ECs and VSMCs,
mediators of Ca2+ signaling such as Ca2+-ATPase, inositol 1,4,5-
trisphosphate receptors, Ca2+ pumps, L-type Ca2+ channels,
large-conductance Ca2+-activated K+ channels, calmodulin,
and TRP channels are localized in cholesterol-rich membrane
domains (Wang et al., 2005). Moreover, in VSMCs, caveolae
are closely associated with peripheral sarcoplasmic reticulum, a
major site for Ca2+ release that has been postulated to be the
preferred site of Ca2+ entry in response to Ca2+ depletion (Shaw
et al., 2006). These observations suggest that membrane rafts and
caveolae have a role in Ca2+ signaling.

According to Durr et al. (2004), various proteins like
G-protein-coupled receptor (GPCR) and downstream signaling
enzymes such as eNOS are specifically enriched in caveolae in

ECs. Additionally, caveolae contribute to GPCR desensitization
and internalization (Chini and Parenti, 2004). For example,
the stimulation with angiotensin II (Ang II) promotes rapid
translocation of AT1 receptor (AT1R) to caveolae, then AT1R
bind to Cav-1, which delays AT1R reactivation after prolonged
stimulus with Ang II (Ishizaka et al., 1998; Czikora et al., 2015).

CONTRIBUTION OF ENOS AND CAV-1
TO NO GENERATION

Controlling eNOS activation falls under a complex regulatory
mechanism that includes tonic inhibitory interaction with
Cav-1 (Ju et al., 1997) and post-translational modifications
like myristoylation, palmitoylation, phosphorylation, and
stimulatory responses, to raise intracellular Ca2+ concentrations
(Sessa, 2004).

Endothelial NO synthase remains associated with Cav-1,
which is the major component of caveolae. eNOS requires
palmitoylation and myristoylation to be targeted to the caveolar
microdomains. The interactions between Cav-1 and eNOS
have been shown to regulate NO release negatively (Grayson
et al., 2012). In this way, Cav-1 over-expression decreases
basal NO production in a “control” cellular state. Moreover,
under agonist activation, eNOS translocates away from caveolae,
thereby removing tonic Cav-1 inhibition (Frank et al., 2003).
Feron et al. (1998) identified that, after agonist-dependent
eNOS activation, removal of tonic inhibition between eNOS
and Cav-1 coincides with de-palmitoylation concomitant with
eNOS translocation to the non-caveolar fraction, which indicates
increased NO biosynthesis. Conversely, when eNOS returns to
the membrane/caveolae, it is re-palmitoylated, and its inhibitory
interaction with Cav-1/eNOS is reasserted.

A model for activation of eNOS bound to Cav-1 considers
that, under stimulation with Ca2+-mobilizing agonists, the
inhibitory scaffold of Cav-1 is relieved via calcium-regulated
binding of calmodulin and Hsp90 to displace eNOS from
Cav-1, thus allowing efficient NO production (Sessa, 2004).
Evidence supporting the inhibition model includes enhanced
NO-dependent vascular function in blood vessels from Cav-1
knockout mice and increased NO production in ECs isolated
from Cav-1 knockout mice, an effect that is rescued by Cav-
1 reintroduction (Drab et al., 2001; Razani et al., 2001; Murata
et al., 2007). Besides, transduction of cells or blood vessels
with Cavtratin, a synthetic cell permeable Cav-1 CSD peptide,
reduces NO release and inflammation in vivo (Bucci et al., 2006).
Alanine scanning of this scaffolding region demonstrated that
the threonine residues 90 and 91 (T90, T91) and phenylalanine
92 (F92) underlie eNOS inhibition. This is supported by lack
of eNOS inhibition by the F92A–Cav-1 mutant in reconstituted
cells and a Cavtratin-derived peptide with the T90/91 and F92
substitutions (a peptide called Cavnoxin) as revealed by studies
in vitro and in vivo (Bernatchez et al., 2005).

Sowa (2012) showed that Cav-1 in caveolae but not in lipid
rafts can inhibit eNOS under basal conditions. Although Cav-
1 in caveolae keeps eNOS inactive, the specific localization
of Cav-1 in this cell organelle is necessary for its activation
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(Chen et al., 2012). In addition, Cav-1/eNOS interaction is
necessary to prevent inadequate NO production under basal
conditions and to facilitate integration of extracellular stimuli
with intracellular NO signals (Rath et al., 2009).

OXIDATIVE STRESS IN
CARDIOVASCULAR DISEASES

Reactive oxygen species are a group of heterogeneous molecules
that are characterized by highly reactive oxygen atoms, short
half-life, and strong capacity to engage in oxidation reactions
(Vara and Pula, 2014). They are essential for homeostasis of
the cardiovascular system and play a role in signaling pathways
in different cells. An imbalance in antioxidant and oxidant
systems promotes ROS overproduction, which culminates in
oxidative stress, a well-known and important hallmark of
cardiovascular diseases (Panth et al., 2016). When ROS levels
overtake the cellular defenses, protein, lipids, and DNA can
undergo oxidation, which can lead to cellular damage, tissue
injury, and inflammation (Sena et al., 2018). ROS are produced
by distinct enzymatic sources like xantine oxidase, NADPH-
oxidase (NOX), cyclooxygenase (COX), lipoxygenase (LOX),
monomeric eNOS (uncoupled eNOS), myeloperoxidase, and
also by the respiratory chain in mitochondria (Vara and Pula,
2014; Sena et al., 2018). The chemical species anion superoxide
(O2
−), peroxynitrite (ONOO−), hydrogen peroxide (H2O2), and

hydroxyl radical (•OH) underlie deleterious effects of oxidative
stress. However, ROS present not only deleterious, but also
physiological effects on vascular tone in VSMCs and on ECs
motility, proliferation, and permeability (Vara and Pula, 2014).
For example, O2

− induces protein kinase-dependent contraction
in VSMCs under high pressure (Ungvari et al., 2003), whereas
H2O2 upregulates vascular endothelial growth factor receptor 2
(González-Pacheco et al., 2006).

Each oxidant chemical species can be removed from
the cellular environment by different enzymes that make
up the antioxidant system, including superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase, thioredoxin,
peroxiredoxin, and glutathione transferase. SOD dismutates O2

−

in H2O2, which is broken down into O2 and H2O by CAT
and glutathione peroxidase (Birben et al., 2012). The radical
species can also activate the nuclear factor erythroid 2-like 2
(Nrf-2), a transcription factor that is involved in the dynamic
regulation of the antioxidant system, thereby activating the
expression of promoters containing the antioxidant response
element (Satta et al., 2017).

In the vascular system, both ECs and VSMCs can be either
producers or targets of ROS. H2O2 is produced by NOX4
in ECs (Burtenshaw et al., 2019) and it can elicit different
responses in VSMCs depending on its concentration (Gil-Longo
and González-Vázquez, 2005). Importantly, H2O2 seems to be
increased in aortas from hypertensive rats under stimulus (Silva
et al., 2013). O2

− can be produced by NOX isoforms expressed
in the membrane and in the intracellular compartment of ECs (Li
and Shah, 2002) and by mitochondria, which are considered the
major source of O2

− in ECs (Li et al., 2016). In cardiovascular

diseases, O2
− significantly contributes to endothelial dysfunction

because it rapidly reacts with NO, to produce the highly oxidizing
ONOO− (Radi, 2018), thus decreasing NO bioavailability. In
addition, ROS can induce conversion of ECs to myofibroblasts,
losing its endothelial properties (Montorfano et al., 2014).

Endothelial dysfunction is characterized by reduced
endothelial response to different stimulus that release NO
and other chemical mediators related to vasodilation or
higher levels of endothelial chemical mediators associated with
vasoconstriction (Vanhoutte et al., 2017). Therefore, exacerbated
oxidative stress in ECs modifies the response of endothelial NO,
and ROS produced by ECs can induce response in VSMCs.

In VSMCs, ROS production is mediated especially by
NOX1 and NOX4 and produces O2

− and H2O2, respectively
(Burtenshaw et al., 2019). Increased ROS in VSMCs is a
common feature of different models of hypertension such as
AngII-infused model (Rajagopalan et al., 1996; Zhou et al.,
2020), spontaneously hypertensive rats (SHR) (Graton et al.,
2019), renovascular hypertension (2K-1C) (Castro et al., 2012;
Oliveira-Paula et al., 2016), and Doca-Salt rats (Amaral et al.,
2015). Physiologically, contraction mediated by activation of α-1
adrenoceptors can partially depend on O2

− (Tsai and Jiang,
2010). The hypercontractile profile of VSMCs of hypertensive
rats seems to depend on ROS production (Camargo et al.,
2018). Additionally, ROS produced by VSMCs can reduce NO
bioavailability.

OXIDATIVE STRESS IN CAVEOLAE AND
CAVEOLIN

Cav-1 seems to be involved in the process involving ROS as
target or controlling ROS production. Oxidative stress mediated
by H2O2 degrades Cav-1 in skeletal muscle cells (Mougeolle et al.,
2015). H2O2 is increased in aorta of renal hypertensive rats (Silva
et al., 2013), and the total number of caveolae is reduced in aorta
of hypertensive rats (Rodrigues et al., 2010; Potje et al., 2019).
Thus, H2O2 overproduction can be important to reduce Cav-1
levels and to disrupt the function of caveolae in hypertension.

Cav-1 is related to the AngII (AT1) receptor because the
AT1-R·caveolin complex requires an intact caveolin scaffolding
domain, but not co-localization in the caveolae (Wyse et al.,
2003). Exposure to the agonist Ang II changes the Cav-1 levels in
VSMCs (Ishizaka et al., 1998). Interestingly, Cav-1 loss increases
NOX activity and ROS production in VSMCs (Zuo et al., 2005;
Chen et al., 2014). In contrast, Cav-1 deletion can prevent
remodeling induced by Ang II (Forrester et al., 2017). As stated
before, Nrf-2 is an important element that controls the levels of
antioxidant enzymes. ROS can activate Nrf-2 migration to the
nucleus, thereby raising the expression of antioxidant enzymes
and leading to detoxification of the cells (Satta et al., 2017).
Curiously, Cav-1 seems to repress this migration given that
Cav-1 knockout mice constantly present high Nrf-2 levels in
nucleus (Volonte et al., 2013). Changes in Nrf-2 levels can
alter the physiology of normal cells due to upstream and
downstream of molecules that are associated with a defective Nrf2
signaling system (Satta et al., 2017). Thus, most of the common

Frontiers in Physiology | www.frontiersin.org 5 January 2021 | Volume 11 | Article 620840100

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


fphys-11-620840 January 8, 2021 Time: 12:12 # 6

Potje et al. Glycocalyx and Caveolae on Vascular Tone Control

FIGURE 1 | Schematic representation of caveola and glycocalyx proteins in endothelial cells (ECs) under non-pathological and pathological conditions. In
non-pathological conditions, the glycocalyx proteins are intact and the coupled eNOS (dimeric form) is inactivated linked to Cav-1 protein. The eNOS is activated by
shear stress mediated by Glypican-1 mechano-transduction as well as increase in calcium levels. The NO bioavailability can protect the cardiovascular system, and
ROS produced by different sources stimulates the antioxidant system that also protects the cells of oxidative damage. In pathological conditions, the rise in ROS
production mediated by pro-oxidant molecules as Ang II overtakes the antioxidant defenses. The ROS can degrade Cav-1, the eNOS is uncoupled (monomeric) that
can be source of ROS, and NO bioavailability is reduced. ROS also stimulates the sheddases activity clivating the heparan sulfate from glypican and syndecan losing
its ability to induce eNOS activation mediated by shear stress. Those frames with low NO levels can potentiate the cardiovascular risks.

features of hypertensive vessels, e.g., endothelial dysfunction and
hypercontractile VSMCs, can result from ROS actions, Cav-1
levels, and caveolar functions.

EFFECT OF ROS ON ENDOTHELIAL
GLYCOCALYX DEGRADATION

Specific enzymes, named sheddases, as well as metalloproteinases
(MMPs), heparanase, and hyaluronidase degrade glycocalyx.
Sheddases are activated by pro-inflammatory cytokines such
as TNFα (Ramnath et al., 2014), interleukin-1beta (Haywood-
Watson et al., 2011), interleukin-6, and interleukin-8 and also by
shear stress, hypoxia, and ROS (Lipowsky and Lescanic, 2013).
In this review, we focus only on how ROS affect endothelial
glycocalyx given that ROS cleave and destabilize the glycocalyx
structure (Sieve et al., 2018).

MMPs modify the constituents of glycocalyx, thus disrupting
glycocalyx in pathological conditions (Lipowsky, 2011). MMPs
can cleave the protein core of syndecan, promoting shedding of
the syndecan family and consequent thrombosis, destabilization
of vascular walls, endothelial dysfunction, and inflammation
(Fitzgerald et al., 2000; Chen et al., 2017). In, addition, MMP-2

was associated to direct chondroitin sulfate cleavage (Hsu et al.,
2006), while MMP-7 was responsible for cleavage of perlecan
and heparan sulfate proteoglycans (Grindel et al., 2014) and
MMP-9 mediated disruption of syndecan-4 (Ramnath et al.,
2014). ROS also decrease the levels of the tissue inhibitors of
metalloproteinases (TIMPs), thereby increasing the activity of
MMPs (Siwik and Colucci, 2004). The inhibition of MMPs was
able to restore the shedding of syndecan-4 in early diabetic
disease (Ramnath et al., 2020).

Heparanase is an endoglycosidase that cleaves the side
chains of heparan sulfate present in the syndecan and glypican
families through hydrolysis, to disrupt glycocalyx (Garsen et al.,
2014). Degradation of heparan sulfate reduces extracellular
SOD (ecSOD), which remains attached to the heparan sulfate
portion. ecSOD protects vascular cells from oxidative stress and
its overexpression can attenuate heparanase expression, which
suggests a prophylactic effect to prevent glycocalyx degradation
(Kumagai et al., 2009).

Hyaluronidase degrades hyaluronic acid into fragments
via hydrolysis of the disaccharides at hexosaminidic β (1–4)
linkages (Wang et al., 2020). In addition, hyaluronic acid
degradation products can produce ROS, which triggers several
vascular disease processes (Soltés et al., 2006). Moreover,
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other ROS derived from O2
− and nitrogen monoxide (·NO),

including H2O2, ONOO−, and hypochlorous acid, depolymerize
hyaluronic acid (Uchiyama et al., 1990).

ALTERATIONS IN CAVEOLAR FUNCTION
AND GLYCOCALYX IN
ATHEROSCLEROSIS AND
HYPERTENSION

Atherosclerosis and hypertension are multifactorial diseases.
Atherosclerosis and its consequences represent the major cause
of cardiovascular mortality. This disease is characterized by
endothelial dysfunction, increased platelet adhesion, leukocyte
recruitment, and accumulation of lipoproteins that evade
phagocytosis (Eckardt et al., 2019). Endothelial dysfunction in
the areas where atherosclerosis develops occurs through entry of
lipoproteins, which is followed by lesions, leading to production
of proinflammatory cytokines, migration of monocytes, and
accumulation of macrophages (Gimbrone and Garcia-Cardeña,
2016). In turn, hypertension is a multifactorial disease that is
associated with endothelial dysfunction, exacerbated oxidative
stress, and inflammation in blood vessels (Dharmashankar and
Widlansky, 2010). ECs play a pivotal role in vessel balance
and pathophysiological conditions because they are exposed to
inflammatory mediators that can impair or even destroy the
endothelial layer and its components.

Caveolae and Cav-1 seem to play a part in atherosclerosis
development. Numerous atherogenic proteins colocalize
with caveolae in ECs, and caveolae are involved with
transcytosis of low-density lipoprotein (LDL) particles
(Frank et al., 2004; Sowa, 2012). Additionally, Cav-1
protein seems to have an atherosclerotic role. First, Cav-1
overexpression in ECs can increase atherosclerosis progression
in apolipoprotein E-deficient mice (Fernández-Hernando
et al., 2010). Moreover, the absence of Cav-1 promotes
atheroprotection in vessels of Cav-1 knockout mice (Zhang
et al., 2020). As proposed by Zhang et al. (2020), activation
of endothelial autophagy by Cav-1 deficiency protects against
atherosclerosis progression. In brief, autophagy is described as
an evolutionarily conserved subcellular process that mediates
degradation of proteins and damaged organelles via lysosomes
(Mizushima and Komatsu, 2011).

As reported by Milovanova et al. (2008), apart from
modulating NO production by eNOS, Cav-1 can modulate
ROS production by NOX. In pulmonary hypertension, Cav-1
is a negative regulator of ROS derived from NO since lack
of Cav-1 expression in pulmonary hypertension increases
NOX activity and enhances ROS production (Chen et al.,
2014). Furthermore, Cav-1 deletion prevents transactivation
of hypertensive vascular remodeling and contributes to
increased mitochondrial ROS levels in a model of AngII-
induced hypertension (Forrester et al., 2017). On the other
hand, lipid rafts and caveolae structural disruption with
cholesterol disassembly drugs, increased ROS production in
a different way than NOX. Recently, we have shown that

caveolar structural disruption with methyl-β-cyclodextrin
uncouples eNOS and raises ROS levels in Wistar normotensive
rats and SHR aortas and mesenteric arteries (Potje et al.,
2019). Besides that, the number of caveolae is reduced in renal
hypertensive (2K-1C) and SHR rats as compared to normotensive
rats, which impairs acetylcholine-induced endothelium-
dependent relaxation and NO production (Rodrigues et al.,
2010; Potje et al., 2019). The smaller number of caveolae
could account for impaired NO donor-induced relaxation
in 2K-1C rat aortas as compared to normotensive rat aortas
(Rodrigues et al., 2007).

The literature contains controversial data about the role
that Cav-1 has in the determination of arterial pressure.
Whereas several authors do not report increased arterial pressure
in Cav-1 knockout mice as compared to control wild-type
(WT) mice, other authors describe lower arterial pressure
in Cav-1 knockout mice than in WT mice (for a review,
see Rahman and Sward, 2009). Cav-1 knockout mice present
increased circulating NO levels and vasodilation, but the arterial
pressure values measured by telemetry in awake mice and
WT mice are similar (Desjardins et al., 2008). As proposed
by Insel and Patel (2007), chronic Cav-1 deficiency could
be compensated by other vascular mechanisms, to maintain
the arterial pressure. Also, eNOS could be uncoupled in
hypertensive vessels.

In physiological conditions, arterial ECs submitted to
uniform flow (UF) release NO constantly (Noris et al., 1995).
As described by Eckardt et al. (2019), the pathogenesis of
atherosclerosis is associated with alterations in vascular
glycocalyx. Glycocalyx degradation stimulates lipid flux,
increasing lipid deposition in the arterial walls. This is
associated with reduced eNOS expression, which decreases
NO production and impairs vasodilation (Mitra et al.,
2017). In addition, in most cases of atherosclerosis, plaques
appear in the carotid bifurcation and aortic arch, which are
regions with DF (Gimbrone and Garcia-Cardeña, 2013),
thereby suggesting a relationship between hemodynamics and
atherosclerosis progression. Cav-1 expression is reduced in
DF as compared to UF, which indicates that Cav-1 regulation
depends on the flow (Harding et al., 2018). Furthermore, as
described by Harding et al. (2018), expression of active eNOS
phosphorylated at Ser1177 is 50% lower in DF aortic arch than in
UF abdominal aorta.

In this way, caveolae, Cav-1, and glycocalyx play an important
role in vascular homeostasis, contributing to adequate NO
production. However, atherosclerosis and hypertension impair
NO bioavailability due to lower eNOS expression, eNOS
inactivation, changes in Cav-1 expression or NOX4 activity, and
eNOS uncoupling, leading to deleterious ROS overproduction.

DISCUSSION

In this review, we discuss recent findings about the physiological
role of glycocalyx and caveolae, to maintenance of vascular tone,
as well as alterations in these structures that are associated with
the development of atherosclerosis and hypertension.
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Even the glycocalyx has been reported as the primary
sensor to mechano-transduction, a study demonstrated that
caveolae show a unique molecular topography (Schnitzer et al.,
1995) and may act as either mechano-sensors or transducers
(Uittenbogaard et al., 2000; Gratton et al., 2004). Therefore, it
could exist a relationship between glycocalyx and caveolae that
is sensitive to feel mechanical forces and start the mechano-
transduction process, and to promote an effective control
of vascular tone.

During the first 30 min of exposition to shear stress, aortic
and vein ECs (BAEC, bovine aortic EC; HUVEC, human
umbilical vein EC) presented an accumulation of heparan
sulfate and glypican-1 in the cell junctions. In contrast, there
were no movement from chondroitin sulfate, syndecan-1, and
Cav-1, indicating that these components and particularly the
caveolae structure are anchored sufficiently to resist against
initial exposure to shear stress (Zeng et al., 2013). On
the other hand, the chronic shear stress (6 h) stimulated
by changes in flow intensity in perfused lung microvessels
was able to increase fivefold Cav-1 expression and sixfold
caveolae density at the luminal surface compared with no-
flow control, which contributed to enhanced mechano-sensivity
in cultured ECs (Rizzo et al., 2003). Moreover, the glypican-
1 inhibition, but not syndecan-1, blocked eNOS activation
induced by shear stress in mammalian epithelial cells (Ebong
et al., 2014). These studies clarify the activation of glypican-
1-caveolae-eNOS-NO pathway under mechanical stimulus. In
this way, there is a relationship between glycocalyx and
caveolae, where they are exchanging information all the
time, and both are susceptible to reorganization underlie
different stimulus to regulate vascular tone and promote
vascular homeostasis.

Furthermore, the relationship between glycocalyx and
caveolae is not only observed during shear stress and
mechano-transduction. Catestatin is a peptide derived
from glycoprotein chromogranin A, which is expressed
in neuroendocrine and cardiac cells. Catestatin acts
in several organs/systems, including the cardiovascular
system. The catestatin was applied to BAECs, where it co-
localizes with heparan sulfate proteoglycans, promoting
endocytosis of caveolae and inducing Cav-1 internalization,
followed by eNOS phosphorylation at Serine1179 (Fornero
et al., 2014). Therefore, the glycocalyx and caveolae
collaborate with each other during the catestatin-dependent
eNOS-activation.

Glycocalyx contributes to maintaining vascular homeostasis,
and it protects the EC surface. Thus, its disruption and
shedding contribute to the development of cardiovascular
diseases. Therefore, preventing its degradation is important.
In a review, Becker et al. (2010) brought together the
pharmacological options to avoid glycocalyx shedding and
perturbation, which included hydrocortisone application, use
of antithrombin III, and infusion of human plasma albumin,
which seems to be the effective treatment. Apart from that, rat
fat pad ECs supplemented with heparan sulfate or sphingosine
1-phosphate regenerate glycocalyx (Mensah et al., 2017).
Another agent, sulodexide, which is a mixture of heparan

sulfate and dermatan sulfate (Coccheri and Mannello, 2013),
also reconstitutes glycocalyx in patients (Broekhuizen et al.,
2010). Nuclear magnetic resonance analysis demonstrated that
Krüppel-like Factor 2 (KLF2) inhibits endothelial glycolysis and
contributes to hexosamine and glucuronic acid biosynthesis
(Wang et al., 2020). In addition, inflammatory cytokines like
TNF-α, interleukin-1β, interleukin-6, and interleukin-8, as well
as ROS can activate heparanase, MMPs, and hyaluronidase,
which are enzymes that cleave chains of glycocalyx constituents
(Uchimido et al., 2019). Hence, antioxidant drugs and direct
inhibition of cytokines may be another option to prevent
glycocalyx degradation.

In the last 20 years, many studies have evidenced the
relevance of caveolins by using Cav-1 knockout mice with
cardiovascular abnormalities (Li et al., 2005; Lian et al., 2019).
As suggested by Forrester et al. (2017), Cav-1 may be the
therapeutic target to treat hypertension and atherosclerosis.
However, the role of Cav-1 is controversial in the literature.
It has dual action: Cav-1 impairs vascular functions in specific
cases and at the same time, it seems to be essential to maintain
vascular homeostasis. Hypertension induced by AngII in Cav-
1 knockout mice does not develop vascular remodeling, which
means that Cav-1 deletion attenuates vascular hypertrophy
and perivascular fibrosis (Forrester et al., 2017). On the other
hand, on the basis of the mouse hypoxia model, reduced
Cav-1 expression increases ROS production, and macrophages
isolated from Cav-1 knockout mice and Cav-1 knockdown
siRNA in human lung fibroblasts enhances ROS production.
The absence of Cav-1 negatively regulates NOX-mediated ROS
production (Chen et al., 2014). Additionally, Cav1-deficient
mice exhibit pulmonary hypertension, impairment of left
ventricular diastolic function, increased pulmonary vascular
remodeling, and right ventricle hypertrophy and decreased
contractility (Zhao et al., 2002). Furthermore, the lack of Cav-
1 improves NO-dependent vascular function and produces
higher levels of NO (Drab et al., 2001; Razani et al., 2001;
Murata et al., 2007), which suggests that Cav-1 impairs vascular
function and contributes to the development of cardiovascular
diseases. Notwithstanding, various studies have shown that
the presence of Cav-1 is mandatory for eNOS activation
(Chen et al., 2012).

Navarro et al. (2014) suggested gene or cell therapy as
antisense and siRNA approaches to target Cav-1 directly
or to modulate caveolar and lipid levels as an alternative
intervention either to increase or to decrease Cav-1 expression.
Moreover, activation of some GPCRs would allow to
control or to re-program Cav-1 expression levels to explore
therapeutic outcomes in cardiovascular diseases. Besides, the
pathway glypican-1/caveolin-1/eNOS/NO should be better
explored for better understanding of this path and possible
therapeutic treatments.

CONCLUSION

The structure and function of both glycocalyx and caveolae
are essential for maintenance of vascular homeostasis. Under
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pathological conditions, that are associated with ROS synthesis
and release, the glycocalyx and caveolae structure and function
could change, leading to impairment of their physiological
function, which are the hallmark of cardiovascular diseases (see
Figure 1).
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The perivascular adipose tissue (PVAT) is an active endocrine organ responsible for
release several substances that influence on vascular tone. Increasing evidence suggest
that hyperactivation of the local renin-angiotensin system (RAS) in the PVAT plays a
pivotal role in the pathogenesis of cardiometabolic diseases. However, the local RAS
contribution to the PVAT control of vascular tone during obesity is still not clear. Since
the consumption of a high-carbohydrate diet (HC diet) contributes to obesity inducing a
rapid and sustained increase in adiposity, so that the functional activity of PVAT could be
modulated, we aimed to evaluate the effect of HC diet on the PVAT control of vascular
tone and verify the involvement of RAS in this effect. For that, male Balb/c mice were
fed standard or HC diet for 4 weeks. Vascular reactivity, histology, fluorescence, and
immunofluorescence analysis were performed in intact thoracic aorta in the presence
or absence of PVAT. The results showed that HC diet caused an increase in visceral
adiposity and also in the PVAT area. Phenylephrine-induced vasoconstriction was
significantly reduced in the HC group only in the presence of PVAT. The anticontractile
effect of PVAT induced by HC diet was lost when aortic rings were previously incubated
with angiotensin-converting enzyme inhibitor, Mas, and AT2 receptors antagonists,
PI3K, nNOS, and iNOS inhibitors, hydrogen peroxide (H2O2) decomposing enzyme or
non-selective potassium channels blocker. Immunofluorescence assays showed that
both Mas and AT2 receptors as well as nNOS and iNOS isoforms were markedly
expressed in the PVAT of the HC group. Furthermore, the PVAT from HC group also
exhibited higher nitric oxide (NO) and hydrogen peroxide bioavailability. Taken together,
these findings suggest that the anticontractile effect of PVAT induced by HC diet involves
the signaling cascade triggered by the renin-angiotensin system through the activation

Frontiers in Physiology | www.frontiersin.org 1 January 2021 | Volume 11 | Article 628101109

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2020.628101
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2020.628101
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2020.628101&domain=pdf&date_stamp=2021-01-15
https://www.frontiersin.org/articles/10.3389/fphys.2020.628101/full
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-628101 January 15, 2021 Time: 13:11 # 2

Reis Costa et al. Effect of PVAT on Obesity

of Mas and AT2 receptors, PI3K, nNOS, and iNOS, leading to increased production of
nitric oxide and hydrogen peroxide, and subsequently opening of potassium channels.
The contribution of PVAT during HC diet-induced obesity could be a compensatory
adaptive characteristic in order to preserve the vascular function.

Keywords: PVAT, obesity, high-carbohydrate diet, renin-angiotensin system, nitric oxide, hydrogen peroxide

INTRODUCTION

According to the World Health Organization (WHO), obesity
is defined as abnormal or excessive fat accumulation in
adipose tissue, which is not only a large storage for lipids
but also a dynamic endocrine organ that secretes several
bioactive substances (World Health Organization [WHO],
2016). The worldwide prevalence of obesity nearly tripled
between 1975 and 2016 in which more than 1.9 billion
adults were overweight and of those over 650 million adults
were obese (World Health Organization [WHO], 2016).
As the population is becoming increasingly overweight
and obese, the typical Western diet that contains large
amounts of lipids and refined carbohydrates has been of
greater concern.

Different dietary approaches in animal models have
been shown to be crucial to elucidate the mechanistic
effects of specific diets in the development of obesity.
The detrimental effect of high-fat diets is already well
documented in previous studies demonstrating that the
long-term administration of 40–60% fat diets promotes
metabolic changes, increased adiposity, and plasma levels of
proinflammatory cytokines (Flanagan et al., 2008; Gregersen
et al., 2012). Similarly, the consumption of high-refined
carbohydrate diets (HC diet) also induces metabolic disorders
(Ferreira et al., 2011; Oliveira et al., 2013), but it is taken into
less consideration. The HC diet showed induce a rapid and
sustained increase in adiposity, glucose intolerance, low insulin
sensitivity, and atherogenic dyslipidemia, contributing to the
development of obesity and related diseases (Porto et al., 2011;
Oliveira et al., 2013).

Obesity is commonly related to a wide spectrum of
cardiovascular diseases (Poirier et al., 2006; Koliaki et al., 2018).
Although visceral adipose tissue is usually associated with a
higher risk of cardiovascular diseases, there is a potential interest
to study the role of fat accumulation around blood vessels in the
pathogenesis of vascular dysfunction. The perivascular adipose
tissue (PVAT) surrounds the adventitious layer of blood vessels
in several vascular beds. It not only acts as a structural support
and protection for most blood vessels, but it also secretes a
variety of bioactive molecules that influence on vascular tone

Abbreviations: ACh, acetylcholine; Ang II, angiotensin II; Ang 1-7, angiotensin 1-
7; AT2, angiotensin II receptor type II; CaCl2, calcium chloride; Emax, maximum
effect; eNOS, endothelial nitric oxide synthase; HC diet, high-carbohydrate
diet; H2O2, hydrogen peroxide; iNOS, inducible nitric oxide synthase; KCl,
potassium chloride; KH2PO4, monopotassium phosphate; Mas, angiotensin 1–7
receptor; MgSO4, magnesium sulphate; NaCl, sodium chloride; NaHCO3, sodium
bicarbonate; nNOS, neuronal nitric oxide synthase; NO, nitric oxide; pD2, potency;
PE, phenylephrine; PI3K, phosphatidylinositol 3-kinase; PVAT, perivascular
adipose tissue; RAS, renin-angiotensin system; TEA, tetraethylammonium.

and on susceptibility to the pathogenesis of cardiovascular
diseases related to obesity (Gao, 2007; Szasz et al., 2013; Majesky,
2015).

Due to its high plasticity through changes in adipocyte
morphology or balance of vasoactive factors secreted, the PVAT
is able to adapt to different physiological and pathological
conditions (Galvez-Prieto et al., 2012; Van de Voorde et al.,
2014). Under physiological conditions, the PVAT usually induces
an anticontractile effect secreting predominantly vasodilator
substances such as adiponectin (Fesus et al., 2007), leptin
(Dashwood et al., 2011), angiotensin 1-7 (Lee et al., 2009),
hydrogen peroxide (H2O2) (Gao et al., 2007), and nitric oxide
(NO) (Malinowski et al., 2008). However, under pathological
conditions, the PVAT can exhibit a vasoconstrictor profile
secreting mainly angiotensin II (Galvez-Prieto et al., 2008) and
superoxide anions (Ketonen et al., 2010). This plasticity of the
PVAT is important for the maintenance of vascular homeostasis
as it may influence on progression or regression of vascular
diseases (Britton and Fox, 2011; Brown et al., 2014).

The mechanisms that mediate the role of PVAT on the
control of vascular tone during obesity are still under
study. Increasing evidence suggest that hyperactivation of
the local renin-angiotensin system (RAS) in the PVAT plays
a pivotal role in the pathogenesis of cardiometabolic diseases
(Aghamohammadzadeh et al., 2012), since the essential
components of RAS have been shown to be expressed in PVAT,
specially AT1 and AT2 receptors (Galvez-Prieto et al., 2008),
and also Mas receptors (Nobrega et al., 2019). AT1 receptors
are responsible for most biological effects of angiotensin II,
which includes vasoconstriction, sodium retention, aldosterone
release, cell proliferation, cardiac and vascular hypertrophy,
oxidative stress, and inflammation (Faria-Costa et al., 2014),
whereas AT2 receptors have opposite effects that counterbalance
those mediated by the classical activation of AT1 receptors
(Rubio-Ruiz et al., 2014). However, the counter regulatory
response to most of the deleterious effects of AT1 receptors
is mainly attributed to angiotensin 1-7, which binds to Mas
receptors (Bader et al., 2014) and also to AT2 receptors
(Castro et al., 2005), promoting several protective effects
in the vascular system, including vasodilation (Ren et al.,
2002), reduction of oxidative stress (Raffai et al., 2011) and
anti-inflammatory effects (Lee et al., 2015), especially in
pathological conditions.

Given that the local RAS contribution to the role of PVAT on
the vascular tone during obesity needs to be better elucidated,
and that the relationship between obesity induced by HC diet
and PVAT has not yet been investigated, we aimed to evaluate the
effect of HC diet on the PVAT control of vascular tone and verify
the involvement of RAS in this effect.
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MATERIALS AND METHODS

Experimental Animals and Dietary
Treatment
All protocols with animal study were conducted in accordance
with the Brazilian Council of Animal Research Guidelines
(CONCEA), reviewed and approved by the Ethics Committee
on Animal Use of Federal University of Minas Gerais (UFMG)
under the protocol number 225/2013. Male Balb/c mice, 8 weeks
of age, were obtained from the Center of Bioterism of Biological
Sciences Institute of UFMG and kept under controlled conditions
of temperature and luminosity (light-dark cycle of 12 h), with free
access to water and food.

The animals were randomly divided into two groups: control
and HC. The control group received a standard diet (Nuvilab
CR-1), while the HC group received a refined carbohydrate
enriched diet (HC diet) for 4 weeks. The HC diet was prepared
using 45% (395 g) of the standard diet (powder), added to
45% (395 g) of condensed milk and 10% (83.79 g) of refined
sugar, mixed until it forms a homogeneous mass to make
small pellets. The macronutrient composition of the standard
diet (4.0 kcal/g) was 65.8% carbohydrate, 3.1% fat, and 31.1%
protein, obtained from the manufacturer’s information, while
the macronutrient composition of the HC diet (4.4 kcal/g)
was 74.2% carbohydrate, 5.8% fat, and 20% protein, obtained
from the nutritional analysis carried out by Oliveira et al.
(2013).

Assessment of Body Weight, Food
Intake, and Adiposity Index
Animals were weighed once a week and the food intake was
measured twice a week. Samples of epididymal, retroperitoneal,
and mesenteric adipose tissues were weighed to evaluate
the adiposity index, according to the equation below
(Oliveira et al., 2013).

Adiposity Index (%) =

∑
Adipose Tissues Weight

Animal Weight
× 100

Vascular Reactivity
Animals were euthanized by decapitation and the thoracic aorta
was carefully isolated and sectioned into two rings with 3 mm
length each. In one of the rings the PVAT was completely
removed while the other was kept intact. The aortic rings were
placed between two stainless-steel stirrups and connected to an
isometric tension transducer (World Precision Instruments, Inc.,
Sarasota, FL, United States). The vessels were placed in organ
chambers containing modified Krebs–Henseleit physiological
solution (mmol/L: NaCl 135.0; KCl 5.0; KH2PO4 1.17; CaCl2
2.5; MgSO4 1.4; NaHCO3 20.0; glucose 11.0) at 37◦C with
a stable pH 7.4 and gassed with carbogenic mixture (95%
O2 and 5% CO2) (White Martins, Brazil). After 1 h of
stabilization at a basal tension of 4.9 mN (0.5 g), the vessels
were stimulated with potassium chloride (9 × 10−2 mol/L) in
order to determine its viability. Subsequently, the aortas were
previously contracted with phenylephrine (EC50 PE: 10−7 mol/L)

and the presence of a functional endothelium was verified by
the addition of acetylcholine (EC50 ACh: 10−6 mol/L). The
endothelial integrity was considered in a minimum of 80%
relaxation for acetylcholine. To assess the effect of HC diet on
endothelium-dependent vasodilation, cumulative concentration-
response curves for acetylcholine (ACh 10−10–10−4 mol/L) were
obtained in aortas previously contracted with phenylephrine
(EC50 PE: 10−7 mol/L) in the presence or absence of PVAT.
Acetylcholine-induced vasodilation was expressed in percentage
of relaxation. The effect of HC diet on vascular contractility
was assessed in cumulative concentration-response curves for
phenylephrine (PE 10−10–10−4 mol/L) obtained in endothelium-
intact aortas in the presence or absence of PVAT. Phenylephrine-
induced vasoconstriction was expressed in mN.

In order to investigate the mechanisms underlying the
effects of HC diet on the PVAT control of vascular tone,
cumulative concentration-response curves for phenylephrine (PE
10−10 –10−4 mol/L) were only performed in the presence
of PVAT previously incubated for 30 min with one of the
following drugs: captopril (10−5 mol/L - angiotensin converting
enzyme inhibitor) (Kikta and Fregly, 1982; Su et al., 2008),
A779 (10−6 mol/L – selective Mas receptor antagonist) (Peiró
et al., 2013), PD123,319 (10−6 mol/L – selective AT2 receptor
antagonist) (Su et al., 2008), LY294,002 (10−6 mol/L – PI3K
inhibitor) (Jimenez et al., 2010), L-NAME (10−4 mol/L -
non-selective NOS inhibitor) (Araújo et al., 2012), L-NNA
(10−6 mol/L – selective eNOS inhibitor) (Araújo et al.,
2012; Gonzaga et al., 2018; Nobrega et al., 2019), 1,400 W
(10−5 mol/L - selective iNOS inhibitor) (Garvey et al., 1997), 7Ni
(10−4 mol/L - selective nNOS inhibitor) (Babbedge et al., 1993),
catalase (300 U/mL – catalyzes the decomposition of hydrogen
peroxide) (Gonzaga et al., 2018) or tetraethylammonium (TEA,
10−3 mol/L – non-selective blocker of potassium channels)
(Bonaventura et al., 2011). All concentrations of drugs were
based on previous studies abovementioned. Agonist potencies
and maximal responses were analyzed and expressed as pD2
(−log EC50) and Emax (maximum effect elicited by the
agonist), respectively.

Histological Analysis
Thoracic aortas were fixed in phosphate buffered formaldehyde
solution for 48 h and then dehydrated in ascending
concentrations (70, 80, and 90% and absolute I, II, and III)
of ethyl alcohol, followed by diaphanization in xylol I, II, and
III, and embedded in paraffin. 5 µm transversal sections were
stained by hematoxylin-eosin for morphological analysis or
picrosirius for quantification of collagen fibers. The area of the
middle layer and the PVAT were quantified surrounding the
region occupied by the middle layer in the thoracic aorta or
the fractions of adipose tissue located around the adventitia,
respectively, in a Leica microscope coupled to a Quantimet 500
image analysis system (Leica, Bannockburn, IL) using a × 5
lens magnification under a common light. Picrosirius-stained
sections were examined in the same image analysis system
aforementioned using a × 20 lens magnification. The area
occupied by collagen was quantified by the color-detecting mode
of the computer program in the adventitia. The aspect of collagen
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FIGURE 1 | Evaluation of (A) cumulative food intake, (B) body weight, and (C) adiposity index of mice fed standard or HC diets. Values represent mean ± SEM. The
total number of animals required to carry out the experiments in each group (n) is presented in parentheses or in the dispersion points in the graphs. Statistical
significance was determined using (A,B) two-way ANOVA followed by Holm–Sidak’s post hoc test or (C) Student’s t-test. *p < 0.05 vs. control.

fibers was evaluated under a polarized light, allowing evaluation
of the molecular disposition of collagen fibers (Borges et al.,
2007; de Figueiredo Borges et al., 2008).

Immunostaining of Mas and AT2
Receptors and the Isoforms of Nitric
Oxide Synthase
Frozen thoracic aortas of control and HC groups were serially
cut in 10 µm transversal sections, fixed in cold 100% acetone
and washed with phosphate buffered saline (PBS). The fixed
cryosections were rinsed in wash buffer (4% BSA + 0.1%Triton
X-100, in PBS). Following appropriate blocking procedures (3%
BSA in PBS), the slides were incubated overnight at 4◦C with
rabbit monoclonal anti-Mas (Alomone Labs Cat# AAR-013,
RRID:AB_2039972), rabbit anti-AT2 (Alomone Labs Cat#
AAR-012-AG, RRID:AB_2039724), mouse anti-eNOS (Santa
Cruz Biotechnology Cat# sc-136977, RRID:AB_2267282),
mouse anti-iNOS (Santa Cruz Biotechnology Cat# sc-
7271, RRID:AB_627810), mouse anti-nNOS (Santa Cruz
Biotechnology Cat# sc-5302, RRID:AB_626757), followed by
incubation with goat anti-mouse secondary antibody conjugated
with Alexa Fluor 488 (Santa Cruz Biotechnology Cat# sc-362257,
RRID:AB_10989084) and goat anti-rabbit secondary antibody
conjugated with Alexa Fluor 594 (Thermo Fisher Scientific
Cat# A-11037, RRID:AB_2534095). The sections were examined
under Nikon Eclipse Ti microscope (Nikon, United States) with
excitation at 488/594 nm and emission at 520/600 nm. The
fluorescence intensity emitted was measured in different fields
with the same area and analysis parameters only in the PVAT
of the control and HC groups using ImageJ R© software (NIH,
Bethesda, MD, United States) and expressed as fold increase
(Navia-Pelaez et al., 2017).

Determination of Basal Nitric Oxide and
Hydrogen Peroxide Availability
Fluorescent probes 4-amino-5-methylamino-2′,7′-difluorescein
diacetate (DAF-2DA) and 2′,7′-dichlorodihydrofluorescein
diacetate (DCF-DA) were used to measure NO and H2O2 in situ,
respectively, in the PVAT of the control and HC groups. For

that, thoracic aortas with intact PVAT of both experimental
groups were embedded in freezing medium (Tissue-Tek, Sakura
Finetek, Torrance, CA, United States). Transversal sections
(10 µm thick) of frozen thoracic aortas were incubated with
DAF-2DA (2.5 µmol/L) or DCF-DA (2.5 µmol/L) at 37◦C,
protected from light. The images were captured on a Zeiss Axio
Imager A2 fluorescence microscope where DAF-2DA was excited
at 488/519 nm, and DCF-DA was excited at a 590/618 nm. The
fluorescence intensity emitted was measured in different fields
with the same area and analysis parameters only in the PVAT
of the control and HC groups using ImageJ R© software (NIH,
Bethesda, MD, United States) and expressed as fold increase
(Campos-Mota et al., 2017).

Statistical Analysis
Graphs and analysis were blinded performed in the GraphPad
Prism version 8 (GraphPad Software, San Diego, CA,
United States). Determinations of EC50 and Emax were
performed using the non-linear regression method of least
squares (Meddings et al., 1989). The concentration values
that produced half maximal contraction amplitude, which
was determined after log transformation of the normalized
concentration–response curves, were reported as negative
logarithm (pD2). The Emax values were considered as the
maximal amplitude response reached in the concentration-
response curves. Results were presented as standard
mean ± error (SEM). After checking adherence to the
normal distribution, statistical significance was determined
using Student’s t-test for two group’s comparison or two-way
analysis of variance (ANOVA) for multiple group comparisons
as appropriate, followed by Holm–Sidak’s post hoc test. A value
of p < 0.05 was considered statistically significant.

Materials
The drugs phenylephrine (PE), captopril, A779, PD123,319,
LY-294,002, Nω-Nitro- L-arginine methyl ester hydrochloride
(L-NAME), Nω-Nitro-L-arginine (L-NNA), 1,400 W, 7-
Nitroindazole (7-Ni), catalase and tetraethylammonium
(TEA) were purchased from Sigma-Aldrich (St. Louis, MO,
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TABLE 1 | Body weight and epididymal (EAT), retroperitoneal (RAT), and mesenteric (MAT) adipose tissues values of control and HC groups.

Groups Initial weight (g) Final weight (g) n EAT (g) RAT (g) MAT (g) n

Control 19.74 ± 0.84 25.84 ± 0.45 5 0.283 ± 0.012 0.052 ± 0.004 0.114 ± 0.010 11

HC 19.87 ± 0.38 26.67 ± 0.40 5 0.566 ± 0.031* 0.143 ± 0.009* 0.252 ± 0.018* 12

Values represent mean ± SEM. Statistical significance was determined using Student’s t-test. *p < 0.05 vs. control.

United States). DAF-2DA and DCF-DA fluorescent probes were
obtained from Invitrogen (Carlsbad, CA, United States).

RESULTS

Food Consumption, Body Weight, and
Adiposity Index
Despite no change in cumulative food intake (Figure 1A)
and body weight (Figure 1B and Table 1), mice fed HC diet
exhibited considerable increase in visceral adiposity (Figure 1C
and Table 1).

Vascular Morphology and Collagen
Evaluation
To verify whether HC diet induced an increase in the PVAT
area, morphological analysis was performed. We verified in
Figures 2A,B,D a significant increase in the area occupied by
PVAT in the HC group when compared to the control group. No
significant changes were verified in the middle layer area between
the groups (Figures 2A–C).

Figure 2E shows the normal distribution of collagen fibers
under the incidence of normal polychromatic light in the aorta
of the control group. When evaluated under the incidence
of polarized light, which allows analyzing the arrangement
of the collagen fibers, Figure 2G shows that the collagen
fibers were highly organized, exhibiting reddish color. Note
the abundance of these fibers in adventitious layer (arrow).
The same distribution and organization of the collagen fibers
were observed in the aorta of the HC group (Figures 2F,H).
Therefore, the HC diet did not induce vascular fibrosis, since
no increase in the percentage of collagen fibers in the aorta
of the HC group was found when compared to the control
group (Figure 2I).

Vascular Relaxation Induced by ACh
The endothelium-dependent vasodilation induced by ACh in
the control group was similar in the presence or absence of
PVAT (Figure 3A). The same result was found in the HC group
(Figure 3B). The overlapping curves showed that the HC diet did
not induce endothelial dysfunction when compared to the control
group (Figure 3C). The Emax and pD2 values can be visualized
in Table 2.

Vascular Contraction Induced by PE
In Figure 4A, the presence of PVAT did not alter the
vasoconstrictor response induced by PE in aortas of the control
group. However, after HC diet for 4 weeks, the presence

of PVAT significantly attenuated PE-induced vasoconstriction
(Figure 4B). The overlapping curves showed that, in the absence
of PVAT, the vasoconstriction induced by PE was similar between
both groups. Only in the presence of PVAT the contractile
response induced by PE was significantly reduced in the HC
group (Figure 4C).

Once the HC diet attenuated the vascular contraction induced
by PE only in the presence of PVAT, the next experiments were
performed in aortas with intact PVAT in order to identify the
mechanisms underlying the anticontractile effect induced by HC
diet. All the Emax and pD2 values can be visualized in Table 3.

Involvement of Renin-Angiotensin
System
As shown in Figure 5A, the anticontractile effect of PVAT
induced by HC diet was lost when aortic rings were previously
incubated with the angiotensin converting enzyme (ACE)
inhibitor, captopril. In addition, we verified the involvement
of RAS receptors in this anticontractile effect of PVAT. The
antagonism of Mas (Figure 5B) and AT2 (Figure 5C) receptors
with A779 and PD123,319, respectively, also reestablished the
contractile response induced by PE in the HC group to the level
found in the control group.

Immunolocalization of Mas and AT2
Receptors
Since the activation of Mas and AT2 receptors was associated
with the anticontractile effect of PVAT induced by HC diet, we
further investigated if Mas and AT2 receptors were expressed
in the PVAT of control and HC groups. Immunofluorescence
assays allowed to evaluate whether PVAT express the antigen of
Mas and AT2 receptors. The results demonstrated the presence
of Mas (Figures 6B,E) and AT2 (Figures 6I,L) receptors in
the PVAT of animals fed standard or HC diet. However, the
fluorescence intensity was markedly higher in the PVAT of the
HC group when compared to the control group as shown in
Figures 6G,N.

Involvement of the PI3k-Akt-NOS
Pathway and Evaluation of Basal NO
Availability
As the activation of Mas and AT2 receptors can trigger the
intracellular signaling cascade that activates PI3K-Akt pathway,
we verified whether this pathway participates in the effect
of HC diet on the control of vascular tone induced by
PVAT. The inhibition of PI3K with LY294,002 reestablished
the contractile response induced by PE in the HC group
(Figure 7A). Knowing that the activation of PI3K-Akt pathway
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FIGURE 2 | Histological analysis of thoracic aorta and PVAT of control and HC groups. Representative histological sections stained by (A,B) hematoxylin-eosin, or
picrosirius under the incidence of (E,F) normal polychromatic light or (G,H) polarized light. The areas of (C) middle layer or (D) PVAT, and (I) the percentage of
collagen fibers are represented in graphical bars with mean ± SEM. The total number of animals required to carry out the experiments in each group (n) is presented
in the dispersion points in the graphs. Statistical significance was determined using Student’s t-test. *p < 0.05 vs. control. Arrows indicate the abundance of
collagen fibers in the adventitious layer of blood vessels. Scale bars indicate (A,B) 500 µm or (E–H) 50 µm.

can lead to NOS phosphorylation, we evaluated the involvement
of NOS in the anticontractile effect of PVAT induced by HC
diet. As shown in Figure 7B, the non-selective inhibition

of NOS with L-NAME reestablished the contractile response
induced by PE in the HC group. Also, we verified in
Figures 7C–E that basal NO availability was significantly
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FIGURE 3 | Vasodilator response induced by ACh in the presence or absence of PVAT in aortas of control and HC groups. Cumulative concentration-response
curves for ACh in the presence or absence of PVAT in aortas of (A) control, (B) HC, and (C) overlapping curves of control and HC groups. Values represent
mean ± SEM. The total number of animals required to carry out the experiments in each group (n) is presented in parentheses in the graphs. Statistical significance
was determined using two-way ANOVA followed by Holm–Sidak’s post hoc test.

TABLE 2 | Emax and pD2 values of vascular relaxation induced by ACh in intact
thoracic aortas in the presence or absence of PVAT.

Groups Emax (mN) pD2 (−log EC50) n

Control 97.11 ± 3.34 7.14 ± 0.09 6

HC 100.84 ± 5.50 7.54 ± 0.16 7

Control PVAT 97.98 ± 4.13 7.28 ± 0.07 6

HC PVAT 100.17 ± 5.04 7.32 ± 0.16 8

Values represent mean ± SEM. Statistical significance was determined using two-
way ANOVA followed by Holm–Sidak’s post hoc test.

higher in the PVAT from HC group when compared to
the control group.

Contribution of the Endothelial (eNOS),
Inducible (iNOS), and Neuronal (nNOS)
Isoforms of NOS
Once the involvement of NOS was confirmed, as well as
an increase in basal levels of NO, we further investigated
which NOS isoforms would be related to the anticontractile
effect of PVAT induced by HC diet. The inhibition of eNOS
with L-NNA was not able to reverse the contractile response
induced by PE in the HC group (Figure 8A). The iNOS
inhibition with 1,400 W reestablished the Emax of contractile
response induced by PE in the HC group, but the difference
in pD2 values between both groups implies that the reversal
of contractile response was only partial (Figure 8B and
Table 3). However, the nNOS inhibition with 7Ni completely
reestablished the contractile response induced by PE in the HC
group (Figure 8C).

Immunolocalization of eNOS, iNOS, and
nNOS
To verify whether or not PVAT express the antigen of
NOS isoforms in the PVAT of control and HC groups,
immunofluorescence assays were performed and revealed the
presence of eNOS (Figures 9B,E), iNOS (Figures 9I,L), and
nNOS (Figures 9P,S) in the PVAT of animals fed standard or HC
diet. As shown in Figure 9G, the fluorescence intensity for eNOS
was similar between both groups. However, the fluorescence

intensity for iNOS (Figure 9N) and nNOS (Figure 9U) were
markedly higher in the PVAT of the HC group. These findings
were in agreement with the results found in vascular reactivity
experiments, since only iNOS and nNOS isorforms were involved
in the anticontractile effect of PVAT induced by HC diet.

Contribution of H2O2 and Potassium
Channels
Once we found that nNOS is the main isoform involved in
the anticontractile effect of PVAT induced by HC diet, and
as this isoform not only produces NO but also H2O2, we
verified the involvement of H2O2, another potent vasodilator
factor. The degradation of H2O2 with catalase reestablished the
contractile response induced by PE in HC group (Figure 10A).
As shown in Figures 10B–D, basal H2O2 availability was
significantly higher in the PVAT from HC group when compared
to the control group.

Also, to investigate if the vasodilator response induced by NO
and H2O2 in the HC group involves hyperpolarization through
the opening of potassium channels, aortic rings were previously
incubated with TEA. The non-selective blockade of potassium
channels with TEA reestablished the Emax of contractile response
induced by PE in the HC group, but the difference in pD2
values between both groups implies that the reversal of contractile
response was only partial (Figure 10E and Table 3).

DISCUSSION

Excessive consumption of high caloric density food, rich in
lipids and refined carbohydrates, is largely responsible for the
obesity epidemic associated with health complications including
cardiovascular disease and metabolic syndrome (Azevedo and
Brito, 2012; Ferreira et al., 2014). Indeed, our findings showed
that mice fed a high-refined carbohydrate diet significantly
increased visceral adiposity, despite the unchanged food intake
and body weight. Similarly, Oliveira et al. (2013) showed that
HC diet promotes rapid and sustained increase of visceral
adiposity, perceptible from 1 day of diet and maintained for
up to 12 weeks, even though the similarity in the food intake
and body weight compared to mice that received a standard
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FIGURE 4 | Contractile response induced by PE in the presence or absence of PVAT in aortas of control and HC groups. Cumulative concentration-response curves
for PE in the presence or absence of PVAT in aortas of (A) control, (B) HC, and (C) overlapping curves of control and HC groups. Values represent mean ± SEM.
The total number of animals required to carry out the experiments in each group (n) is presented in parentheses in the graphs. Statistical significance was determined
using two-way ANOVA followed by Holm–Sidak’s post hoc test. *p < 0.05 vs. control PVAT; #p < 0.05 vs. HC PVAT represent the differences in the Emax values.

TABLE 3 | Emax and pD2 values of vascular contraction induced by PE in intact
thoracic aortas in the presence or absence of PVAT, previously incubated or not
with the specified drugs.

Groups Emax (mN) pD2 (−log EC50) n

Control 3.88 ± 0.10 7.18 ± 0.06 12

HC 4.02 ± 0.22# 7.18 ± 0.12 8

Control PVAT 4.04 ± 0.11 7.00 ± 0.07 12

HC PVAT 2.86 ± 0.09* 6.94 ± 0.06 10

Control PVAT Captopril 3.68 ± 0.22 7.32 ± 0.09 7

HC PVAT Captopril 3.67 ± 0.16# 7.20 ± 0.09 5

Control PVAT A779 3.85 ± 0.17 7.52 ± 0.05* 8

HC PVAT A779 4.07 ± 0.10# 7.44 ± 0.11# 8

Control PVAT PD123,319 4.13 ± 0.11 7.42 ± 0.04* 5

HC PVAT PD123,319 4.23 ± 0.14# 7.36 ± 0.15# 5

Control PVAT LY294,002 3.84 ± 0.31 7.20 ± 0.17 6

HC PVAT LY294,002 3.91 ± 0.11# 7.23 ± 0.08 10

Control PVAT L-NAME 4.04 ± 0.06 7.66 ± 0.07* 6

HC PVAT L-NAME 4.01 ± 0.13# 7.82 ± 0.16# 11

Control PVAT L-NNA 3.82 ± 0.10 7.41 ± 0.03* 6

HC PVAT L-NNA 3.10 ± 0.09*∧ 7.13 ± 0.05∧ 6

Control PVAT 1,400 W 4.04 ± 0.13 7.54 ± 0.13* 5

HC PVAT 1,400 W 3.97 ± 0.19# 6.97 ± 0.08∧ 6

Control PVAT 7Ni 4.16 ± 0.23 7.40 ± 0.07* 7

HC PVAT 7Ni 4.19 ± 0.19# 7.26 ± 0.09# 8

Control PVAT Catalase 3.92 ± 0.09 6.95 ± 0.06 5

HC PVAT Catalase 3.86 ± 0.11# 7.02 ± 0.05 6

Control PVAT TEA 3.72 ± 0.13 7.79 ± 0.16* 12

HC PVAT TEA 3.68 ± 0.07# 7.14 ± 0.10∧ 6

Values represent mean ± SEM. Statistical significance was determined using two-
way ANOVA followed by Holm–Sidak’s post hoc test. *p < 0.05 vs. control PVAT;
#p < 0.05 vs. HC PVAT; ∧p < 0.05 vs. control PVAT L-NNA, 1,400 W or TEA.

diet (Oliveira et al., 2013). Herein, we showed that HC diet also
increased the PVAT area.

The adipose tissue is deeply related to the cardiovascular
system. The understanding of this relationship has been widely
advanced from studies involving the influence of the PVAT on
the vascular function, focusing on the identification of bioactive
molecules released under physiological and pathological

conditions (Gu and Xu, 2013). In the present study, we sought to
investigate the effect of HC diet on the control of vascular tone
induced by PVAT.

Our results showed that the known anticontractile effect of
PVAT was not observed in the vascular contraction induced
by PE in the control group. Although several studies have
demonstrated that the PVAT classically attenuates the contractile
responses under physiological conditions in different vascular
beds in both rodents and humans (Soltis and Cassis, 1991; Lohn
et al., 2002; Dubrovska et al., 2004; Gao et al., 2005, 2007),
this effect was not visualized in intact endothelium thoracic
aorta of Balb/c mice which could be a limitation of the strain
used in the present study, so comparisons to other studies
must be done with care. Recently, Nobrega et al. (2019) found
that the anticontractile effect of PVAT in thoracic aortas from
Balb/c mice was only visualized in denuded endothelium aortas
(Nobrega et al., 2019).

Interestingly, the HC diet significantly reduced the
contractile response induced by PE only in the presence of
PVAT, enhancing the anticontractile effect of PVAT once it
was not observed in the control group as expected. These
results corroborate those found in coronary arterioles of
obese humans by Fulop et al. (2007), pioneers in suggesting
that obesity may lead to the activation of adaptive vascular
mechanisms to improve blood vessels function (Fulop et al.,
2007). Moreover, our results showed that the HC diet did not
induce endothelial dysfunction, since no impairment were
found in endothelium-dependent vasodilation induced by
ACh in the presence or absence of PVAT in the HC group
when compared to the control group. However, our results
differ from most studies that showed a vasoconstriction profile
of PVAT and endothelial dysfunction during different diets-
induced obesity, enriched in lipids or fructose, culminating
in the loss of the anticontractile effect of PVAT (Ketonen
et al., 2010; Ma et al., 2010; Rebolledo et al., 2010; Gil-
Ortega et al., 2014). This might be due to the type of
diet and the longer period of dietary treatment used
in these studies.

Histological analysis showed that the attenuation of
vascular contractility in the HC group only visualized
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FIGURE 5 | Involvement of RAS in the effect of HC diet on the PVAT control of vascular tone. Cumulative concentration-response curves for PE in the presence of
PVAT in aortas of control and HC groups previously incubated or not with (A) captopril, (B) A779, or (C) PD123,319. Values represent mean ± SEM. The total
number of animals required to carry out the experiments in each group (n) is presented in parentheses in the graphs. Statistical significance was determined using
two-way ANOVA followed by Holm–Sidak’s post hoc test. *p < 0.05 vs. control PVAT; #p < 0.05 vs. HC PVAT represent the differences in the Emax and pD2 values.

FIGURE 6 | Immunofluorescence of Mas and AT2 receptors in the PVAT of control and HC groups. (A,D,H,K) Nuclear immunostaining with DAPI. Immunostaining
for (B,E) Mas or (I,L) AT2 receptors. Overlap of immunostaining for (C,F) Mas receptors and DAPI or (J,M) AT2 receptors and DAPI. Fluorescence intensity emitted
by binding the selective secondary antibody to (G) Mas (red fluorescence) or (N) AT2 (green fluorescence) receptors in the PVAT, respectively, were represented in
graphical bars with mean ± SEM. The total number of animals required to carry out the experiments in each group (n) is presented in the dispersion points in the
graphs. Statistical significance was determined using Student’s t-test. *p < 0.05 vs. control. Arrows indicate the location of the endothelial layer of blood vessels.
Scale bars indicate 50 µm.
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FIGURE 7 | Involvement of PI3k-Akt-NOS pathway in the effect of HC diet on PVAT control of vascular tone and evaluation of NO availability. Cumulative
concentration-response curves for PE in the presence of PVAT in aortas of control and HC groups previously incubated or not with (A) LY294,002 or (B) L-NAME.
Values represent mean ± SEM. The total number of animals required to carry out the experiments in each group (n) is presented in parentheses. Statistical
significance was determined using two-way ANOVA followed by Holm–Sidak’s post hoc test. *p < 0.05 vs. control PVAT; #p < 0.05 vs. HC PVAT represent the
differences in the Emax and pD2 values. Representative sections of basal NO availability in the PVAT of (C) control and (D) HC groups exposed to DAF-2DA probe.
Arrows indicate the location of the endothelial layer of blood vessels. Scale bars indicate 100 µm. (E) Quantification of NO production in the PVAT was expressed as
fluorescence intensity in graphical bars with mean ± SEM. The total number of animals required to carry out the experiments in each group (n) is presented in the
dispersion points in the graphs. Statistical significance was determined using Student’s t-test. *p < 0.05 vs. control.

FIGURE 8 | Implication of eNOS, iNOS, and nNOS in the effect of HC diet on control of vascular tone induced by PVAT. Cumulative concentration-response curves
for PE in the presence of PVAT in aortas of control and HC groups previously incubated or not with (A) L-NNA, (B) 1,400 W, or (C) 7Ni. Values represent
mean ± SEM. The total number of animals required to carry out the experiments in each group (n) is presented in parentheses in the graphs. Statistical significance
was determined using two-way ANOVA followed by Holm–Sidak’s post hoc test. *p < 0.05 vs. control PVAT; #p < 0.05 vs. HC PVAT; ∧p < 0.05 vs. control PVAT
L-NNA or 1,400 W represent the differences in the Emax and pD2 values.

in aortas with intact PVAT was not associated with
a vascular fibrosis process. Therefore, we sought
to investigate which factors could be responsible
for enhancing the anticontractile effect of PVAT
in the HC group.

The renin-angiotensin system (RAS) hyperactivity is one of
the central mechanisms of cardiovascular diseases related to
obesity (Rahmouni et al., 2005; Engeli, 2006). Several studies
have been dedicated to investigate the local RAS, especially in
the adipose tissue. Renin and all other components of the system
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FIGURE 9 | Immunofluorescence of eNOS, iNOS and nNOS in the PVAT of control and HC groups. (A,D,H,K,O,R) Nuclear immunostaining with DAPI.
Immunostaining for (B,E) eNOS, (I,L) iNOS or (P,S) nNOS. Overlap of immunostaining for (C,F) eNOS and DAPI, (J,M) iNOS and DAPI or (Q,T) nNOS and DAPI.
Fluorescence intensity emitted by binding the selective secondary antibody to (G) eNOS (red fluorescence), (N) iNOS (red fluorescence), or (U) nNOS (green
fluorescence) in the PVAT, respectively, were represented in graphical bars with mean ± SEM. The total number of animals required to carry out the experiments in
each group (n) is presented in the dispersion points in the graphs. Statistical significance was determined using Student’s t-test. *p < 0.05 vs. control. Arrows
indicate the location of the endothelial layer of blood vessels. Scale bars indicate 50 µm.

(angiotensinogen, renin-binding protein, ACE, and peptidergic
receptors), were found in adipose tissue of rodents and humans
(Engeli et al., 1999; Schling et al., 1999; Cassis, 2000).

Herein, our results showed the involvement of ACE and the
activation of Mas and AT2 receptors in the anticontractile effect
of PVAT induced by HC diet. While the majority of studies

Frontiers in Physiology | www.frontiersin.org 11 January 2021 | Volume 11 | Article 628101119

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


fphys-11-628101 January 15, 2021 Time: 13:11 # 12

Reis Costa et al. Effect of PVAT on Obesity

FIGURE 10 | Involvement of H2O2 and potassium channels in the effect of HC diet on PVAT control of vascular tone and evaluation of H2O2 availability. Cumulative
concentration-response curves for PE in the presence of PVAT in aortas of control and HC groups previously incubated or not with (A) catalase or (E) TEA. Values
represent mean ± SEM. The total number of animals required to carry out the experiments in each group (n) is presented in parentheses in the graphs. Statistical
significance was determined using two-way ANOVA followed by Holm–Sidak’s post hoc test. *p < 0.05 vs. control PVAT; #p < 0.05 vs. HC PVAT; ∧p < 0.05 vs.
control PVAT TEA represent the differences in the Emax and pD2 values. Representative sections of basal H2O2 levels in the PVAT of (B) control and (C) HC groups
exposed to DCF-DA probe. Arrows indicate the location of the endothelial layer of blood vessels. Scale bars indicate 100 µm. (D) Quantification of H2O2 production
in the PVAT was expressed as fluorescence intensity in graphical bars with mean ± SEM. The total number of animals required to carry out the experiments in each
group (n) is presented in the dispersion points in the graphs. Statistical significance was determined using Student’s t-test. *p < 0.05 vs. control.

address the effect of obesity associated with RAS hyperactivity
through the ACE/Ang II/AT1 signaling pathway (Mathai et al.,
2011), the ACE/Ang II/AT2 or ACE2/Ang 1-7/Mas/AT2 signaling
pathways may be the key to elucidate the molecular mechanisms
involved in protecting vascular homeostasis, especially during
the development of pathological conditions such as obesity
(Nguyen Dinh Cat and Touyz, 2011).

The literature has reported that activation of Mas and AT2
receptors can trigger the intracellular signaling cascade that
activates the PI3K-Akt pathway (Sampaio et al., 2007; Wu
et al., 2016). Also, in addition to the well-known activation
of NOS by the calcium-calmodulin complex, alternative
mechanisms of NOS activation have been proposed involving
NOS phosphorylation through the PI3K-Akt signaling
pathway (Fulton et al., 1999; Cunha et al., 2010). Therefore,
we sought to investigate whether the components of this
signaling pathway participated in the anticontractile effect
of PVAT induced by HC diet. Our findings demonstrated
that, besides the activation of Mas and AT2 receptors, the
PI3K and NOS activation were also involved in the effect of
HC diet on the control of vascular tone induced by PVAT,
suggesting the activation of the signaling cascade triggered

by RAS through the activation of Mas and AT2 receptors,
PI3K-Akt and NOS in the anticontractile effect of PVAT
induced by HC diet.

When we evaluated which NOS isoform was involved, our
findings showed that the inhibition of eNOS did not reverse the
effect of HC diet on the PVAT control of vascular tone. Only the
inhibition of iNOS and nNOS isoforms partially and completely
reestablished this effect, respectively. These results corroborated
with the immunofluorescence assays that showed increased
fluorescence intensity only of iNOS and nNOS isoforms in the
PVAT of the HC group.

The iNOS isoform has been implicated in the pathogenesis
of many diseases associated with inflammation, such as obesity
(Fujimoto et al., 2005; Carvalho-Filho et al., 2009; Torrisi et al.,
2016). In addition, recent studies have demonstrated that the
PI3K/Akt pathway also leads to the activation of iNOS (Wang
et al., 2015; Cianciulli et al., 2016). However, our results showed
that the iNOS was partially involved in the anticontractile effect
of PVAT induced by HC diet. The main isoform involved was the
nNOS. Benkhoff et al. (2012) showed that aortic nNOS expression
was increased in obese C57BL/6J mice fed a high-fat diet for
32 weeks (Benkhoff et al., 2012). Furthermore, the PI3K/Akt
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FIGURE 11 | Proposed mechanisms underlying the anticontractile effect of PVAT during HC diet-induced obesity. Signaling cascade triggered by RAS through
activation of Mas and AT2 receptors, PI3K, nNOS, or iNOS that lead to increased production of the vasodilator molecules NO and H2O2, and subsequently
hyperpolarization by opening potassium channels.

signaling pathway has also been shown to be involved in the
activation of nNOS (El-Mas et al., 2009; Wu et al., 2016).

The nNOS not only produces NO but also H2O2, another
potent vasodilator agent (Capettini et al., 2008). Our results
showed the involvement of H2O2 in the anticontractile effect of
PVAT induced by HC diet, with also increased basal levels of NO
and H2O2 in the PVAT of the HC group. Both NO and H2O2
can induce vasodilator response in part through the opening of
potassium channels (Barlow et al., 2000; Gao et al., 2003; Lee et al.,
2009). We found that potassium channels were partially involved
in the effect of HC diet on the control of vascular tone induced by
PVAT. These findings suggest that, at least in part, NO and H2O2
could induce the anticontractile effect of PVAT in the HC group
through the opening of potassium channels.

Our research group recently demonstrated that, under
physiological conditions, the activation of Mas and AT2 receptors
and the production of H2O2 and NO contribute to the
anticontractile effect of PVAT only visualized in denuded

endothelium aortas (Nobrega et al., 2019). In the present study,
we proposed that the HC diet induces a significant increase in the
PVAT area, which may correlates with an increased Mas and AT2
receptors and production of NO and H2O2 that enhanced the
anticontractile effect of PVAT previously not observed in intact
endothelium aortas from animals fed a standard diet (Figure 11).

In summary, our findings improve the understanding about
the early effect of PVAT on the control of vascular tone
in an obesity context. The HC diet for 4 weeks enhanced
the release of vasodilators factors from PVAT, suggesting
that this could be a compensatory adaptive characteristic in
order to preserve the vascular function during initial steps of
obesity. The mechanisms underlying the anticontractile effect
of PVAT induced by HC diet may involve the signaling
cascade triggered by RAS through the activation of Mas and
AT2 receptors, PI3K, nNOS, and iNOS that lead to increased
production of NO and H2O2, and subsequently opening of
potassium channels.
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Perivascular adipose tissue (PVAT) has recently entered in the realm of cardiovascular
diseases as a putative target for intervention. Notwithstanding its relevance, there is still
a long way before the role of PVAT in physiology and pathology is fully understood. The
general idea that PVAT anti-contractile effect is beneficial and its pro-contractile effect
is harmful is being questioned by several reports. The role of some PVAT important
products or systems such as nitric oxide (NO), reactive oxygen species (ROS), and RAS
may vary depending on the context, disease, place of production, etc., which adds
doubts on how mediators of PVAT anti- and pro-contractile effects are called to action
and their final result. This short review will address some points regarding NO, ROS, and
RAS in the beneficial and harmful roles of PVAT.

Keywords: perivascular adipose tissue, nitric oxide, vascular dysfunction, angiotensin, superoxide, sepsis

INTRODUCTION

Since the pioneering work of Soltis and Cassis (1991), perivascular adipose tissue (PVAT) has
been recognized as an active player in vascular physiology and pathology. Besides adipocytes that
are its main cellular component, PVAT also contains fibroblasts, endothelial and immune cells
(macrophages, lymphocytes, and eosinophils), extracellular matrix, and adrenergic nerves endings
(see Figure 1). Depending on the vessel type, PVAT may have white or brown adipose tissue. In
addition, the same vessel may have the two types in different segments (such as the aorta) or even a
mixture of both (renal artery, for example; Padilla et al., 2013). Although there are excellent reviews
(Ayala-Lopez and Watts, 2017; Fernandez-Alfonso et al., 2017; Saxton et al., 2019) concerning
several aspects of PVAT, some components of the vast array of PVAT products have received less
attention, namely, the renin–angiotensin system (RAS), nitric oxide (NO), and reactive oxygen
species (ROS). This short review will address findings concerning these systems in the beneficial
and harmful roles of PVAT.

PVAT AND RENIN–ANGIOTENSIN SYSTEM

Renin–angiotensin system has been described as a hormonal system involved in blood
pressure regulation and water balance. In this context, the main elements of this system are
represented by the angiotensin-converting enzyme (ACE), angiotensin II (ANG II), and AT1
and AT2 receptors (Schiavone et al., 1988; Campagnole-Santos et al., 1989). Later, it has been
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demonstrated the existence of a counterregulatory RAS axis
composed by ACE-2 (Donoghue et al., 2000; Tipnis et al.,
2000), the biologically active peptide ANG-(1–7), and Mas
receptor (Santos et al., 2003a,b, 2004; Mercure et al., 2008;
Santiago et al., 2010).

There are few studies about the function of RAS in PVAT, but
it has been shown that it contributes to vascular tone, structural
and functional alterations, as well as local inflammatory process
(Ferreira et al., 2010). RAS was first described in PVAT when
a substantial amount of angiotensinogen mRNA was found in
PVAT (Cassis et al., 1988). Later, ACE and ANG II were detected
by immunohistochemistry in mesenteric arteries PVAT (Lu et al.,
2010). Mas receptor and ANG-(1–7) have also been found in
PVAT (Lee et al., 2009; Nobrega et al., 2019). Interestingly,
although all RAS components, except renin, were expressed in
both adipose tissue types present in PVAT, the expression of
renin/prorenin receptor, angiotensinogen, and AT1 and AT2
receptor was higher in PVAT containing white adipose tissue
(Gálvez-Prieto et al., 2008).

The involvement of RAS from PVAT on vascular tone is dual.
The pro-contractile effect was observed in mesenteric arteries
stimulated by electrical field, where PVAT generated ANG II,
enhancing the contraction (Lu et al., 2010). In non-physiological
situations, such as hypoxia, PVAT from small arteries lost its
anti-contractile activity due to PVAT-mediated ANG II secretion
(Greenstein et al., 2009; Rosei et al., 2015). In the same line,
PVAT from thoracic aorta of rats subjected to myocardial
infarction-induced heart failure becomes dysfunctional due to
overactivation of RAS characterized by increased activity/levels
of ACE1, angiotensin II, and AT1 and AT2 receptors, thus
enhancing oxidative stress and, consequently, reducing NO
bioavailability (Fontes et al., 2020). On the other hand, studies
performed in large arteries and veins showed that ANG-(1–7)
is one of the PVAT-derived relaxing factors (PVDRFs). For
example, ANG-(1–7) levels released by PVAT were reduced
in hypertensive rats (SHR model) (Lu et al., 2011a). As for
the mechanisms involved in PVAT RAS anti-contractile effects,
ANG-(1–7) released by PVAT acts by Mas receptor on endothelial
cells, releasing NO and leading to relaxation of the blood vessels
(Lee et al., 2009, 2011; Lu et al., 2011b). These findings have
been expanded by showing that aorta associated PVAT displays
Mas and AT2 receptors, PI3k/Akt pathway, as well as endothelial
(eNOS; NOS-3) and neuronal (nNOS; NOS-1) NO synthase
(NOS) isoforms. The presence of these receptors and enzymes in
PVAT is responsible for NO and hydrogen peroxide production
due to NOS-3 and NOS-1 isoforms’ activation, respectively
(Nobrega et al., 2019).

Besides directly affecting vessel tonus, RAS is also involved
in PVAT inflammatory and immune actions on vessel function.
For example, PVAT releases adipokines, such as adiponectin
(Chatterjee et al., 2009) that plays a cardiovascular protection
role which is related to its anti-inflammatory (Matsuzawa, 2006)
and anti-proliferative effects (Wang et al., 2005). Treatment
of hypertensive patients with ACE inhibitor or AT1 receptor
antagonist increased adiponectin concentrations (Furuhashi
et al., 2003), suggesting that PVAT RAS may indeed have a
proinflammatory effect. Furthermore, when perivascular fat is

submitted to proinflammatory insults, such as aldosterone and
hypoxia, macrophages are activated leading to the loss of anti-
contractile activity of healthy PVAT (Greenstein et al., 2009;
Withers et al., 2011). Moreover, AT1 receptors from PVAT shift
macrophage to proinflammatory (M1) polarization and this effect
is involved in local inflammation and matrix metalloproteinase
(MMP) activation, contributing to the pathological environment,
such as for aneurysm formation (Sakaue et al., 2017).

In summary, PVAT RAS is involved in vascular tonus
maintenance in physiological and pathophysiological situations,
as well as in the inflammatory and immune aspects affecting
vessel function.

PVAT AND NO/ROS

Perivascular adipose tissue adipocytes express NOS-3, but the
enzyme is also expressed in PVAT endothelial cells (Ribiere et al.,
1996; Araujo et al., 2011; Xia et al., 2016). NOS-1 has also been
found in PVAT (Nobrega et al., 2019). The expression of PVAT
NOS-3 seems to be variable between vessels and it can vary even
in the same vessel (Victorio et al., 2016). NOS-3 from PVAT
shares several characteristics with the endothelial isoform such
as the need of dimerization for catalysis, chaperone dependency,
L-arginine concentrations, and the need of BH4 (Victorio and
Davel, 2020). NOS enzymes and in particular PVAT NOS-3
produce superoxide anion when uncoupled (Vasquez-Vivar et al.,
2003; Margaritis et al., 2013; Nobrega et al., 2019). Although
several conditions are known to reduce NOS-3 activity in PVAT
(lack of L-arginine, reduction in serine 1177 phosphorylation and
acetylation; Man et al., 2020), BH4 oxidation and its reduced
availability probably are the main cause for NOS-3 uncoupling in
endothelial cells and most likely in PVAT as well (Vasquez-Vivar
et al., 2003; Marchesi et al., 2009). Since not all NOS molecules
are uncoupled at the same time, some of them produce NO
while some produce superoxide anion. Superoxide anion and NO
can react stoichiometrically to produce peroxynitrite, a powerful
oxidant (reviewed in Beckman, 2009). Adiponectin, one of the
main PVAT products, can recouple NOS-3, improve redox state
via PI3/Akt-mediated phosphorylation of NOS-3, and increase
BH4 bioavailability (Margaritis et al., 2013).

NO produced by PVAT indeed has important physiological
and pathological effects and inhibition or increase in its
production affects vessel response (see, for example, the excellent
reviews by Zaborska et al., 2017; Daiber et al., 2019; Nava
and Llorens, 2019). NO produced in PVAT uses canonical
pathways to evoke its effect on vessels such as calcium-dependent
potassium channels (Gao et al., 2007; Lee et al., 2009) and cyclic
GMP-dependent protein kinase (PKG) (Withers et al., 2014).
PVAT adipocytes also express beta-3 adrenergic receptors and its
stimulation increases cAMP levels, activates voltage-dependent
potassium channels isoform 7 (Kv7), and induces NO release
(Bussey et al., 2018). However, PVAT also releases a transferable
relaxing factor that acts by tyrosine kinase-dependent activation
of potassium channels that are not NO (Lohn et al., 2002).

Although NOS uncoupling is an important ROS producer,
PVAT also generates ROS from other sources such as
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FIGURE 1 | Some of the main actors present in endothelial cells (EC) and perivascular adipose tissue (PVAT) that influence smooth muscle cells (SMC) in the context
of the present review. PVAT can also modulate endothelial function and influence the vascular tone. These actors are involved in the dual role of PVAT, namely, its
anti-contractile (upper curves) and pro-contractile (lower curves) effects on vessel response, both relevant in health and disease. Enzymes are in red letters, mediators
in blue, and receptors/effectors in purple. PVAT contains adipocytes, innervation (neurons) and immune cells (lymphocytes, macrophages, and eosinophils), and
vessels (not shown). NOS-3, NOS endothelial isoform; NOS-1, NOS neuronal isoform; (NOS-2), NOS inducible isoform; NOX, NADPH oxidases; sGC, soluble
guanylate cyclase; ACE, angiotensin-converting enzyme; ACE2, ACE isoform 2; NO, nitric oxide; O2-, superoxide anion; H2O2, hydrogen peroxide; ROS/RNS,
reactive oxygen and nitrogen species, respectively; RSNO, low-molecular weight and protein S-nitrosothiols; ANG-(1–7), angiotensin 1–7; ANG II, angiotensin II;
cGMP, cyclic GMP; AT1, angiotensin AT1 receptor; AT2, angiotensin AT2 receptor; Mas, Mas receptor; ß3AR, beta-3 adrenergic receptor; PKG, protein kinase G.

mitochondria and NOX (Gao et al., 2006; Nosalski and
Guzik, 2017). Mitochondrial contribution comes mainly from
electron transport chain by generating superoxide anions (Costa
et al., 2016). Whereas small amounts of ROS are important
for inter and intracellular signals for cell physiology, higher
amounts of them can be detrimental (Garcia-Redondo et al.,
2016; Krylatov et al., 2018). Notwithstanding the importance of
superoxide, its short half-life and radius of diffusion (Fridovich,
1995) make its stable metabolite hydrogen peroxide more
relevant for direct ROS effects in PVAT (Ardanaz and Pagano,
2006; Gao et al., 2007). Hydrogen peroxide can be formed by
superoxide dismutation carried out by SOD or, particularly
relevant for PVAT containing brown adipose tissue, by the
activity of NOX4 which produces hydrogen peroxide directly
(Friederich-Persson et al., 2017).

Whereas the effect and role of NO in PVAT anti-contractile
effect are relatively well established, the effects of ROS produced
by PVAT are still unsettled. For instance, it is widely accepted
that superoxide anion produced in excess may reduce NO
bioavailability, thus decreasing PVAT anti-contractile effect
(Marchesi et al., 2009). However, ROS may directly act as
mediators of PVAT anti-contractile effects (Costa et al., 2016;
Chang et al., 2020). For example, electrical field stimulation
and perivascular nerve activation enhance PVAT pro-contractile
effect due to superoxide release and MAPK/ERK activation
(Gao et al., 2006). Hydrogen peroxide in turn relaxes vessels
via potassium channel activation and/or via soluble guanylate
cyclase/PKG activation (Gao et al., 2007; Withers et al., 2014;

Friederich-Persson et al., 2017). Moreover, specific ROS can
originate opposing effects depending on its local of production.
For instance, hydrogen peroxide produced by the vessel induces
vasoconstriction in hypertension and cardiovascular disease, but
the same species exhibit vasorelaxant properties when produced
by PVAT (Ardanaz and Pagano, 2006; Gao et al., 2007).

Perivascular adipose tissue from mouse thoracic aorta
expresses Mas and AT2 receptors as well as NOS-3 and
NOS-1, being the products NO and hydrogen peroxide relevant
effectors for PVAT anti-contractile effect toward phenylephrine.
Interestingly, this PVAT anti-contractile effect is only verified
in the absence of vascular endothelium (Nobrega et al., 2019).
Since it has been suggested that PVAT has both endothelium-
dependent and -independent pathways affecting vascular tone
(Gao et al., 2007), collectively these findings raise important
questions on the relevance of endothelium to PVAT effects,
what is the role of PVAT in endothelial dysfunction and if this
interaction is the same in different species.

In summary, the role of NO and ROS (and their potential
interaction) in PVAT pathological role still needs more studies
since antioxidant approaches as therapeutic options have failed
to improve PVAT actions in cardiovascular diseases.

BENEFICIAL EFFECTS OF PVAT

In physiological situations, PVAT has a global anti-contractile
effect that can be seen in different vessels such as the aorta
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and mesentery arteries, as well as in veins. These PVAT anti-
contractile effects are thought to contribute to the vascular
tonus maintenance (Soltis and Cassis, 1991; Gao et al., 2005; Lu
et al., 2011b). However, PVAT influence on vessel tonus may
vary depending on its adipose tissue composition and/or vessel
location. For instance, in the thoracic aorta, PVAT adipose tissue
is composed by brown adipose tissue (BAT), whereas in the
abdominal aorta and mesenteric arteries, it is mostly composed
by white adipose tissue (WAT; Padilla et al., 2013; Brown et al.,
2014). This difference does not concern only to the phenotype,
but also to PVAT paracrine actions, since the influence of PVAT
on contractility of the abdominal aorta is smaller compared to
thoracic aorta. The different quantitative anti-contractile effect
is thought to be related to a lower expression of NOS-3 in the
abdominal segment (Victorio et al., 2016).

The activation of endothelial Mas receptor by ANG-(1–7)
released by PVAT has also been found to be a relevant anti-
contractile mechanism in the aorta (Lee et al., 2011). NO
acts as a key downstream effector not only for ANG-(1–7),
but it is relevant for the anti-contractile effect of PVAT-
derived adipokines as well, in both arterial and venous vascular
networks. For example, endothelium-dependent dilation induced
by adiponectin (Chen et al., 2003; Lynch et al., 2013) and leptin
(Vecchione et al., 2002; Gálvez-Prieto et al., 2012) also relies, at
least in part, on the NO production through phosphorylation and
activation of NOS-3.

Perivascular adipose tissue surrounding veins also affects their
tonus via NO and ROS production (Lu et al., 2011b). For
example, in rat-isolated vena cava, PVAT reduced the contraction
elicited by phenylephrine, serotonin, and thromboxane-A2
mimetic vasoconstrictor (U46619), indicating that PVAT anti-
contractile effect is agonist independent. Interestingly, the
contraction in vena cava is only attenuated by PVAT when in the
presence of endothelium and this effect is related to Mas receptors
activation and subsequent NO production (Lu et al., 2011b).

Besides being an important player in physiological situations,
PVAT can show beneficial actions in cardiovascular diseases, such
as atherosclerosis. For instance, PVAT displays an endothelial
protective effect in the LDLr-KO model of atherosclerosis
through the compensatory increase in PVAT NOS-3 expression
(in sharp contrast to the lack of NOS-3 expression in the
endothelium), thus leading to the recovery of acetylcholine
relaxation in the early stages of atherosclerosis development
(Baltieri et al., 2018). Another PVAT protective effect relates
to the increase in adiponectin levels leading to prevention
of plaque formation by recoupling NOS-3 and increasing
NO bioavailability, and also through macrophage autophagy
induction via suppression of Akt/FOXO3 (Margaritis et al.,
2013; Li et al., 2015). Of note, increases in adiponectin
gene expression can be induced by vascular superoxide and
by products of lipid peroxidation, thus representing a local
mechanism to control oxidative stress (Margaritis et al., 2013).
Furthermore, Mas receptor activation with the agonist AVE0991
induced anti-atherosclerotic and anti-inflammatory actions by
reducing monocyte/macrophage differentiation and recruitment
to PVAT during early stages of atherosclerosis in ApoE−/− mice
(Skiba et al., 2017).

HARMFUL EFFECTS OF PVAT

Akin to the endothelial dysfunction, PVAT dysfunction can be
an early marker of vascular disease. Experiments in aorta rings
from pre-hypertensive SHR rats have shown that the reduction
in the PVAT anti-contractile effect precedes the establishment of
hypertension (Gálvez-Prieto et al., 2008). As for the mechanisms
involved, the lack of PVAT anti-contractile response during
hypertension is caused, at least in part, by a reduction in
leptin production and impaired activation of NOS-3 (Gálvez-
Prieto et al., 2012). The anti-contractile effect of PVAT is
completely abolished in models of obesity induced by high-fat
diet (HFD) and the New Zealand genetic model (NZO), and
significantly reduced in the ob/ob genetic model (Marchesi et al.,
2009; Ketonen et al., 2010; Agabiti-Rosei et al., 2014). Animals
treated with HFD showed uncoupling of NOS-3 and decreased
availability of its substrate arginine, leading to a reduction in
NO production and increasing superoxide anion production, well
known for its pro-contractile action (Gil-Ortega et al., 2014; Xia
et al., 2016). In addition to NO and ROS, other local changes
are known to shift the PVAT effect in obesity, including changes
in the size and mass of the adipocytes, changes in the secretory
profile of the PVAT adipose tissue, and the reduction in density
and formation of capillaries, providing a hypoxic environment
(Marchesi et al., 2009). Hypoxia, in turn, increases the production
and release of proinflammatory cytokines, chemokines (MIP-1α

and MCP-1), and leptin, inducing the infiltration of immune cells
and decreasing local adiponectin production with consequent
downregulation of NOS-3, thus favoring endothelial dysfunction
(Chatterjee et al., 2009; Greenstein et al., 2009; Ketonen et al.,
2010). As stated above, immune cells, such as macrophages, have
an important influence on PVAT dysfunction, as they induce
NOX and NOS-2 (iNOS; inducible isoform) activity, resulting
in an increased production of superoxide anion and other ROS,
such as peroxynitrite. The local increase of NOX goes along with
the increased expression of its p67phox subunit in the PVAT of
obese animals (Ketonen et al., 2010; DeVallance et al., 2018). This
communication between hypoxia-inflammation-oxidative stress
leads to proinflammatory cytokine and adipokine production,
such as leptin, TNF-α, and IL-6 and the negative regulation
of anti-inflammatory mediators, such as adiponectin and IL-10,
thus aggravating endothelial dysfunction, resulting in the loss
or attenuation of the anti-contractile action of PVAT in obesity
(Xia and Li, 2017).

In addition to hypertension and obesity, a shift in PVAT
genes and proteins content/expression associated with
oxidative damage and inflammation in experimental models
of atherosclerosis has been observed. This local inflammatory
profile includes increases in MCP-1, IL-6, and angiopoietin-like
protein 2 (Angptl2), supporting immune cell migration and
accelerating neointima hyperplasia (Viedt et al., 2002; Tian et al.,
2013; Manka et al., 2014; Quesada et al., 2018). Moreover, both
components of RAS and macrophage markers were upregulated
in PVAT in ApoE−/− mice fed with a high-cholesterol diet.
PVAT transplantation from these animals into ApoE−/−
recipient mice fed a normal chow diet induced an increase
in atherosclerosis development. This effect was significantly
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reduced by blocking ANG II receptors or by transplanting PVAT
from mice lacking AT1 receptors, pointing to a RAS-dependent
mechanism of PVAT inflammation during atherosclerosis
(Irie et al., 2015).

A hitherto unknown involvement of PVAT in vascular
dysfunction of septic shock has been recently addressed. Sepsis
vascular dysfunction is characterized by the loss of response
to vasoconstrictors and profound hypotension. Paradoxically, in
this pathological condition, the anti-contractile effect of PVAT
is increased. Ex vivo experiments using aorta rings with intact
PVAT showed a worsening in the response to norepinephrine,
phenylephrine, and serotonin (Awata et al., 2019; Barp et al.,
2020). The increased PVAT anti-contractile effect in sepsis could
be entirely attributed to PVAT, since PVAT was taken from septic
aorta and mesenteric artery and then incubated with healthy
vessel rings stripped of their own PVAT reduced norepinephrine
effects (Barp et al., 2020). The mechanisms seem to be dependent

on the PVAT location/phenotype. In septic thoracic aorta PVAT
(brown adipose tissue phenotype), the mechanism is related
to an increase in beta-3 adrenergic receptor (known to induce
adiponectin and to increase NO production) density and also
in NOS-1 expression, leading to an increase in NO production
which acts through soluble guanylate cyclase and S-nitrosylation
(Awata et al., 2019; Barp et al., 2020). However, in superior
mesentery (white adipose tissue phenotype), ROS production
probably from mitochondrial dysfunction seems to be the main
mechanism of vascular dysfunction in this vessel type during
sepsis progression (Barp et al., 2020). These reports shed light
on the fact that even the accepted beneficial anti-contractile
effect of PVAT may turn against the host, evidencing that PVAT
contribution to vascular (dys)function is far more complicated.

The communication between the PVAT and the underlying
vasculature occurs bidirectionally, and both NO/ROS and RAS
systems contribute to vascular homeostasis and to different

TABLE 1 | Type of vessel containing PVAT, observed effect, type of stimulus, source of vessels and/or PVAT, and condition or model in which the study was conducted.

References Vessel(s) Effect Stimulus Species Condition/model

Agabiti-Rosei et al., 2014 MA AC NE Mouse Obesity

Awata et al., 2019 TA AC Phe; 5-HT Rat Sepsis

Baltieri et al., 2018 TA AC ACh; insulin Mouse Hypercholesterolemia

Barp et al., 2020 TA; MA AC NE Rat Sepsis

Bussey et al., 2018 MA AC NE Rat Physiological

Costa et al., 2016 TA AC Phe Rat Physiological

DeVallance et al., 2018 TA PC ACh; Phe Rat Metabolic syndrome

Fontes et al., 2020 TA PC Phe Rat Heart failure

Friederich-Persson et al., 2017 MA AC NE Mouse Physiological

Gálvez-Prieto et al., 2012 Aorta AC AII Rat Hypertension

Gao et al., 2005 TA AC U4; Phe Human Coronary artery disease

Gao et al., 2006 MA PC EFS Rat Physiological

Gao et al., 2007 Aorta AC Phe; 5-HT Rat Physiological

Gil-Ortega et al., 2014 MA AC NE Mouse Obesity

Greenstein et al., 2009 Sm. arteries AC NE Human Obesity

Greenstein et al., 2009 MA AC NE Rat Obesity

Ketonen et al., 2010 Abd. Aorta PC Phe Mouse Obesity

Lee et al., 2009 Aorta AC Phe Rat Physiological

Lee et al., 2011 TA AC Phe Mouse Physiological

Lohn et al., 2002 Aorta AC Phe; AII; 5-HT Rat Physiological

Lu et al., 2010 MA PC EFS; AII Rat Physiological

Lu et al., 2011a Aorta AC Phe Rat Hypertension

Lu et al., 2011b IVC AC Phe; U4; 5-HT Rat Physiological

Lynch et al., 2013 MA AC NE Mouse Physiological

Marchesi et al., 2009 MA AC NE Mouse Metabolic syndrome

Margaritis et al., 2013 SV; IMA AC ACh; SNP Human Coronary artery disease

Nobrega et al., 2019 TA AC Phe Mouse Physiological

Rosei et al., 2015 MA AC NE Rat Hypoxia

Soltis and Cassis, 1991 TA AC NE Rat Physiological

Victorio et al., 2016 TA AC Phe Rat Physiological

Withers et al., 2011 MA AC NE Mouse Inflammation

Withers et al., 2014 MA AC Phe Mouse Physiological/hypoxia

MA, mesenteric artery; TA, thoracic aorta or thoracic arteries, in human case; Sm. Arteries, small arteries; Abd. Aorta, abdominal aorta; IVC, inferior vena cava; SV,
saphenous vein; IMA, internal mammary artery; AC, anti-contractile; PC, pro-contractile; NE, norepinephrine; Phe, phenylephrine; 5-HT, serotonin; Ach, acetylcholine; AII,
angiotensin II; EFS, electrical field stimulation; SNP, sodium nitroprusside; U4, U46619.
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cardiovascular diseases. However, confirmation of PVAT as a
potential target to improve vascular function still demands
more studies to understand the mechanisms involved and then
enabling new therapeutic approaches.

DISCUSSION

During last decades, important knowledge about the structure
and function of PVAT in cardiovascular maintenance and disease
was achieved but there are still many unanswered points such as:

(a) What are the most relevant mechanisms of crosstalk
between PVAT and the endothelium?

(b) What are and where are the sensor mechanisms that trigger
PVAT anti-contractile and pro-contractile effects?

(c) What is the contribution of NO, ROS, and RAS to the
divergent roles of PVAT (e.g., pro- and anti-contractile)?

The real beneficial and harmful effects of PVAT in the
vascular systems are far from being fully comprehended. A short
compilation (Table 1) taken only from works cited here clearly
shows that the variety of protocols, vessel types, stimulus, and
species make difficult to see a clear pattern of PVAT influences

in vascular physiology and pathology. In particular, the “dual”
role of PVAT cannot be simply ascribed to its anti- and pro-
contractile effects as each of these effects can be called upon
in both physiological and pathological situations. However, and
notwithstanding the lack of several crucial information on the
mechanisms, PVAT is a putative target for the treatment of
cardiovascular diseases.
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Arterial stiffness, frequently associated with hypertension, is associated with
disorganization of the vascular wall and has been recognized as an independent
predictor of all-cause mortality. The identification of the molecular mechanisms involved
in aortic stiffness would be an emerging target for hypertension therapeutic intervention.
This study evaluated the effects of perindopril on pulse wave velocity (PWV) and
on the differentially expressed proteins in aorta of spontaneously hypertensive rats
(SHR), using a proteomic approach. SHR and Wistar rats were treated with perindopril
(SHRP) or water (SHRc and Wistar rats) for 8 weeks. At the end, SHRC presented
higher systolic blood pressure (SBP, +70%) and PWV (+31%) compared with Wistar
rats. SHRP had higher values of nitrite concentration and lower PWV compared with
SHRC. From 21 upregulated proteins in the aortic wall from SHRC, most of them
were involved with the actin cytoskeleton organization, like Tropomyosin and Cofilin-
1. After perindopril treatment, there was an upregulation of the GDP dissociation
inhibitors (GDIs), which normally inhibits the RhoA/Rho-kinase/cofilin-1 pathway and
may contribute to decreased arterial stiffening. In conclusion, the results of the present
study revealed that treatment with perindopril reduced SBP and PWV in SHR. In
addition, the proteomic analysis in aorta suggested, for the first time, that the RhoA/Rho-
kinase/Cofilin-1 pathway may be inhibited by perindopril-induced upregulation of GDIs
or increases in NO bioavailability in SHR. Therefore, we may propose that activation of
GDIs or inhibition of RhoA/Rho-kinase pathway could be a possible strategy to treat
arterial stiffness.

Keywords: pulse wave velocity, proteomic analysis, ACE inhibitor, hypertension, aorta artery

Abbreviations: Ang II, angiotensin II; BP, blood pressure; DHPR, dihydropteridine reductase; ECM, extracellular matrix;
GDI, GDP dissociation inhibitor protein; GAPs, GTPase-activating proteins; GEFs, guanine nucleotide exchange factors;
LIMK, LIM kinase; MMP, metalloproteinase; MLC, myosin light chain; MLCK, myosin light-chain kinase; MLC-P, myosin
light-chain phosphorylation; MLCP, myosin light-chain phosphatase; MYPT1, myosin targeting subunit; NO, nitric oxide;
NO2

−, nitrite; PWV, pulse wave velocity; ROS, reactive oxygen species; RAS, renin–angiotensin system; SHR, spontaneously
hypertensive rats; SBP, systolic blood pressure; BH4, tetra-hydrobiopterin; TT, transit time; VSMCs, vascular smooth
muscle cells.
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INTRODUCTION

Arterial stiffness has been recognized as an independent predictor
of all-cause mortality, not only in population with diseases
like hypertension, diabetes, and renal disease (Hamilton et al.,
2007; Sakuragi and Abhayaratna, 2010; Vlachopoulos et al.,
2010), but also in overall population (Mitchell, 2014; Nilsson
Wadstrom et al., 2019; Scuteri et al., 2020). It is well established
that hypertension, associated or not with aging, leads to
increased arterial stiffness (Morgan et al., 2014; Phillips et al.,
2015; Lindesay et al., 2016, 2018; Lacolley et al., 2017; Rode
et al., 2020), assessed by pulse wave velocity (PWV), even
though some authors have shown that the development of
arterial stiffness may be prior to hypertension (Celik et al.,
2006; Kaess et al., 2012), which may cause increases in
afterload and left ventricular remodeling (Zieman et al., 2005;
Ohyama et al., 2016).

Assessment of PWV has been performed in humans
using ultrasound, Doppler, magnetic resonance imaging, and
applanation tonometry techniques (Mitchell et al., 2010; Phillips
et al., 2015; Ohyama et al., 2016; Obeid et al., 2017a,b;
Nilsson Wadstrom et al., 2019; Rode et al., 2020; Scuteri
et al., 2020); although human studies precisely determine the
compliance and arterial stiffness via the dynamic properties of
the arterial wall, they are limited in advancing our knowledge
on conditioning mechanisms. The possibility of having an
experimental model with the measurement of both blood
pressure (BP) and PWV, simultaneously with direct access to the
arteries for gene, protein, histological studies, and other assays,
represents an important advancement for better understanding
the mechanisms involved in arterial stiffness changes. In this
regard, our group recently standardized a new non-invasive
device for assessment of arterial stiffness in rats (Fabricio
et al., 2020) and showed that it is able to detect changes in
arterial stiffness that are conditioned by age- and pressure-related
arterial remodeling.

Aortic stiffening is associated with either a remodeling
or disorganization of the vascular wall, which derives from
an increased collagenous material, fibrotic components, the
presence of elastin fiber fracture, arterial elasticity, or vascular
smooth muscle cell (VSMC) hypertrophy (Morgan et al., 2014;
Lindesay et al., 2016, 2018; Fabricio et al., 2020; Steppan
et al., 2020). Among several causes of aortic stiffness, the
central role of the renin–angiotensin system (RAS) is well
known, and therefore, some studies have shown the effects
of RAS inhibition on arterial stiffness (Marque et al., 2002;
Gonzalez et al., 2018) and, consequently, on BP, but the exact
molecular mechanisms induced by RAS on aortic stiffness are not
completely understood.

Since either hypertension may induce arterial stiffness or
arterial stiffness may induce hypertension, understanding the
mechanisms involved in aortic stiffness would be an emerging
target for therapeutic intervention to prevent and/or treat
hypertension. Thus, the aim of this study was to evaluate the
effects of perindopril treatment on PWV and to identify the
differentially expressed proteins in the aorta of spontaneously
hypertensive rats (SHR), using a proteomic approach.

MATERIALS AND METHODS

Twenty-two SHR (250–300 g, 3 months) and ten Wistar rats
(similar age) were obtained from the Animal Facility of Institute
of Biomedical Sciences, University of São Paulo, (USP) and
São Paulo State University (UNESP), campus of Botucatu, SP,
Brazil, respectively. All rats were housed at the animal facility
maintenance at School of Sciences, São Paulo State University—
UNESP, campus of Bauru. All rats received water and food
(Biobase, Águas Frias, SC, Brazil) ad libitum and were maintained
in a dark–light cycle (12–12 h) in a controlled temperature
room (22 ± 2◦C). All methods used were approved by the
Committee for Ethical Use of Animals at School of Sciences,
UNESP (#778/2017 vol. 1).

Pharmacological Protocol
The animals were separated into three groups with similar body
weight (BW) and randomly assigned to undergo an experimental
protocol through 8 weeks: SHRc (n = 12): SHR treated daily with
tap water; SHRP (n = 10): SHR treated daily with perindopril; and
Wistar (n = 10): Wistar rats treated daily with tap water.

During the experimental protocol, rats were treated daily
with perindopril, an angiotensin II-converting enzyme inhibitor
(Conversyl R©, 3 mg/kg of BW), or tap water, via gavage, at 9 a.m.
for 8 weeks. This dose was chosen based on previous publication
(Yazawa et al., 2011). In order to test the effectiveness of the
pharmacological treatment, a bolus of Angiotensin I was infused
after treatment period (100 µl, at dose of 1 µg/µl, i.v.) in two
treated and two control rats and AP response was evaluated.

Functional and Biochemical Analyses
Pulse Wave Velocity
After 60 days of pharmacological treatment, the assessment
of PWV was performed as previously published (Fabricio
et al., 2020). In summary, each rat was anesthetized with
xylazine hydrochloride (Anasedan R©, 10 mg/kg) and ketamine
hydrochloride (Dopalen R©, 50 mg/kg), and two pOpet R© probes
(Axelife SAS, Saint Nicolas de Redon, France) were positioned on
the right forelimb (close to elbow) and hindlimb (close to knee).
After stabilization of the signal (in a quiet room), the transit
time (TT, ms) was recorded for 10 s and registered by pOpet
1.0 software. Taking together the travelled distance (D, cm),
estimated by the distance between the two probes, and TT, the
PWV was calculated using the following formula:

PWV (m/s) = D (m) /TT (s)

For PWV analysis, 10 measurements of each rat were done and
the average was calculated.

Blood Pressure Measurements
Systolic blood pressure (SBP) was measured every other
week during the experimental protocol using a tail-cuff
plethysmography system (PanLab LE5001, Barcelona, Spain).
Before the experimental protocol, each rat was subjected to an
adaptation period in the restraint cage (5 days before). For the
measurement, each rat was allocated into the restraint cage, which
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was preheated at 37◦C. Keeping the rat into the restraint cage,
a cuff was positioned around the tail of the rat (outside of the
cage), just before the transducer, which detected tail arterial
pulse. Systolic BP (through tail-cuff technique) was determined
when the first pulse was detected during the deflating process.
Rat’s tail BP was considered as the mean of five measurements
(Amaral et al., 2000).

At the end, 24 h after PWV assessment, all rats were
anesthetized with xylazine hydrochloride (Anasedan R©, 10 mg/ml)
and ketamine hydrochloride (Dopalen R©, 50 mg/kg) from Ceva
Sante Animale, Paulínea, SP, Brazil, and the carotid artery was
catheterized, as previously published (Amaral et al., 2000). After
24-h recovery, pulsatile pressure of each awake animal was
continuously recorded for at least 1 h, in a quiet room, using
a pressure transducer (DPT100, Utah Medical Products Inc.,
Midvale, UT, United States) connected to the artery cannula,
which sent the signal to an amplifier (Quad Bridge Amp,
ADInstruments, NSW, Australia) and then to an acquisition
board (Powerlab 4/35, ADInstruments, NSW, Australia), as
previously published (Duchatsch et al., 2018). SBP was derived
from pulsatile BP recordings, using a computer software
(Labchart pro v7.1, ADInstruments, NSW, Australia).

Nitrite Concentration
After the functional parameter measurements, all rats were
deeply anesthetized by an overload of xylazine hydrochloride and
ketamine hydrochloride (Anasedan R©, 20 mg/kg and Dopalen R©,
160 mg/kg, i.v., respectively, Ceva Sante Animale, Paulínea,
SP, Brazil) and euthanized by decapitation. Blood samples
were collected in heparinized vacutainers immediately after the
euthanasia and centrifuged at 4,000 rpm for 5 min for analysis
of nitrite concentration as previously published (Jacomini
et al., 2017). In summary, proteins were quantified using
automated biochemistry equipment (model A-15, Biosystems
S/A, Barcelona, Spain) to normalize the calculation of nitrite
concentration. Nitrites (NO2

−), metabolites of NO, were
determined in plasma using Griess reagent in which a
chromophore with a strong absorbance at 540 nm is formed
by the reaction of nitrite with a mixture of naphthyl
ethylenediamine (0.1%) and sulfanilamide (1%). Samples were
analyzed in duplicate, and plasma results are expressed as
nmol/mg of protein.

Proteomic Analysis
Protein Extraction
After euthanasia, the thoracic aorta was excised, cleaned, and
homogenized in liquid nitrogen to prevent protein degradation.
For the extraction, a total of 50 mg of tissue was homogenized
in 500 µl of lysis buffer (7 M urea, 2 M thiourea, and 40 mM
dithiothreitol (DTT), all diluted in 50 mM of AMBIC solution)
for 2 h in the refrigerator, shaking all the time and, at the
end, centrifuged at 20,817 g for 30 min at 4◦C, followed by the
collection of the supernatant. Total protein was quantified using
the Quick StartTM Bradford Protein Assay kit (Bio-Rad, Hercules,
CA, United States), in duplicate, as described in the literature
(Bradford, 1976).

Proteomic Analysis of the Aorta
The proteomic analysis was performed as previously described
(Dionizio et al., 2018, 2020). A pool sample of aorta from two rats
was performed and the proteomic analysis was done in biological
triplicates. They were subdivided into 50-µl aliquots containing
50 µg of proteins (1 µg/µl) and 25 µl of a 0.2% RapiGest SF
solution (Waters, Milford Massachusetts, United States) was then
added, followed by agitation and 10 µl of 50 mM AMBIC was
added. The samples were incubated at 37◦C for 30 min. After
this period, samples were reduced using 2.5 µl of 100 mM DTT
(Merck KGaA, Darmstadt, Germany), incubated at 37◦C for
60 min, alkylated with 2.5 µl of 300 mM iodoacetamide (IAA,
Sigma-Aldrich, Darmstadt, Germany), agitated, and incubated
in the dark at room temperature for 30 min. The samples
were digested with the addition of 100 ng of trypsin solution
(Thermo Scientific, Santa Clara, United States) in 50 mM AMBIC
at 37◦C overnight. After digestion, 10 µl of 5% trifluoroacetic
acid (TFA) was added, agitated, and incubated at 37◦C for
90 min. Subsequently, samples were centrifuged at 20,817 g
at 6◦C, for 30 min. The supernatants were purified and
desalinated using a Pierce C18 Spin column (Thermo Scientific,
Santa Clara, United States). The supernatant was resuspended
in 108 µl 3% acetonitrile, 0.1% formic acid, and 12 µl of
standard enolase. Peptide identification was performed on a
nanoAcquity UPLC-Xevo QTof MS system (Waters, Manchester,
United Kingdom) as previously described (Lima Leite et al.,
2014). Protein identification was obtained using ProteinLynx
Global Server (PLGS) version 3.0, using the ion-counting
algorithm incorporated into the software. The data obtained
were searched in the database of the species Rattus norvegicus
(UniProtKB/Swiss-Prot). The protein profile was obtained using
the CYTOSCAPE R© software v.3.7.0 (Java R© 1.8.0_162) and the
plugins ClusterMarker and ClueGO. All proteins identified by
the mass spectrometer were inserted into the software, using
their access number, and can also be seen in the UniProt
database, free of charge and available on the virtual platform
(UniProt Consortium, 2019).

After confirming the proteins in the UniProt accession
database, the first network was created. Then, it was necessary
to make a filter with the taxonomy used in this study (Rattus
norvegicus; 10,116). Within this classification, proteins were
separated with a ratio value greater than one for those found to
be upregulated, or a ratio less than one for those downregulated.
Different numbers were assigned to identify the proteins specific
to each group in the comparison.

Then, in CYTOSCAPE R© itself, it was necessary to select other
subclassifications from the list to form networks with greater
specificity and the possible protein comparisons that interacted
with those identified by the mass spectrometer. CYTOSCAPE R©

also has other interesting features such as plug-ins Clustermarker
and ClueGo R©, which allowed us to classify the proteins identified
by the mass spectrometer according to their characteristics:
biological process, relationship with the cellular component,
immune system process, molecular function, KEGG (pathways
involving genes and genome), REACTOME (biological pathways
in humans), and WikiPathways (general biological pathways).
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The proteins were analyzed and aggregated by the term that
had the most meaning to describe them. In this way, genes,
proteins, and mRNA can be connected and integrated within
a subnetwork created by Cytoscape R© software of the plug-in
ClusterMark R©, which allows us to seek interrelationships to better
investigate and to provide new potential associations, which can
be created using the layout offered through ClueGo R©.

Statistical Analysis
All values are presented as mean ± standard error of the
mean (SEM). For the samples with normal distribution, one-
way analysis of variance (ANOVA) was used. Appropriate
adjustments were made by Sigma Stat software for abnormal
distribution samples. Two-way RM ANOVA was used for the
longitudinal data of SBP. Pearson test was used for the correlation
between functional and biochemical parameters. Tukey or
Bonferroni post hoc tests were used when necessary. For the
proteomic analysis, the comparison between groups was obtained
using the PLGS software, employing Monte Carlo algorithm,
considering p < 0.05 for the downregulated proteins and 1 –
p > 0.95 for the upregulated proteins.

RESULTS

Functional and Biochemical Analyses
At the beginning of the protocol, all groups presented similar
BW. At the end of the experimental protocol, SHR groups,
regardless of perindopril treatment, presented lower values of BW

(415± 11; 305± 9, and 313± 16 g, for Wistar, SHRC, and SHRP,
respectively, p < 0.0001).

We performed a tail-cuff pressure measurement at the
beginning and during the experimental protocol to observe a
time-course change of pressure during the protocol (Figure 1A).
As shown, when perindopril started to be administered, both
SHR groups presented higher SBP (tail-cuff) compared with
Wistar rats (187 ± 7, 180 ± 8, and 137 ± 3 mmHg for
SHRC, SHRP, and Wistar, respectively). From week 4 up to
week 8, SHRP presented lower SBP compared with SHRC
(p < 0.001). Perindopril treatment reduced the SBP of SHR up to
160 ± 4 mmHg (p = 0.02, vs beginning) while SHRC maintained
its higher values (213 ± 4 mmHg). During all 8 weeks, SBP
of both groups of SHR was higher than that of Wistar rats.
Figure 1B shows the values of direct BP measurement at the
end of the experimental protocol. SHRC presented higher values
of SBP compared with Wistar rats (+70%) and treated SHR
presented lower values of SBP compared with SHRC (121 ± 10,
206 ± 10, and 131 ± 6 mmHg for Wistar, SHRC, and SHRP,
respectively, p < 0.05).

Pulse wave velocity of the SHRC group was higher than that of
the Wistar group (+32%), and perindopril treatment attenuated
this increase (5.0 ± 0.2, 6.5 ± 0.5, and 4.4 ± 0.3 m/s for
Wistar, SHRC, and SHRP, respectively, p < 0.05), as shown in
Figure 1C. Note that the PWV value of SHRP was similar to
that of the Wistar group. Pearson correlation test revealed a
positive correlation between PWV and SBP (r = 0.410, p = 0.037),
considering all groups of rats.

Figure 1D illustrates that perindopril treatment induced
an increase on plasma nitrite concentration in SHR, since

FIGURE 1 | (A) Values of systolic blood pressure (SBP, mmHg, and tail-cuff technique) measured every other week in all groups: Wistar (n = 10), SHRC (SHRC,
n = 7), and SHRP (SHRP, n = 5). (B) Values of systolic blood pressure (SBP, mmHg, and direct technique) measured at the end of the experimental protocol in all
groups: Wistar (n = 8), SHRC (SHRC, n = 11), and SHRP (SHRP, n = 8). (C) Values of pulse wave velocity (PWV, m/s) measured at the end of the experimental
protocol in all groups: Wistar (n = 8), SHRC (SHRC, n = 12), and SHRP (SHRP, n = 10). (D) Values of plasma nitrite concentration (nmol/mg) in all groups: Wistar
(n = 8), SHRC (SHRC, n = 12), and SHRP (SHRP, n = 10). Significance: # vs Wistar and * vs control, p < 0.05.
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SHRP presented higher values of plasma nitrite compared with
SHRC and Wistar groups (p ≤ 0.007). In addition, Pearson
correlation test found a negative correlation between plasma
nitrite concentration and PWV (r =−0.511, p = 0.034).

Proteomic Analysis
As for the comparisons between the SHRC × WISTAR groups,
a total of 228 proteins were identified (Supplementary Table 1).
From that, 86 proteins were uniquely identified in each group,
26 of which were related to the SHRC group and 60 were related
to the Wistar group. We obtained 142 of them with difference in
expression, but only 42 reached significant statistical differences
(Supplementary Table 1). Among them, 21 were upregulated and
21 downregulated in the first group of the comparison.

For the comparisons between SHRP × SHRC, a total of
260 proteins were identified (Supplementary Table 2). Among
them, a total of 122 were uniquely identified, 101 for SHRP
and 21 for SHRC. From the total of identified proteins, 138
showed differences in expression, but only 75 reached significant
statistical difference (Supplementary Table 2). Among them, 73
were upregulated and two were downregulated as an effect of
perindopril treatment.

The functional classification according to the cellular
component is illustrated in Figure 2, for the SHRC × WISTAR
comparisons, and in Figure 3, for SHRP × SHRC comparisons.
As shown in Figure 2, 30 components were changed by
hypertension. Among them, the six most modified were
Supramolecular Fiber (29%), Intermediate Filament (7.65%),
Collagen-Containing Extracellular Matrix (7.14%), Actin
Filament (7.14%), Actomyosin (6%), and I Band (5%).

Figure 3 shows that perindopril treatment determined
more changes in the cellular component, that is, 38 types
of components. Among them, the six most affected were
Supramolecular Fiber (22%), Membrane Raft (9%), Contractile
Fiber (8%), Mitochondrial Matrix (8%), Actomyosin (5%), and
Stress Fiber (4%).

Figure 4 shows the comparison network SHRC × Wistar
and Figure 5 shows the comparison between SHRP × SHRC.
These comparisons demonstrate changes in proteins during
the process of hypertension and treatment with perindopril,
respectively. Looking at the networks, each color represents
a type of regulation: dark green denotes proteins belonging
to the first group of the comparison only, red indicates
those belonging to the second group of the comparison
only, light pink represents downregulated proteins, light

FIGURE 2 | The protein distributions identified with the expression in the SHRC × WISTAR comparison group. The categories are presented and based on the gene
ontology according to the cellular component in which they participate, provided by the Cytoscape R© software v.3.7.0. Only significant terms were used, and the
distribution was made according to the percentage of genes associated by category. The protein access numbers were made available by UNIPROT, while the gene
ontology was analyzed by the Cytoscape R© software of the plug-in Cluego (Bindea et al., 2013).
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FIGURE 3 | The protein distributions identified with the expression in the SHRP × SHRC comparison group. The categories are presented and based on the gene
ontology according to the cellular component in which they participate, provided by the Cytoscape R© software v.3.7.0. Only significant terms were used, and the
distribution was made according to the percentage of genes associated by category. The protein access numbers were made available by UNIPROT, while the gene
ontology was analyzed by the Cytoscape R© software of the plug-in Cluego (Bindea et al., 2013).

green denotes upregulated proteins, and gray represents the
interacting proteins.

For the first comparison, between SHRc and Wistar, the
network illustrated in Figure 4A shows a Parkinson disease
protein 7 homolog (O88767), which was shown to belong to
SHRC interacting with several other proteins, but especially
with an upregulated protein in the SHRc groups called Cofilin-
1 (P45592), which in turn interacts with Sodium/potassium-
transporting ATPase subunit alpha-1 (P06685), 14-3-3 protein
zeta/delta (P63102), and Src substrate cortactin (Q66HL2).
Similarly, Figure 4B shows that Rab GDP dissociation inhibitor
alpha (P50398), which is upregulated in SHRC × Wistar,
is interacting with three other upregulated proteins, Malato
dehydrogenase (O88989), Ubiquitin (P62982), and Tropomyosin
(O63610), through the interaction protein Polyubiquitin-C
(Q63429). Also, Rab GDP dissociation inhibitor alpha (P50398)
is interacting with Ras-related protein Rab-10 (P35281) and
Ras-related protein Rab-3A (P63012). In addition, Figure 4C
illustrates another network with several modulated proteins
in the aorta artery, within the SHRc × Wistar comparisons.

It is possible to observe in this network that there were
three main interaction proteins, Mitogen-activated protein kinase
3 (P21708), solute carrier muscle family-2 glucose transporter
(P19357), and UV excision Rad23 homolog (Q4KMA2), that
interacted with several proteins up- or downregulated in the
aorta sample, after SHRc ×Wistar comparisons, like long-chain
specific acyl-CoA dehydrogenase-mitochondrial (P15650), heat
shock protein beta-1 (P42930), 40S ribosomal protein AS (P38983),
and Desmin (P48675).

Figure 5 illustrates the networks after perindopril treatment
that is between SHRP × SHRC groups. The first network
(Figure 5A) reveals that the upregulated protein Heat shock
protein beta-1 (P42930) interacts also with an upregulated
protein, Desmin (P48675). This network also shows that long-
chain specific acyl-CoA dehydrogenase, mitochondrial (P15650)
interacts with several other upregulated proteins through the
heterogeneous nuclear ribonucleoprotein K (P61980). On the
other hand, Figure 5B illustrates that Actin, cytoplasmic 1
(P60711), which was upregulated after perindopril treatment,
interacts with several other proteins, but none of them were

Frontiers in Physiology | www.frontiersin.org 6 February 2021 | Volume 12 | Article 624515138

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


fphys-12-624515 February 5, 2021 Time: 12:56 # 7

Miotto et al. Perindopril-Induced Proteins and Arterial Stiffness

FIGURE 4 | Proteins identified in the aorta of the SHRC × Wistar group. The subnetworks created to demonstrate the interactions carried out by Cytoscape R©

software of the plug-in ClusterMark. The color indicates the differential expression of the respective named protein with its access code; dark green denotes proteins
belonging to the first group of the comparison, red indicates those belonging to the second group of the comparison, light pink represents downregulated proteins,
light green denotes upregulated proteins, and gray indicates the interacting proteins. In (A), light green denotes upregulated protein cofilin-1 (P45592), dark green
indicates protein Parkinson disease protein 7 homolog (O88767), and gray represents the interacting proteins Sodium/potassium-transporting ATPase subunit
alpha-1 (P06685), 14-3-3 protein zeta/delta (P63102), Src substrate cortactin (Q66HL2), 40S ribosomal protein S6 (P62755), 40S ribosomal protein S3 (P62909),
Prohibitin (P67779), Heterogeneous nuclear ribonucleoprotein A1 (P04256), Septin-11 (B3GNI6), Tyrosine–tRNA ligase cytoplasmic (Q4KM49), 28 kDa heat- and
acid-stable phosphoprotein (Q62785), Transcription elongation factor A protein 1 (Q4KLL0), Cytochrome c somatic (P62898), and Rho GDP-dissociation inhibitor 1
(Q5XI73). In (B), light green indicates upregulated protein Rab GDP dissociation inhibitor alpha (P50398) interacting with two gray proteins Ras-related protein
Rab-10 (P35281) and Ras-related protein Rab-3a (P63012); the other gray protein, Polyubiquitin-C (Q63429), is interacting with other proteins; dark green denotes
the first group of the comparison Heme oxygenase 1 (P06762), while the other three red ones represent those belonging to the second group of the comparison,
Unconventional myosin-Id (Q63357), Sodium/calcium exchanger 2 (P48768), Nucleoside diphosphate kinase A (Q05928), Tropomyosin alpha-3 chain (Q63610),
Ubiquitin-40S ribosomal protein S27a (P62982), Malate dehydrogenase, and cytoplasmic (O88989); light green denotes upregulated proteins while light pink
indicates downregulated proteins Neurofilament medium polypeptide (P12839) and Elongation factor 1-alpha 2 (P62632). In (C), gray denotes interaction proteins
Mitogen-activated protein kinase 3 (P21708), Solute carrier family 2, facilitated glucose transporter member 4 (P19357), UV excision repair protein RAD23 homolog
B (Q4KMA2), Heterogeneous nuclear ribonucleoprotein K (P61980), Small ubiquitin-related modifier 3 (Q5XIF4), Desmin (P48675), Gap junction alpha-1 protein
(P08050), and Tumor necrosis factor (P16599); light pink represents downregulated proteins Long-chain specific acyl-CoA dehydrogenase, mitochondrial (P15650),
Heat shock protein beta-1 (P42930), Aldo-keto reductase family 1 member B1 (P07943), Galectin-1 (P11762), Actin, alpha skeletal muscle (P68136), Actin, aortic
smooth muscle (P62738), Actin, gamma-enteric smooth muscle (P63269), Aconitate hydratase, mitochondrial (Q9ER34), Tubulin alpha-8 chain (Q6AY56), WD
repeat-containing protein 1 (Q5RKI0), and 40S ribosomal protein AS (P38983). Annexin A1 (P07150), Glutathione S-transferase P (P04906), Myosin light chain 1/3,
skeletal muscle isoform (P02600), Tubulin alpha-4A chain (Q5XIF6), Tubulin beta-5 chain (P69897), ATP synthase subunit alpha, mitochondrial (P15999) are in light
green, denoting upregulated proteins; red ones are those belonging to the second group of the comparison Moesin (O35763), Hyaluronan-mediated motility
receptor (P97779), Clusterin (P05371), Glutamate dehydrogenase 1, mitochondrial (P10860), and Dihydropyrimidinase-related protein 3 (Q62952); dark green ones
belong to the first group of the comparison Superoxide dismutase [Cu-Zn] (P07632), Cytochrome b-c1 complex subunit 1, mitochondrial (Q68FY0), Heat shock
protein 75 kDa, mitochondrial (Q5XHZ0), Transketolase (P50137), and Integrin-linked protein kinase (Q99J82).
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FIGURE 5 | Proteins identified in the aorta of the SHRC × Wistar group. The subnetworks created to demonstrate the interactions carried out by Cytoscape R©

software of the plug-in ClusterMark. The color indicates the differential expression of the respective named protein with its access code; dark green denotes proteins
belonging to the first group of the comparison; light green indicates upregulated proteins; and gray represents the interacting protein. In (A), light green denotes Heat
shock protein beta-1 (P42930), Desmin (P48675), Long-chain specific acyl-CoA dehydrogenase, mitochondrial (P15650), Histone H2B type 1 (Q00715), Annexin A2
(Q07936), and Elongation factor 1-alpha 1 (P62630); dark green indicates proteins belonging to the first group, Protein S100-A6 (P05964), Acetyl-CoA
acetyltransferase, mitochondrial (P17764), and Macrophage migration inhibitory factor (P30904); gray represents the interacting proteins Alpha-enolase (P04764)
and Heterogeneous nuclear ribonucleoprotein K (P61980). In (B) Actin, cytoplasmic 1 (P60711) is the only protein upregulated, with networks COFILIN-1 (P45592),
Sodium channel protein type 10 subunit alpha (Q62968), Trans-Golgi network integral membrane protein TGN38 (P19814), Citron rho-interacting kinase (Q9QX19),
Wiskott-Aldrich syndrome protein family member 1 (Q5BJU7), Disks large homolog 4 (P31016), WAS/WASL-interacting protein family member 1 (Q6IN36), and
Caveolin-1 (P41350-1); dark green indicates proteins belonging to the first group, Moesin (O35763), Cytoplasmic dynein 1 intermediate chain 2 (Q62871), and
Guanine nucleotide-binding protein G(i) subunit alpha (P08753).

altered by treatment, like sodium channel protein type 10
subunit alpha (Q62968), moesin (O35763), cytoplasmic dynein 1
intermediate chain 2 (Q62871), and cofilin-1 (P45592).

DISCUSSION

The main results observed in the present study were that
perindopril treatment significantly reduced blood pressure and
PWV in SHR. Also, plasma nitrite concentration was negatively
correlated with PWV. The proteomic approach identified some
differentially expressed proteins induced by hypertension and
perindopril treatment, which may contribute to identify possible
targets for the management of arterial stiffness.

Even though it is not clear whether arterial stiffness precedes
hypertension or it is a consequence (Kaess et al., 2012; Mitchell,
2014; Celik et al., 2017; Rode et al., 2020), several studies have
shown a significant correlation between PWV and BP (Laurent
et al., 2009; Phillips et al., 2015; Steppan et al., 2020), including
the present study, and the growing incidence of cardiovascular
events in patients with high PWV values is eminent (Niiranen
et al., 2017; Nilsson Wadstrom et al., 2019; Scuteri et al., 2020).
Therefore, it is important to determine the mechanisms involved
in vascular stiffening.

It is well known that angiotensin II (Ang II) plays a central role
in hypertension due to its potent contractile action, and drugs
that inhibit Ang II signaling are widely used to treat hypertension
(Schmidt-Ott et al., 2000; Marque et al., 2002; Varagic et al., 2010;

Gonzalez et al., 2018). While there are several classes of
therapeutic agents to control pressure (Chobanian, 2017; Cuspidi
et al., 2018; Unger et al., 2020), ACE inhibitors are highly
recommended because of their cardio- and vascular protective
effects (Ferrari et al., 2005; Janic et al., 2014; Chobanian, 2017).
This study confirmed the participation of RAS in hypertension,
as shown elsewhere (Marque et al., 2002; Safar, 2010; Hong
et al., 2013; Natalin et al., 2016; Mancini et al., 2017; Steppan
et al., 2020), since 8 weeks of perindopril treatment significantly
reduced BP (−11%), as shown by the time course of SBP. We
did not measure PWV at the beginning of the treatment, but
since we have shown that PWV positively correlates with BP
in SHR (Fabricio et al., 2020), we may assume that PWV was
also high at the beginning of the protocol. Because RAS has also
been implicated in vessel remodeling and aortic stiffening, ACE
inhibitors play a crucial role in the restoration of the balance
between plasma (and tissue) angiotensin II and bradykinin
levels (Ferrari et al., 2005), which improves arteriolar structure,
independent of their ability to reduce BP (Mancini et al., 2017).
Ong et al. (2011) demonstrated in their meta-analysis that
antihypertensive treatment can improve aortic stiffness beyond
BP reduction in essential hypertensive patients and that the
decrease in arterial stiffness was less under calcium antagonist
treatment than under ACEi in a short-term trial, whereas all
classes were equivalent in long-term trials.

Several clinical trials show interesting results, even though
they are still inconclusive, but it is already known that other
classes of anti-hypertensive drugs like diuretics and beta-blockers
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have few effects on PWV (Ong et al., 2011; Janic et al.,
2014). Therefore, we chose to use perindopril, which has been
shown to be a promising anti-hypertensive drug, capable to
control/reverse artery stiffening, mainly because it causes changes
on the mechanisms responsible to increase stiffness and it can
be independent of BP reduction (Mahmud and Feely, 2002;
Nakamura et al., 2005). In addition, perindopril is a prodrug
ester that has a strong affinity for ACE and it inhibits 50%
of ACE activity at a lower concentration than enalapril (Louis
et al., 1992). Likewise, it was shown that lisinopril had about
one-tenth the potency of perindopril with respect to its effects
on plasma angiotensin peptide levels (Campbell et al., 1994).
In addition, perindopril has high lipid solubility, it crosses the
blood–brain barrier, and, because of that, it decreases brain
ACE activity by 50%, different from enalapril and imidapril. For
review, see Perini et al. (2020), which is a recent review that
shows the pharmacological data of several ACEi. Also, it has
been shown that perindopril reduces oxidative stress, which is
another mechanism responsible to increase arterial stiffness (Ulu
et al., 2014). Although there are several clinical trials investigating
and demonstrating the effectiveness of perindopril, regular use
in the clinical management of hypertension is not common yet
(specially in public health units), mainly because of its elevated
costs, when compared with other ACEi.

At the end of the experimental protocol, this study revealed
that PWV and SBP were similar between Wistar and perindopril-
treated SHR, but different from untreated SHR. We cannot
avoid the possibility that PWV in SHR-treated rats could also
be due to the hypotensive effect of perindopril. The use of
another antihypertensive drug could help to solve this dilemma;
however, it has been shown that clonidine as well as calcium
blocker diltiazem reduced AP in parallel with a reduction of
β-stiffness index and PWV (Vayssettes-Courchay et al., 2011;
Lindesay et al., 2016, 2018), at least in young SHR. So, it seems
that there is a lack of hypertension-independent arterial stiffening
in young SHR, as suggested by Lindesay et al. (2016). On the
other hand, it is important to note that the decrease on BP
per se does not always reduce stiffness; for instance, Lindesay
et al. (2016) demonstrated that when hypertension-induced
vessel remodeling is already present, like in aged hypertensive
rat, vessel distensibility remains, even after a pharmacological
reduction of pressure (clonidine administration). In agreement,
Mahmud and Feely (2002) have shown that PWV reduces
independent of BP in hypertensive humans treated with Valsartan
(AT1 antagonist) and captopril (ACEi). Recently, Steppan et al.
(2020) showed that the restoration of normal BP in hypertensive
mice (recovery period after stopping Ang II infusion) results
in a partial recovery of overall in vivo stiffness (PWV).
These authors suggest that restoration of BP improves the
viscoelastic nature of blood vessels and partially recover the
matrix mechanics, but the stiffness, which is irreversible, results
from endothelial dysfunction and molecular changes to the
vascular matrix, which contribute to VSMC dysregulation and
are the major contributor to the overall in vivo vascular
stiffness in essential hypertension. Therefore, further studies are
still necessary to better understand the effects of perindopril
treatment on PWV of SHR.

In addition, Ang II is a powerful mitogen that causes structural
alterations in the vessel wall by stimulating the hypertrophy and
hyperplasia of VSMCs, causing increases in the intralamellar
distance on the vessel wall, increase of collagen, reduction of
the elastin, and stiffness of intact and decellularized segments,
among others (Wagenseil and Mecham, 2012; Mancini et al.,
2017; Steppan et al., 2020). However, how exactly Ang II may
modulate PWV is not completely known. Actually, there are
several components that contribute to the arterial stiffening,
like extracellular matrix (ECM) proteins that support the
mechanical load, such as collagen and elastin (Lacolley et al.,
2017). Lacerda et al. (2015) have suggested that PWV may be
correlated with some components of the ECM in the vessel
wall, like metalloproteinase biomarkers (MMP-9 and MMP-
2) and collagen in patients with hypertensive heart disease;
however, these biomarkers were evaluated in blood plasma.
In addition, alterations of VSMCs, which regulate actomyosin
interactions for contraction and cell–ECM interactions and
depend on the architecture of cytoskeletal proteins and focal
adhesion, are also contributing to regulate arterial stiffness; see
Lacolley and colleagues for review (Lacolley et al., 2017). In
agreement, phosphorylation or dephosphorylation of contractile
proteins in VSMCs contributes to determine the dynamic
modifications of the vessel diameter (Touyz et al., 2018).
In fact, functional, structural, and biochemical alterations in
the vessel wall have been investigated in different types of
hypertension, but the molecular mechanisms involved remain
unclear and most of these studies were performed in vitro.
For this reason, in this study, we performed a proteomic
analysis of the aorta tissue, excised from normotensive and
hypertensive rats, treated or not with perindopril and compared
SHRC × Wistar to comprehend the effects of hypertension
and SHRP × SHRC to identify the differentially expressed
proteins after 8 weeks of perindopril treatment. As far as
we know, this is the first work that aimed to identify the
proteins related to vascular stiffening in aorta of SHR treated
with perindopril.

Only few studies have analyzed the protein expression
profile of the aorta during hypertension (Lee et al., 2004,
2006, 2009; Moriki et al., 2004; Bian et al., 2008; Feng et al.,
2015; Lyck Hansen et al., 2015), and the results are fairly
different. In the present study, when the functional classification
according to the cellular component was performed, 30 different
components were changed by hypertension (SHRC × Wistar),
and most of them were related to the mechanical integration
of the various components of the cytoskeleton and responsible
for physical support for cellular constituents, as shown in
Figure 2. From 42 differentially expressed proteins in the
aortic wall from SHRC × Wistar rats (see Supplementary
Table 1), 21 were upregulated and most of them were
associated with cytoskeleton organization, stabilization of the
aorta, and apoptosis like Cofilin-1, Tubulin β-5 chain, and
Tropomyosin alpha-3 chain, among others (see Supplementary
Table 1). In agreement, Lyck Hansen et al. (2015) have
shown that several proteins related to smooth muscle cell
function and organization of actin cytoskeleton, like tubulin
β-2A, tropomyosin α-4, and α-actinin 4, among others, were
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significantly upregulated in patients with high PWV compared
with those patients with normal PWV. In particular, these
authors (Lyck Hansen et al., 2015) found that Tropomyosin
α-4 chain was a significant predictor of PWV. In the present
study, Tropomyosin α-4 chain was expressed in SHRC’s aorta but
did not reach statistical significance; however, Tropomyosin α-3
chain was upregulated. Using a two-dimensional electrophoresis
system (2-DE), Bian et al. (2008) performed a proteomic
analysis of the aorta from SHR and found that only two
upregulated proteins were related to vessel stiffness: GDP
dissociation inhibitor protein (RhoGDIa) and Non-muscle myosin
alkali light chain.

It has been shown that Ang II levels in VSMC of hypertensive
rats are higher than those in normotensive ones (Moriki et al.,
2004) and Ang II is one of the main activators of the small GTPase
family member (Moriki et al., 2004; Guan et al., 2013) and
its downstream effector Rho-associated protein kinase (ROCK)
(Zhou et al., 2017). In turn, activation on the RhoA/Rho-
kinase pathway reduces the activity of myosin light-chain
phosphatase (MLCP) through phosphorylation of its myosin
targeting subunit (MYPT1) (Brozovich et al., 2016). This process
sustains vasoconstriction, since myosin light chain (MLC) is not
dephosphorylated by MLCP. In agreement, Zhou et al. (2017)
demonstrated that VMSC from SHR’s aorta presents high activity
of ROCK and high MYPT1 protein level. Similarly, Han et al.
(2008) have shown that aorta of SHR had higher expression
of myosin light chain kinase (MLCK) and myosin light chain
phosphorylation (MLC-P), which in turn induces contraction
(Guan et al., 2013).

In addition, ROCK is also an activator of LIM kinase-LIMK
(Lacolley et al., 2017), an enzyme that phosphorylates and
inactivates Cofilin-1 (Morales-Quinones et al., 2020). Since the
main activity of Cofilin-1 is to sever F-actin cytoskeletal stress
fibers, inactivation of Cofilin-1 reduces actin depolymerization
(Lacolley et al., 2017; Sousa-Squiavinato et al., 2019) and induces
arterial stiffening (Lam et al., 2007; Williams et al., 2019; Morales-
Quinones et al., 2020). Although PWV of SHR was higher
than that of Wistar, the present study showed that Cofilin-
1 was upregulated in stiffened aorta from SHRC compared
with Wistar rats. We may speculate that this increased cofilin-
1 expression could be a compensatory mechanism against
aortic stiffening in SHRc, induced by high activity of the
RhoA/Rho-kinase pathway, observed in hypertension (Moriki
et al., 2004; Ying et al., 2004; Wynne et al., 2009; Walsh,
2011; Zhou et al., 2017). Furthermore, this cofilin-1 could be
dephosphorylated, as demonstrated by Lee et al. (2006). These
authors have shown that Cofilin-1 protein level was upregulated
by hydrogen peroxide in rat aortic smooth muscle, but further
analysis revealed that this cofilin-1 was dephosphorylated, which
may lead to an inhibition of actin polymerization. Due to
the nature of the proteomic analysis performed in the present
study, this confirmation could not be performed, and future
studies are necessary to confirm the activation state of cofilin-
1 in SHR’s aorta.

It is well known that reactive oxygen species (ROS) decreases
nitric oxide (NO) bioavailability and induces hypertension and

arterial stiffness (Landmesser et al., 2003; Bellien et al., 2010;
Eleuterio-Silva et al., 2013; Roque et al., 2013; Wu et al.,
2014). In agreement, using a 2D gel electrophoresis, Lee et al.
(2009) identified seven proteins in the aorta artery that were
differentially expressed between SHR and Wistar rats, including
downregulation of the dihydropteridine reductase (DHPR),
which is associated with the regeneration of tetra-hydrobiopterin
(BH4) (Bendall et al., 2014). It has been shown that decreases
in BH4 increases the generation of superoxide anion, which
reduces NO bioavailability (Bellien et al., 2010). Reduction of
NO availability has also been found after RhoA/ROCK pathway
activation, which negatively regulates eNOS phosphorylation and
eNOS expression (Ming et al., 2002).

In our study, we did not observe altered expression of
DHPR or BH4 in aorta of SHR, but if we consider that
hypertension and arterial stiffness are associated with reduction
of NO bioavailability (induced by RhoA/Rho-kinase pathway
activation or increases of ROS), we may hypothesize that
increases in NO, due to perindopril treatment (indicated by
the plasma nitrite concentration), could be involved in the
PWV reduction observed in the present study in treated SHR
(SHRP). Actually, the present study revealed that perindopril
increased the nitrite concentration by 83% in SHR, and it
was negatively correlated with PWV. In agreement with our
results, other studies have shown that perindopril treatment
increases plasma concentrations of nitrite/nitrate, indirectly
indicating plasma NO contents (Kedziora-Kornatowska et al.,
2006; Ceconi et al., 2007). Ceconi et al. (2007) have also
observed an increase on eNOS protein expression and activity
in coronary artery disease patients treated with perindopril.
It has been shown that NO may relieve vascular stiffness by
inactivation of RhoA/Rho-kinase pathway through a cGMP-
dependent protein kinase activation (Krepinsky et al., 2003;
Sauzeau et al., 2003). In fact, NO has been considered the most
powerful physiological endothelial relaxing factor that negatively
regulates RhoA/Rho-kinase activation in the vasculature. For
review, see Nunes and Webb (2020).

In addition, we have identified an upregulation of GDP
dissociation inhibitor protein (GDIs) in aorta of perindopril-
treated SHR (SHRP), which is an internal regulator of RhoA
activation. Actually, the activity of RhoA is normally controlled
by three regulatory proteins, such as guanine nucleotide exchange
factors (GEFs), GTPase-activating proteins (GAPs), and GDP
dissociation inhibitors (GDIs) (Guan et al., 2013), the last one
being an inhibitory protein, which is involved in the suppression
of the transformation between Rho-GDP and Rho-GTP forms
(Guan et al., 2013) and may contribute to a decrease in
the RhoA/ROCK/LIMK/Cofilin-1 pathway. Recently, Morales-
Quinones et al. (2020) have shown that inhibition of LIMK
reduces p-Cofilin/Cofilin and reduces arterial stiffness, which
suggests the involvement of RhoA/ROCK/LIMK/Cofilin-1 on
vascular stiffening. Similarly, losartan (an Ang II receptor type
1 antagonist) inhibits RhoA/Rho-kinase pathway activity in
hypertensive rats (Moriki et al., 2004; Wynne et al., 2009).
Likewise, inhibition of this RhoA/Rho-kinase pathway by Y-27632
(an inhibitor of ROCK) has been associated with reduction of
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BP (Seko et al., 2003; Moriki et al., 2004; Zhou et al., 2017)
and vascular stiffness (Wehrwein et al., 2004). In agreement,
Masumoto et al. (2001) have shown that Fasudil, an inhibitor of
Rho-kinase, increased forearm blood flow in humans.

Moreover, the proteins Long-chain specific acyl-CoA
dehydrogenase mitochondrial and Heat shock protein beta-1,
interacting with Desmin in the network of SHRP × SHRC
comparison, were downregulated in aorta of SHRC and became
upregulated after perindopril treatment. Long-chain specific acyl-
CoA dehydrogenase mitochondrial is involved with the energy
production and Heat shock protein beta-1 is involved in protein
folding. Interesting, Feng et al. (2015) identified the same
proteins after physical exercise in aorta of SHR, which means
that perindopril treatment may be contributing to restart the
normal function of the vessel, as well as exercise training does.

In summary, the results of the present study revealed that
treatment with perindopril reduced arterial pressure and PWV
in SHR. In addition, the proteomic analysis in aorta suggested
for the first time that RhoA/Rho-kinase/LIMK/Cofilin-1 pathway
may be inhibited by perindopril-induced upregulation of GDIs
or increases in NO bioavailability in SHR. Therefore, we may
propose that activation of GDIs or inhibition of RhoA/Rho-kinase
pathway could be a possible strategy to treat arterial stiffness.

This study has some limitations. First, although we have
shown a positive correlation between PWV and SBP, we cannot
say that perindopril treatment improved PWV, since we did not
measure PWV at the beginning of the experimental protocol;
however, we may say that SHR-treated rats showed lower PWV
compared with non-treated SHR. Second, since perindopril
reduced pressure and PWV, we cannot avoid the possibility that
PWV response was dependent of the BP, even though some
studies have shown that sometimes arterial stiffness reduction
may be independent of BP reduction; third, due to the limitation
of the technique, PWV was measured in anesthetized rats. Finally,
due to the nature of the proteomic analysis performed in the
present study, we cannot confirm if the upregulation of the
cofilin-1 in SHR’s aorta is a compensatory mechanism or if this
protein is dephosphorylated. Future studies, using more specific
techniques, are necessary to further confirm the results observed
in this study. Besides that, we do believe that this kind of study
is important, mainly because the currently available studies using
proteomics looking for a better management of hypertension and
cardiovascular diseases are relatively small, not standardized, and
difficult to compare with each other (Delles et al., 2018).
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Transient receptor potential (TRP) superfamily consists of a diverse group of non-
selective cation channels that has a wide tissue distribution and is involved in
many physiological processes including sensory perception, secretion of hormones,
vasoconstriction/vasorelaxation, and cell cycle modulation. In the blood vessels, TRP
channels are present in endothelial cells, vascular smooth muscle cells, perivascular
adipose tissue (PVAT) and perivascular sensory nerves, and these channels have been
implicated in the regulation of vascular tone, vascular cell proliferation, vascular wall
permeability and angiogenesis. Additionally, dysfunction of TRP channels is associated
with cardiometabolic diseases, such as diabetes and obesity. Unfortunately, the
prevalence of diabetes and obesity is rising worldwide, becoming an important public
health problems. These conditions have been associated, highlighting that obesity is a
risk factor for type 2 diabetes. As well, both cardiometabolic diseases have been linked
to a common disorder, vascular dysfunction. In this review, we briefly consider general
aspects of TRP channels, and we focus the attention on TRPC (canonical or classical),
TRPV (vanilloid), TRPM (melastatin), and TRPML (mucolipin), which were shown to
be involved in vascular alterations of diabetes and obesity or are potentially linked to
vascular dysfunction. Therefore, elucidation of the functional and molecular mechanisms
underlying the role of TRP channels in vascular dysfunction in diabetes and obesity
is important for the prevention of vascular complications and end-organ damage,
providing a further therapeutic target in the treatment of these metabolic diseases.

Keywords: TRP channels, vascular dysfunction, diabetes, obesity, TRPC, TRPM, TRPML, TRPV

INTRODUCTION

Diabetes mellitus and obesity are characterized by systemic biochemical and biological
abnormalities, including metabolic disturbances, increased oxidative stress (Pandey et al., 2010;
Fülöp et al., 2014; D’souza et al., 2016), and elevated circulating levels of inflammatory markers
(Panagiotakos et al., 2005; Taha et al., 2019). Obesity is a condition related to disproportionate body
weight for height with an excessive accumulation of adipose tissue (González-Muniesa et al., 2017).
Moreover, obesity represents the strongest risk factor for type 2 diabetes (Censin et al., 2019), and it
is a common comorbidity among type 2 diabetics (Fajarini and Sartika, 2019). On the other hand,
diabetes mellitus can be classified into many subtypes, which can be characterized and identified by
the presence of hyperglycemia (World Health Organization, 2019).
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Unfortunately, the prevalence of these cardiometabolic
disorders has been increasing worldwide (Abarca-Gómez et al.,
2017; International Diabetes Federation, 2019). Additionally, it
is evident that diabetes and obesity are related with enhanced
cardiovascular risk (Ärnlöv et al., 2010; Einarson et al., 2018).
Moreover, these cardiometabolic disorders have been linked to a
common condition: vascular dysfunction (Schofield et al., 2002;
Oltman et al., 2006; Sivitz et al., 2007; Farb et al., 2014). For
instance, diabetic and obese individuals can both be affected by an
impaired functional endothelium (Steinberg et al., 1996; Doupis
et al., 2011) and/or increased vasoconstriction (Hogikyan et al.,
1999; Cardillo et al., 2002; Weil et al., 2011; Schinzari et al.,
2015), thus leading to vascular complications. Currently, there
are a large number of studies that have described the mechanisms
of vascular dysfunction, which involve altered transient receptor
potential (TRP) channels expression and/or activity, a common
event observed in hypertension (Mathar et al., 2010; Alves-Lopes
et al., 2020), atherosclerosis (Wei et al., 2013; Zhao et al., 2016),
pulmonary hypertension (Yu et al., 2004; Yang et al., 2012) and
pulmonary edema (Jian et al., 2008; Thorneloe et al., 2012).
Therefore, these channels could provide additional targets for
treatment of these vascular diseases. Furthermore, TRP channels
are involved in diabetic (Evans et al., 2009; Lu et al., 2014;
Monaghan et al., 2015; Zhang et al., 2015) and obesity-related
(Zhang et al., 2007; Lee et al., 2015; Sun et al., 2019; Ottolini et al.,
2020) diseases. TRP superfamily consists of a diverse group of
non-selective cation channels that is divided into six subfamilies
in mammals, which are classified as: canonical or classical
(TRPC), vanilloid (TRPV), melastatin (TRPM), ankyrin (TRPA),
mucolipin (TRPML), and polycystin (TRPP) (Montell, 2005;
Ramsey et al., 2006). Additionally, this superfamily is distributed
throughout a variety of body tissues, such as blood vessels (Mita
et al., 2010; Gao et al., 2020), heart (Andrei et al., 2016), brain
(Tóth et al., 2005) and bladder (Yu et al., 2011), among others.

In this context, the correlation between TRP channels,
diabetes and obesity have continued to attract growing attention.
In this review, we briefly consider general features of TRP
channels and focus on TRPC, TRPV, TRPM, and TRPML,
which have been shown to be potential involved in the vascular
dysfunction of diabetes and obesity.

OVERVIEW ON DIABETES AND OBESITY

Globally, an estimated 463 million individuals were affected by
diabetes in 2019. The International Diabetes Federation estimates
that there will be 578 million adults with diabetes by 2030, and
700 million by 2045. Unfortunately, the global high prevalence of
diabetes continues to increase, with no indications of stabilizing
(International Diabetes Federation, 2019).

Similarly, the prevalence of obesity is rising in the world. The
global number of girls with obesity rose from 5 million in 1975 to
50 million, and the number of boys increased from 6 million in
1975 to 74 million in 2016. As well, the number of adult women
with obesity rose from 69 million in 1975 to 390 million, and the
number of men grew from 31 million in 1975 to 281 million in
2016 (Abarca-Gómez et al., 2017). In addition, from 2017 to 2018,

the prevalence of obesity in the United States was 42.4%, and
the prevalence of severe obesity was 9.2% among adults (Hales
et al., 2020). The study by Sonmez et al. (2019) demonstrated
a high prevalence of obesity in patients with type 2 diabetes,
where only 10% of patients with type 2 diabetes had normal body
mass indexes (BMI), while the remaining patients were either
overweight (31%) or obese (59%).

Worldwide, an estimated 41 million people died of non-
communicable diseases (NCDs) in 2016, corresponding to 71% of
all deaths. Cardiovascular diseases (17.9 million deaths), cancer
(9.0 million deaths), chronic respiratory diseases (3.8 million
deaths), and diabetes (1.6 million deaths) were the four greatest
contributors of NCDs related deaths. The increasing mortality
rates in diabetic cases are related with the rising prevalence of
obesity and other factors (World Health Organization, 2020).

Obesity has been linked to increased risk of various chronic
diseases, including type 2 diabetes, coronary artery disease,
stroke, and fatty liver (Censin et al., 2019). Moreover, diabetes
is strongly related with nephropathy, retinopathy, neuropathy
(Nathan et al., 2015; Garofolo et al., 2019), and erectile
dysfunction (Kouidrat et al., 2017; Carrillo-Larco et al., 2018).
These diseases are associated with increased risk of cardiovascular
disease, elevated mortality, low quality of life (Silveira et al.,
2020), and increased financial burden to health care systems.
Therefore, diabetes and obesity are considered important global
public health concerns (Hex et al., 2012).

VASCULAR COMPLICATIONS OF
DIABETES AND OBESITY

Type 2 diabetes is associated with the onset of microvascular
complications, such as nephropathy, retinopathy and
neuropathy, as well as macrovascular complications, including
coronary artery disease and cerebrovascular disease (Litwak et al.,
2013; Kosiborod et al., 2018). A study by van Wijngaarden et al.
(2017) demonstrated that the greater and more prolonged
exposure to hyperglycemia, enhances the risk of both
microvascular and macrovascular complications in patients
with type 2 diabetes (van Wijngaarden et al., 2017). Comparably,
intensive glucose control significantly reduced adverse outcomes
due to major macrovascular or microvascular events (Patel
et al., 2008). Moreover, obesity and type 2 diabetes mellitus
in adolescents, predispose this group to higher vascular
disease risk (Ryder et al., 2020). As well, overweight and obese
individuals had an increased risk for major cardiovascular
events, such as: myocardial infarction, stroke, and heart failure
(Ärnlöv et al., 2010). Additionally, there are several factors that
contribute to the vascular dysfunction associated with diabetes.
Chronic hyperglycemia has been shown to impair endothelium-
dependent vasodilatation in diabetes (Mäkimattila et al., 1996).
Elevated advanced glycation end products (AGEs) has been
shown to cause endothelial dysfunction (Xu B. et al., 2003; Ren
et al., 2017). Similarly, increased oxidative stress can reduce nitric
oxide (NO) bioavailability (Nassar et al., 2002; Cho et al., 2013),
while augmented peroxynitrite may inactivate endothelial nitric
oxide synthase (eNOS) (Chen et al., 2010; Cassuto et al., 2014).
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As well, augmented vascular contractility (Xie et al., 2006;
Matsumoto et al., 2014; Lubomirov et al., 2019), increased
vascular inflammation (Zhang et al., 2008; Ku and Bae, 2016),
and stimulated endothelial cells apoptosis (Sheu et al., 2005,
Sheu et al., 2008) can cooperate to cause vascular dysfunction
(Figure 1A). There are key processes in obesity which collaborate
and lead to impairment of vascular function. These processes
include enhanced vascular contractility (Boustany-Kari et al.,
2007; Weil et al., 2011), augmented sympathetic control of
vasoconstriction (Haddock and Hill, 2011), elevated oxidative
stress (La Favor et al., 2016), increased peroxynitrite (Mason
et al., 2011; Gamez-Mendez et al., 2015), perivascular adipose
tissue (PVAT) dysfunction (Ma et al., 2010; Bussey et al., 2016),
increased arginase activity (which can reduce L-arginine and NO
bioavailability) (Johnson et al., 2015; Bhatta et al., 2017), and
increased vascular inflammation (Yao et al., 2017; Figure 1B).
Both diabetes and obesity share common mechanisms that
result in vascular injury. Thus, elucidation of the mechanisms
underlying vascular dysfunction in these cardiometabolic
diseases is essential to provide additional therapeutic targets in
the prevention and treatment of these cardiometabolic diseases.
Interestingly, alterations in TRPs channel expression or/and
function may contribute to these pathological conditions,
making these channels promising therapeutic targets.

TRP CHANNELS

The TRP superfamily was originally discovered in the study
on Drosophila melanogaster, where in response to bright light,
Drosophila mutants behaved as if they were blind, while wild-
type flies maintained oriented toward visual cues. Thus, in the
mutated eye, the light-response was transient during sustained
light (Cosens and Manning, 1969). This mutant was known
as TRP due to the transient response to prolonged intense
lights, performed by Minke and colleagues (Minke et al., 1975).
Following these reports, the molecular characterization of the
Drosophila TRP gene was described (Montell and Rubin, 1989).

In addition, a common feature in the TRP superfamily is its
tetrameric structure, where each subunit is constituted by six
transmembrane segments, a pore-forming region between the
segments S5–S6 and cytoplasmic amino and carboxyl termini
(For general explanation, see reviews by: Earley and Brayden,
2015; Hof et al., 2019). Mammalian genomes encode 28 distinct
TRP protein subunits, and this superfamily is divided into
six subfamilies, based on amino acid sequence homology and
include: TRPC (Wes et al., 1995; Liu et al., 2008), TRPV (Caterina
et al., 1997; Smith et al., 2002), TRPM (Tsavaler et al., 2001;
Fujiwara and Minor, 2008), TRPA (Story et al., 2003; Cvetkov
et al., 2011), TRPP (Mochizuki et al., 1996; Giamarchi et al.,
2010), and TRPML (Sun et al., 2000; Zeevi et al., 2010).

The TRP superfamily consists of a diverse group of cation
channels, where most of the channels are non-selective and
permeable to Ca2+ (Gonzalez-Perrett et al., 2001; Feng et al.,
2014; Sierra-Valdez et al., 2018). These channels have been shown
to be involved in many physiological processes, such as responses
to painful stimuli (Caterina et al., 2000; Davis et al., 2000),

repletion of intracellular calcium stores (Rosado et al., 2002),
vasoconstriction/vasorelaxation (Freichel et al., 2001; Dietrich
et al., 2005), secretion of hormones (Togashi et al., 2006; Cheng
et al., 2007), cell cycle modulation (Lee et al., 2011; Tajeddine and
Gailly, 2012), sensory perception (Kichko et al., 2018) and others.
This superfamily displays a variety of activation mechanisms,
such as ligand binding (Janssens et al., 2016), temperature
(McKemy et al., 2002), endogenous chemical mediators (Beck
et al., 2006), voltage (Matta and Ahern, 2007), G protein-coupled
receptors (Boulay et al., 1997), and tyrosine kinase receptors (Xu
H. et al., 2003; Vazquez et al., 2004), among other stimuli.

In blood vessels, TRP channels are present in endothelial
cells (Ching et al., 2011), vascular smooth muscle cell (VSMC)
(Johnson et al., 2009), PVAT (Sukumar et al., 2012), perivascular
sensory nerves (Zygmunt et al., 1999), and pericytes (Tóth
et al., 2005), and these channels have been implicated in
the regulation of vascular tone (Pórszász et al., 2002; Qian
et al., 2007; Earley et al., 2009), vascular cell proliferation
(Zhang et al., 2018), vascular wall permeability (Tiruppathi
et al., 2002; Paria et al., 2004), and angiogenesis (Hamdollah
Zadeh et al., 2008; Ge et al., 2009). Additionally, there are a
large number of studies describing the involvement of TRP
proteins in various pathophysiological conditions. We focus on
altered expression and/or activity of the TRPC, TRPV, TRPM,
and TRPML channels, contributing to vascular dysfunction in
obese and diabetic conditions or are potentially associated to
vascular alterations.

TRP CHANNELS INVOLVED IN
VASCULAR COMPLICATIONS OF
DIABETES AND OBESITY

The Role of TRPC in the Vasculature
Under Diabetic and Obese Conditions
The TRPC subfamily consists of seven proteins, known as
TRPC1 to TRPC7 (see review of Clapham et al., 2001; Putney,
2005; Dietrich et al., 2010; Mederos y Schnitzler et al., 2018).
TRPC channels can form homo- and heterotetramers (Hofmann
et al., 2002; Strübing et al., 2003). Moreover, there is increasing
evidence that TRPC channel members can form receptor-
operated channels (ROC) (Soboloff et al., 2005; Peppiatt-
Wildman et al., 2007; Tai et al., 2008; Inoue et al., 2009; Itsuki
et al., 2014) and store-operated channels (SOC) (Groschner et al.,
1998; Freichel et al., 2001; Xu and Beech, 2001; Xu et al., 2006; Shi
et al., 2016).

TRPC1, TRPC3, TRPC4, TRPC5, and TRPC6 are expressed
in VSMC (Wang et al., 2004; Evans et al., 2009; Inoue et al.,
2009; Mita et al., 2010) and endothelial cells (Yip et al., 2004;
Gao et al., 2012; Sundivakkam et al., 2012). TRPC channels are
involved in the regulation of vascular tone through different
signaling pathways. For example, activation of TRPC1 and
TRPC3 channels in the VSMC can cause depolarization and
vasoconstriction (Reading et al., 2005; Wölfle et al., 2010).
Alternatively, TRPC1 channels can be associated with large-
conductance Ca2+-activated K+ (BKCa) channels in VSMC,
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FIGURE 1 | Vascular dysfunction in diabetes and obesity. Pathophysiological factors leading to vascular dysfunction in (A) diabetic and (B) obese patients. AGEs,
advanced glycation end products; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; PVAT, perivascular adipose tissue.

indirectly activating cell hyperpolarization (Kwan et al., 2009).
As well, TRPC1, TRPC3, and TRPC4 stimulation in endothelial
cells can induce vasodilation through increases in endothelial
Ca2+, with subsequent generation of NO (Freichel et al.,
2001; Huang et al., 2011; Qu et al., 2017) and/or TRPC3
activation can induce endothelium-dependent hyperpolarization
factor (EDHF)-mediated vasodilation (Kochukov et al., 2014).
However, only a few studies have demonstrated the involvement
of TRPC channels in the vasculature of diabetic animals
and humans and no studies have investigated a role for
TRPC in obesity.

Evans et al. (2009) showed that angiotensin-II (Ang-II)-
induced Ca2+ influx was significantly enhanced in cultured
aortic VSMC from Goto-Kakizaki (GK) rats, a model of type 2
diabetes, when compared with cells from Wistar-Kyoto (WKY)
control rats. TRPC1 and TRPC5 protein expression were similar,
while TRPC4 protein expression was significantly increased, and
TRPC6 protein expression was significantly decreased in GK,
compared with WKY values. In GK-VSMC, Ang-II-induced
Ca2+ influx was more sensitive to the calcium influx inhibitors
2-aminoethoxydiphenyl borate (2-APB) and caffeine, which act
through the inhibition of the inositol 1,4,5-trisphosphate receptor
(IP3R). Since TRPC1 can be activated by an IP3R coupling
mechanism, this result suggests a possible increased activation
of mechanisms contributing to TRPC1 activity. The authors of
this study proposed that the elevated calcium influx induced by

Ang-II was due to the alteration of TRPC1/4/5 activity in diabetic
rats (Evans et al., 2009). However, 2-APB and caffeine are non-
selective inhibitors and therefore, the general absence of selective
pharmacological tools for TRPC channels is a study limitation.
Additionally, 2-APB and caffeine cannot be considered as specific
reagents to evaluate TRPC1 activity. Therefore, the use of
gene knockout or knockdown animals could offer a valuable
alternative for studying specific functions of TRPC channels in
the regulation of vascular tone in diabetic conditions. However,
a limitation of this approach is that when one TRPC channel is
downregulated or knocked out it may be compensated by other
TRPCs, as evidenced by Dietrich et al. (2005). Therefore, these
obstacles make difficult to draw correct conclusions about the role
of TRPC channels on the obesity and diabetes.

A study by Chung and colleagues provided the first evidence
that TRPC1, TRPC4 and TRPC6 messenger RNA (mRNA)
and proteins are present in human saphenous vein, and their
expression levels are modulated by type II diabetes. The authors
demonstrated that cyclopiazonic acid (CPA)-induced contraction
of the saphenous vein was greater in diabetic vessels than
the non-diabetic, suggesting that the increased contractility in
human diabetes could be partially due to the participation of
Ca2+ entry through SOC. Additionally, TRPC channels may
be involved in SOC. Although TRPC4 mRNA expression was
elevated, protein levels were not significantly different when
compared to non-diabetic vessels. TRPC1 and TRPC6 mRNA
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levels in diabetic conditions were similar to the control, however,
protein expression was decreased in diabetic veins. Even though
TPRC protein expression was diminished in the diabetic samples,
the enhanced CPA-induced contraction in diabetic veins might
be associated with increased TRPC activity, leading to higher
capacitative Ca2+ entry (Chung et al., 2009).

Mita and colleagues demonstrated that TRPC1, TRPC3, and
TRPC6 mRNAs and proteins were expressed in caudal arteries
from Wistar rats. However, in addition to the expression of these
TRPC channels, TRPC4 also was expressed at extremely low
levels in GK rats. In addition, GK rats had a significant increase in
protein expression of TRPC1 and TRPC6 channels or appearance
of TRPC4 channel expression, but not TRPC3, compared with
Wistar rats, which is associated with the reduction in cirazoline-
or CPA-induced contractions in GK (Mita et al., 2010).

These authors demonstrated that TRPC channel expression
levels and function are altered in diabetes (Table 1). However,
there was a heterogeneity of findings among these studies,
therefore these discrepancies may be explained by a number
of factors, including: variations in the metabolic profile of
the diabetic animals, distinct stages of diabetes, and the type
of arteries and veins investigated. Nevertheless, the in vivo
significance of these findings has not been shown. Additionally,
the role of TRPCs in obesity should also be more completely
explored in future studies.

The Role of TRPM2 in the Vasculature
Under Diabetic and Obese Conditions
TRPM2 is activated by H2O2 (Hara et al., 2002), adenosine 5′-
diphosphoribose (ADP-ribose) (Heiner et al., 2003; Yu et al.,
2017), nicotinic acid-adenine dinucleotide phosphate (NAADP)
(Beck et al., 2006), Ca2+ (McHugh et al., 2003), and temperature
(35–47◦C) (Togashi et al., 2006; Kashio et al., 2012; Kashio
and Tominaga, 2017), while adenosine monophosphate (AMP)
(Beck et al., 2006; Lange et al., 2008) and acidic pH are negative
regulators (Du et al., 2009; Starkus et al., 2010). This channel is
expressed in VSMC (Yang et al., 2006) and vascular endothelial
cells (Hecquet et al., 2008), and it is permeable to Ca2+, Na+
(Perraud et al., 2001; Sano et al., 2001; Kraft et al., 2004), and
K+ (Sano et al., 2001). Moreover, physiological splice variants of
TRPM2, including full-length TRPM2 (TRPM2-L) and a short
splice variant (TRPM2-S), have been identified in endothelial
cells (Hecquet and Malik, 2009; Hecquet et al., 2014) and VSMC
(Yang et al., 2006).

TRPM2 is involved in endothelial permeability, as
demonstrated by H2O2-induced Ca2+ influx via TRPM2
channels that results in endothelial hyperpermeability (Hecquet
et al., 2008). Moreover, H2O2 activates TRPM2 to induce
excessive Ca2+ influx, resulting in Ca2+ overload and
consequently, cell death in vascular endothelial cells (Sun
et al., 2012). Furthermore, ROS overproduction activates TRPM2
channels, leading to Ca2+ influx through TRPM2, which induces
VSMC migration and proliferation that contributes to neointimal
hyperplasia (Ru et al., 2015).

There are only a few studies that demonstrate changes in
TRPM2 channel expression and/or function associated with

diabetes and obesity. In pulmonary arteries from streptozotocin
(STZ)-treated hyperglycemic lean Zucker (LZ) rats (type I
diabetic), the TRPM2-L channel isoform was decreased when
compared to controls. Contrarily, vascular superoxide levels,
NADPH oxidase (NOX) activity and lung capillary filtration
coefficient (Kf) are higher in STZ-treated LZ rats. Interestingly,
inhibition of TRPM2 channel diminished lung Kf in diabetic
rats but did not affect the Kf in control animals. The
authors of this study proposed that in hyperglycemic rats,
increased oxidative stress activates the TRPM2 channel and
elevates pulmonary endothelial Kf. The decreased TRPM2-
L expression through chronic hyperglycemia may be due
to overexposure of superoxide and a subsequent negative
feedback-mediated downregulation. This enhanced the TRPM2
activation-mediated increase in Kf that can contribute to
the elevated susceptibility to lung complications observed in
individuals with type I diabetes. Taken together, additional
studies are needed to determine the pulmonary TRPM2 channel
sensitivity in control and diabetic animal models by using
electrophysiological and pharmacological tools (Lu et al., 2014;
Figures 2A,B).

A study developed by Sun et al. (2019) demonstrated that
TRPM2 expression significantly increased in both primary
mouse aortic endothelial cells and aortic endothelium from
high-fat diet (HFD, 60 kcal% fat)-fed mice. In addition,
preincubation of the TRPM2 inhibitor N-(p-amylcinnamoyl)
anthranilic acid (20 µM), reduced the impaired insulin-induced
relaxation in aortas from HFD-fed mice. Similarly, knockdown
of TRPM2 alleviated endothelial insulin resistance and improved
endothelium-dependent vasodilatation in obese mice. The
authors proposed that free fatty acid-induced H2O2 activation
of TRPM2, thereby aggravating endothelial insulin resistance.
Therefore, downregulation or pharmacological inhibition of
TRPM2 channels may contribute to treatment of endothelial
dysfunction associated with the oxidative stress state (Sun
et al., 2019; Figures 2A,C). Both of these studies indicated that
increased oxidative stress, present in diabetes and obesity, are
modulating the TRPM2 channel (Table 1), leading to elevated
channel activity. In this context, the decreased vascular TRPM2-
L expression in the lung from diabetic animals, as shown by Lu
et al., is due to negative feedback.

The Role of TRPV1 in the Vasculature
Under Diabetic and Obese Conditions
TRPV1 channels are expressed in endothelial cells (Yang et al.,
2010), VSMC (Kark et al., 2008), perivascular sensory nerves
(Zygmunt et al., 1999; Breyne and Vanheel, 2006), and pericytes
(Tóth et al., 2005). TRPV1 channels are present in blood
vessels, such as epineural arterioles (Davidson et al., 2006),
aorta (Ohanyan et al., 2011; Sun et al., 2013), mesenteric (Sun
et al., 2013; Zhang et al., 2015), and coronary arteries (Bratz
et al., 2008). These channels are activated by multiple stimuli,
including heat (∼42–51◦C) (Tominaga et al., 1998; Cesare
et al., 1999), anandamide (Zygmunt et al., 1999), and exogenous
agonists, such as capsaicin and resiniferatoxin (Caterina et al.,
1997), as well as low pH that acts as a sensitizing agent
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TABLE 1 | TRP channels involved in vascular complications of diabetes and obesity.

TRP channels involved in vascular complications of diabetes and obesity

Channel Diabetic
and/or
obesity model

Normal
control

Tissue Drug-induced vascular
effect or other vascular
investigations

mRNA in diabetic
and/or obesity
model

Protein in
diabetic and/or
obesity model

References

TRPC1 Goto-Kakizaki
(GK) (Type 2
diabetes)

Wistar-
Kyoto
(WKY) rat

Cultured aortic
vascular smooth
muscle cell

Angiotensin-II-induced Ca2+

influx was enhanced in
diabetic rat

Decrease No change Evans et al.
(2009)

TRPC1 Human Type II
diabetic

Human
non-
diabetic

Saphenous vein Cyclopiazonic acid-induced
Ca2+ influx was enhanced in
diabetic patient

No change Decrease Chung et al.
(2009)

TRPC1 GK rat Wistar rats Endothelium-
denuded
caudal artery
smooth muscle
strips

Cirazoline- or cyclopiazonic
acid-induced Ca2+ influx was
decreased in diabetic rat

– Increase Mita et al.
(2010)

TRPC3 GK rat WKY rat Cultured aortic
vascular smooth
muscle cell

Angiotensin-II-induced Ca2+

influx was enhanced in
diabetic rat

Undetectable – Evans et al.
(2009)

TRPC3 GK rat Wistar rat Endothelium-
denuded
caudal artery
smooth muscle
strips

Cirazoline- or cyclopiazonic
acid-induced Ca2+ influx was
decreased in diabetic rat

– No change Mita et al.
(2010)

TRPC4 GK rat WKY rat Cultured aortic
vascular smooth
muscle cell

Angiotensin-II-induced Ca2+

influx was enhanced in
diabetic rat

No change Increase Evans et al.
(2009)

TRPC4 Human diabetic Human
non-
diabetic

Saphenous vein Cyclopiazonic acid-induced
Ca2+ influx was enhanced in
diabetic patient

Increase No change Chung et al.
(2009)

TRPC4 GK rat Wistar rat Endothelium-
denuded
caudal artery
smooth muscle
strips

Cirazoline- or cyclopiazonic
acid-induced Ca2+ influx was
decreased in diabetic rat

TRPC4 mRNA was
not detected in
Wistar rats, but it
was detectable in
GK rats

TRPC4 protein was
not detected in
Wistar rats, but it
was barely
detectable in GK
rats

Mita et al.
(2010)

TRPC5 GK rat WKY rat Cultured aortic
vascular smooth
muscle cell

Angiotensin-II-induced Ca2+

influx was enhanced in
diabetic rat

No change No change Evans et al.
(2009)

TRPC6 GK rat WKY rat Cultured aortic
vascular smooth
muscle cell

Angiotensin-II-induced Ca2+

influx was enhanced in
diabetic rat

Decrease Decrease Evans et al.
(2009)

TRPC6 Human diabetic Human
non-
diabetic

Saphenous vein Cyclopiazonic acid-induced
Ca2+ influx was enhanced in
diabetic patient

No change Decrease Chung et al.
(2009)

TRPC6 GK rat Wistar rat Endothelium-
denuded
caudal artery
smooth muscle
strips

Cirazoline- or cyclopiazonic
acid-induced Ca2+ influx was
decreased in diabetic rat

– Increase Mita et al.
(2010)

TRPM2 Streptozotocin
(STZ)-treated
lean Zucker
(LZ) rats (Type I
diabetes)

Lean
Zucker rats

Pulmonary artery Lung capillary filtration
coefficient (Kf) was enhanced
in diabetic rat. TRPM2 channel
mediated increase in Kf.

– Decrease Lu et al.
(2014)

TRPM2 High-fat diet
(HFD)-fed mice
C57BL/6J for
16 weeks.

Low-fat diet
(LFD)-fed
mice
C57BL/6J
for
16 weeks.

Mouse aortic
endothelial cells
and aortas

Preincubation of TRPM2
inhibitor N-(p-amylcinnamoyl)
anthranilic acid (20 µM) or
knockdown of TRPM2
alleviates obesity-associated
impairment in insulin-evoked
endothelium-dependent
relaxations in obese mice

– Increase Sun et al.
(2019)

(Continued)
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TABLE 1 | Continued

TRP channels involved in vascular complications of diabetes and obesity

Channel Diabetic
and/or
obesity model

Normal
control

Tissue Drug-induced vascular
effect or other vascular
investigations

mRNA in diabetic
and/or obesity
model

Protein in
diabetic and/or
obesity model

References

TRPV1 Zucker
diabetic fatty
(ZDF) rat (Type
II diabetes)

Genetic
controls

Branch II and III
mesenteric
arteries.
(A portion of
the omental
membrane,
which frequently
contains nerve
trunks, was
maintained)

Capsaicin-induced relaxation
was similar in diabetic rat.

– – Pamarthi
et al. (2002)

TRPV1 STZ -induced
diabetic
Sprague-
Dawley
rats

Sprague-
Dawley
rats

Epineurial
arterioles of the
sciatic nerve

Capsaicin-induced constriction
(10−6 M) was decreased in
diabetic rat (10–12-week
duration).

– Decrease Davidson
et al. (2006)

TRPV1 STZ -induced
diabetic Wistar
rats

Wistar rats
treated with
the solvent
for STZ

Medial meningeal
artery
(Meningeal blood
flow)

Capsaicin-induced relaxation
(10−7 M) was abolished in
diabetic rat.
Capsaicin-induced constriction
(10−5 M) was similar in
diabetic rat.

– – Dux et al.
(2007)

TRPV1 db/db mice
(Type 2
diabetes and
obesity)

C57BLKS/J
mice

Mean arterial
blood pressure
(MAP)
Aortic tissue

Capsaicin-induced increases
in MAP was attenuated in
diabetic mouse.

– Decrease Ohanyan
et al. (2011)

TRPV1 db/db mice C57BLKS/J
mice

Coronary
microvessel
Myocardial blood
flow (MBF)

Capsaicin-induced increases
in MBF and
capsaicin-mediated relaxation
in coronary microvessels were
attenuated in diabetic mouse.

– – Guarini et al.
(2012)

TRPV1 db/db mice C57BLKS/J
mice

Thoracic aortas
and
mesenteric
arteries

Dietary capsaicin improves the
endothelium-dependent
relaxation in diabetic mouse
compared to db/db mice given
a normal diet.

– Decrease Sun et al.
(2013)

TRPV1 STZ -induced
diabetic
Sprague-
Dawley
rats

Sprague-
Dawley
rats

Third branch of
the superior
mesenteric artery

Capsaicin-induced relaxation
was decreased in diabetic rat.

– Decrease Zhang et al.
(2015)

TRPV1 db/db mice C57BLKS/J
mice

Coronary
arterioles
Coronary blood
flow (CBF)

H2O2 had little potentiating
effect on capsaicin-induced
CBF responses or
capsaicin-mediated coronary
vasodilation in db/db and
TRPV1 knockout mice.

– – DelloStritto
et al. (2016)

TRPV1 Human diabetic
(Type 1
diabetes)

Human
non-
diabetic

Cutaneous
vascular
conductance
(CVC) in the
forearm

CVC was decreased in
diabetic patients in
response to local heating early
peak.

– – Marche et al.
(2017)

TRPV1 High-fat/high-
cholesterol
diet- induced
obese male
Ossabaw
miniature swine
for 24 weeks.

Lean male
Ossabaw
miniature
swine for
24 weeks.

Coronary arteries Capsaicin-induced relaxation
was impaired in obese pigs.

Increase Decrease Bratz et al.
(2008)

(Continued)
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TABLE 1 | Continued

TRP channels involved in vascular complications of diabetes and obesity

Channel Diabetic
and/or obesity
model

Normal
control

Tissue Drug-induced vascular
effect or other vascular
investigations

mRNA in diabetic
and/or obesity
model

Protein in
diabetic and/or
obesity model

References

TRPV1 HFD-fed
Sprague-Dawley
rats
for
20–24 weeks.

Normal
diet-fed
Sprague-
Dawley rats
for
20–24 weeks.

Small mesenteric
arteries
(third-order)

Capsaicin (10 µM)
significantly increased the
amplitude of nerve-mediated
contraction induced by
10 Hz stimulation, with a
greater effect in control than
obese animals.

– – Haddock and
Hill (2011)

TRPV1 HFD-fed mice
C57BL6/
129SVJ for
12 weeks.

Normal
diet-fed mice
C57BL6/
129SVJ for
12 weeks.

Aorta Vascular hypertrophy was
observed in HFD-fed
wild-type but not HFD-fed
TRPV1 knockout mice.

– – Marshall et al.
(2013)

TRPV1 Obese Zucker
(OZ) rats

LZ rats Resistance
mesenteric
arteries

Capsaicin-induced
relaxation
was decreased in OZ rats

– No change Lobato et al.
(2013)

TRPV1 High-fat,
high-sucrose
(HFHS)
diet-induced
obese
Sprague-Dawley
rats
for 20 weeks.

Regular
diet-fed
Sprague-
Dawley rats
for 20 weeks.

Meningeal blood
flow

Capsaicin-induced
increased meningeal blood
flow (100 nM) was greater in
obese rat.
Capsaicin-induced
decreased meningeal blood
flow (10 µM) was greater in
obese rat.

– – Marics et al.
(2017)

TRPV4 STZ -induced
diabetic
Sprague-Dawley
rats

Sprague-
Dawley
rats

Third or fourth
branches of rat
mesenteric artery

TRPV4-KCa2.3-mediated
relaxation were impaired in
diabetic rats

– Decrease Ma et al.
(2013)

TRPV4 STZ -induced
diabetic
Sprague-Dawley
rats

Sprague-
Dawley
rats

Retinal arteriole – Decrease Decrease Monaghan
et al. (2015)

TRPV4 db/db mice
and STZ
-induced
diabetic
C57BLKS/J
mice

C57BLKS/J
mice

Aortas – Decrease Decrease Gao et al.
(2020)

TRPV4 HFD-fed mice
C57BL/6J.
The diets
initiated at age
5 weeks and
continued at
age 6 months.

LFD-fed mice
C57BL/6J.
The diets
initiated at
age 5 weeks
and
continued at
age
6 months.

Third-order
mesenteric
arteries

Vasodilatory responses to
GSK1016970A (TRPV4
agonist) in resistance
mesenteric arteries were
similar between the LFD-
and HFD-fed mice.

– – Greenstein
et al. (2020)

TRPV4 HFD-fed mice
C57BL/6J
for 14 weeks.
Obese
individuals.

LFD-fed mice
C57BL/6J
for 14 weeks.
Non-obese
individuals.

Resistance
mesenteric
arteries from
mice.
Splenius/
temporalis
muscle arteries
from human.

Vasodilatory response to
GSK1016970A was
impaired in HFD mice.
Vasodilatory response to
GSK1016970A was
markedly reduced in the
arteries from obese
individuals.

– – Ottolini et al.
(2020)

(Tominaga et al., 1998; Cesare et al., 1999). TRPV1 is a non-
selective cation channel, which is permeable to K+, Na+, Ca2+,
and Mg2+ (Caterina et al., 1997).

Activation of TRPV1 by capsaicin promotes the release
of neurotransmitters, such as calcitonin gene-related peptide
(CGRP) (Zygmunt et al., 1999; Wang et al., 2006) from
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capsaicin-sensitive nerves, in addition to NO from endothelial
cells (Yang et al., 2010; Ching et al., 2011), which can diffuse
to adjacent VSMC and cause relaxation. In smooth muscle
cells from skeletal muscle arterioles obtained from the rat and
mice, TRPV1 stimulation causes an increase in intracellular
Ca2+ concentration, resulting in vasoconstriction (Czikora et al.,
2012). Therefore, the activation of TRPV1 may induce different
effects on the vasculature (vasoconstriction, vasodilation, or no
effect), which can be unique to each vascular bed. For example,
arteries with sensory neuron innervation and without vascular
TRPV1 expression are expected to dilate in response to TRPV1
activation. However, arteries with elevated smooth muscle
TRPV1 expression and without apparent sensory neuronal
innervation constrict in response to the same TRPV1 stimulation
(Kark et al., 2008; Tóth et al., 2014). Moreover, TRPV1 activation
by capsaicin induced concentration-dependent biphasic effects,
where a low concentration capsaicin evoked dilation, while a
higher concentration resulted in vasoconstriction of the dural
vessels (Dux et al., 2003) and skeletal (musculus gracilis) muscle
arterioles (Kark et al., 2008).

Abundant evidence supports the hypothesis that altered
TRPV1 expression and/or function is associated with vascular
dysfunction in diabetes and obesity. The TRPV1 is the most
studied TRP channel in the vasculature, under these metabolic
conditions. In humans, a study by Marche et al. (2017) evaluated
cutaneous vascular conductance (CVC) in response to heat by
using a skin-heating probe, heated to 44 ◦C to assess heat-induced
vasodilation. The local heat-induced early peak is mediated
through TRPV1 channels, located on sensory nerves. Therefore,
the significantly diminished peak response to local thermal
hyperemia could suggest reduced activity of the TRPV1 channels
at the skin level in type 1 diabetic patients compared to control
subjects. This study indicated that the microvascular response
triggered by TRPV1 channels is reduced in type 1 diabetic
patients (Marche et al., 2017).

Zhang et al. (2015) investigated the pharmacological effects
of capsaicin on mesenteric arteries of STZ-induced diabetic
Sprague-Dawley rats. Capsaicin-induced vasodilation was
impaired in the mesenteric arteries of diabetic rats. As well,
TRPV1 expression was reduced in the diabetic preparation when
compared to the control group. The authors indicated that the
attenuated expression of CGRP and TRPV1 contribute to the
weakened capsaicin-mediated dilation in diabetic mesenteric
arteries (Zhang et al., 2015). In line with previous studies,
capsaicin-induced relaxation in resistance mesenteric arteries
was markedly decreased in obese Zucker (OZ; genetic model
of obesity) rats compared with LZ rats. However, TRPV1
receptor protein expression was similar between LZ and OZ
rats. The authors suggest that the weakened vascular effect
to anandamide in arteries from this obese model can involve
reduced activation of C-fiber nerve endings, and this may
collaborate to the vascular dysfunction observed in OZ rats
(Lobato et al., 2013). However, one concern about this model is
due the mutation of the fa gene (cause of obesity in OZ rats) is
not common among humans.

In addition, the study by Dux et al. (2007) evaluated the
TRPV1 receptor-mediated neurogenic sensory vasodilation in

diabetic rats. In control and insulin-treated diabetic animals,
capsaicin (10−7 M) induced increases in meningeal blood flow,
but in 6-week STZ-induced diabetic rats, capsaicin promoted
decreases in the blood flow. In contrast, capsaicin at a higher
concentration (10−5 M) caused vasoconstriction, which is
a non-neurogenic response and was similar in control and
diabetic animals. The authors demonstrated a reduction in
the capsaicin-evoked release of CGRP and decrease in the
density of perivascular and stromal TRPV1-immunoreactive
nerve fibers of the dura mater from diabetic rats, suggesting that
insufficient vasodilator function of meningeal sensory nerves may
contribute to the higher incidence of headaches in diabetics due
to perturbation of tissue homeostasis that could induce additional
activation and/or sensitization of meningeal nociceptors (Dux
et al., 2007). Further studies are needed to determine if this
hypothesis can be supported. It is pertinent to highlight the fact
that diabetic rats treated with insulin restored the vasodilatory
response and the capsaicin-evoked release of CGRP, indicating
that impairments observed in diabetic animals can be attributed
to the diabetic condition induced by STZ and not to a toxic
action of this drug. Moreover, it is important to note, that the
current evidences demonstrate that TRPV1 channels expression
and/or activity in perivascular sensory nerves are reduced under
these conditions.

In an opposite way, in model of obesity, topical administration
of capsaicin (100 nM) to the dura mater promoted enhanced
meningeal blood flow in high-fat high-sucrose (HFHS) diet-
fed Sprague–Dawley rats (diets started at 6 weeks of age and
continued for 20 weeks; 45% of total calories as fat) compared
to regular diet-fed rats. However, administration of capsaicin
at 10 µM induced a greater reduction in meningeal blood
flow in obese animals compared to controls. In this way,
dural application of capsaicin resulted in significantly higher
vasodilator and vasoconstrictor responses in obese animals
compared to controls. Moreover, this obesity animal model
was characterized by an increase in CGRP release in response
to both concentrations of capsaicin administered, suggesting a
greater TRPV1-mediated CGRP release from meningeal afferent
nerves likely due to a sensitization of the TRPV1 receptor.
This sensitization may be a consequence of the increase
in proinflammatory cytokines and levels of oxidative stress.
Changes in TRPV1-mediated vascular reactions and CGRP
release, may be related to the enhanced headache susceptibility
of obese individuals (Marics et al., 2017). Moreover, Dux et al.
(2007) and Marics et al. (2017) demonstrated divergent results
on TRPV1 receptor-mediated neurogenic sensory vasodilation
between diabetic and obese conditions, indicating that different
mechanisms can contribute to modulation of the TRPV1
channels in each disease.

Guarini et al. (2012) showed that capsaicin-mediated increases
in myocardial blood flow (MBF), using myocardial contrast
echocardiography, were reduced in db/db mice, a model of type II
diabetes, and obesity. Similarly, relaxation promoted by capsaicin
was attenuated in coronary microvessels from diabetic mice.
Interestingly, myocardial pH was more acidic in diabetic mice
than control mice and pH-mediated relaxation was attenuated in
coronary microvessels from TRPV1(−/−) and db/db mice. The
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FIGURE 2 | Involvement of TRPs in vascular responses in normal, diabetic and obese conditions. (A) The figure shows the possible mechanisms that can explain
vasodilator influences of TRPV1, TRPV4, TRPM2, and TRPML1 channel present in the vasculature. TRPV1 channel activation causes release of the CGRP from
sensory nerves. CGRP binds to CGRP receptor, inducing augmented levels of cAMP that activates PKA and promotes relaxation of VSMC. TRPV1 activation in
endothelial cells promotes Ca2+ influx and phosphorylation of eNOS and induces NO production. NO active the soluble guanylyl cyclase, that catalyzes the
conversion of GTP to cGMP and active the PKG. The NO/cGMP/PKG activates BKCa that leads to smooth muscle relaxation. Additionally, specific interaction of

(Continued)
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FIGURE 2 | Continued
TRPV4 with KCa2.3 in endothelial cells promote vasodilation, likely via an EDHF pathway. Moreover, H2O2-induced Ca2+ influx via TRPM2 channels in endothelial
cells results in endothelial permeability. TRPML1 is closely associated with RyR2. TRPML1 activation provokes Ca2+ signals from a LELs, which can subsequently
be augmented by CICR from the SR via RyR2 to induce Ca2+ sparks, leading to BKCa channel activity that result in membrane hyperpolarization, VSMC relaxation.
(B) The figure shows the possible alterations in TRPV1, TRPV4, and TRPM2 channel under diabetic conditions. Diabetic conditions promote reduction in the
capsaicin-evoked release of CGRP and decrease in the density of perivascular TRPV1. Moreover, a high level of glucose reduces TRPV1 expression and PKA
phosphorylation in endothelial cells. Additionality, hyperglycemia is a crucial factor for the diminished TRPV4 expression and impairs the endothelium-dependent
vasodilatation. Also, increased oxidative stress activates the TRPM2 channel and results in endothelial hyperpermeability. Besides that, overexposure of superoxide
promoted a TRPM2 channel negative feedback-mediated downregulation. Further studies are needed to clarify whether TRPML1 activity and/or expression are
altered in the vasculature during diabetes. (C) The figure shows the possible alterations in TRPV1 and TRPM2 channel under obese conditions. Impaired
capsaicin-induced vasodilation in arteries is associated with reduced expression of TRPV1 protein and cation influx into endothelial cells under obese conditions.
Increased oxidative stress present in obesity are modulating the TRPM2 channel, leading elevated activity of this channel. Further studies are needed to elucidate
whether TRPV4 and TRPML1 activity and/or expression are altered in the vasculature during obesity. TRPV1, Transient receptor potential of vanilloid type 1; TRPV4,
Transient receptor potential of vanilloid type 4; TRPM2, Transient receptor potential of melastatin type 2; TRPML1, Transient receptor potential of mucolipin type 1;
VSMC, vascular smooth muscle cells; NO, nitric oxide; EDHF, endothelium-derived hyperpolarizing factor; eNOS, endothelial nitric oxide synthase; BKCa,
large-conductance Ca2+-activated K+ channel; KCa2.3, small-conductance Ca2+-sensitive K+ channels (SKCa) isoform. PKG, Protein Kinase G; cGMP, cyclic
guanosine 3′,5′-monophosphate; GTP, guanosine 5′-triphosphate; SR, sarcoplasmic reticulum; IP3R, Inositol 1,4,5-trisphosphate receptor; RyR2, type 2 ryanodine
receptors; cAMP, Cyclic adenosine monophosphate; PKA, protein kinase A; CGRP, Calcitonin gene-related peptide; CGRP receptor, Calcitonin gene-related peptide
receptor; CICR, calcium-induced calcium release; LELs, late endosomes and lysosomes; H2O2, Hydrogen peroxide.

authors speculated that TRPV1 channels directly regulate MBF
and impairment of TRPV1 channels could contribute to vascular
dysfunction that is typically observed in diabetes. As previously
described, lowering pH is a stimulus for TRPV1 activation.
The study by Guarini et al. (2012) demonstrates a possible
desensitization of TRPV1 in situations of prolonged acidic
environment exposure. Further investigation into prolonged
acidic environment on TRPV1 desensitization is necessary.

A follow-up study by this group reported that acute H2O2
exposure potentiated capsaicin-mediated coronary blood flow
(CBF), using the same methodology that was described by
Guarini et al. (2012), responses and capsaicin-induced dilation
of coronary microvessels in control mice, but H2O2 had little
potentiating effect on capsaicin-mediated responses in db/db and
TRPV1 knockout mice. However, after excessive H2O2 exposure,
CBF and microvessel responses in the control mice resembled
those of the attenuated responses seen in TRPV1 knockout
and db/db mice. The author indicated that H2O2-induced
increases in CBF are promoted, in part, by TRPV1 channels.
Moreover, prolonged H2O2 exposure disrupts TRPV1-dependent
coronary vascular signaling, which can cause in-tissue perfusion
impairments observed in diabetes (DelloStritto et al., 2016).

Sun et al. (2013) demonstrated that cultured endothelial cells
that are exposed to a high level of glucose (30 mmol/L), reduced
TRPV1 expression and protein kinase A (PKA) phosphorylation
compared with control cells and that these effects were reversed
by the administration of capsaicin (1 µmol/L). Similarly, in
the aorta and mesenteric arteries from db/db mice, TRPV1
expression and PKA phosphorylation were decreased, but
uncoupling protein 2 (UCP2) level was significantly higher
when compared to wild type mice. After dietary administration
of 0.01% capsaicin for 14 weeks, TRPV1 activation induced
PKA phosphorylation and elevated the expression level of
UCP2 in diabetic mice. Moreover, capsaicin ameliorated vascular
oxidative stress and increased NO levels in db/db mice.
The authors concluded that TRPV1 activation by capsaicin
might attenuate hyperglycemia-induced endothelial dysfunction
through a mechanism involving the PKA and UCP2-mediated

antioxidant effect (Sun et al., 2013). If this conclusion is accurate,
then it would indicate a possible target for future research
on chronic treatment with TRPV1 agonists in the diabetic
and obesity conditions, evaluating whether these agonists could
attenuate or prevent vascular dysfunction. In addition, these
studies demonstrate new possibilities of capsaicin-rich dietary
recommendations for complementary assistance in the treatment
of diabetic patients.

Similarly, Bratz et al. (2008) demonstrated impaired capsaicin-
induced vasodilation in coronary arteries from obese Ossabaw
swine (diets were provided for 24 weeks; 46% of total kcal
from fat) associated with reduced expression of TRPV1 protein
and cation influx into endothelial cells. On the other hand,
TRPV1 channel mRNA expression was increased in obese
swine compared with lean controls. The authors concluded
that TRPV1 channel signaling is diminished in metabolic
syndrome and this disrupted pathway can contribute to the
endothelial dysfunction and the development of coronary artery
disease (Bratz et al., 2008). These findings support the notion
that decreased expression of TRPV1 channel and Ca2+ influx
into endothelial cells promote insufficient vasodilator response,
collaborating to the endothelial dysfunction related to diabetic
and obesity conditions.

Together, these studies support a model in which activation of
TRPV1 channels from endothelial cells and perivascular sensory
nerves cause vasodilation. This mechanism may be disrupted
during diabetes and obesity, contributing to vascular dysfunction
associated with these conditions, resulting in higher incidence of
headaches, coronary disease, and tissue perfusion impairment.

However, Pamarthi et al. (2002) demonstrated that capsaicin-
induced concentration-dependent relaxation of branch II and III
mesenteric arteries and CGRP nerve density was similar in the
Zucker diabetic fatty (ZDF) rat, a model of type II diabetes, and
genetic controls. ZDF rats exhibit obesity, severe hyperglycemia,
an early hyperinsulinemia and dyslipidemia. Moreover, the
obesity is promoted by the fa leptin receptor mutation (Pamarthi
et al., 2002), but, as described before, this is not common cause of
obesity among humans.
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In contrast, Davidson et al. (2006) reported that capsaicin
induced a concentration-dependent vasoconstriction of
epineural arterioles of the sciatic nerve from Sprague-Dawley
rats, concluding that vasoconstriction was likely due to the release
of neuropeptide Y (NPY) contained in nerves that innervate
these arterioles. However, vasoconstriction to capsaicin was
significantly decreased in long-term diabetic rats. This altered
response was correlated with the reduced expression of TRPV1
in epineural arterioles in diabetic rats (Davidson et al., 2006).
Moreover, the present evidence shows that TRPV1 channels
expression and/or activity in sensory nerves that innervate these
arterioles are decreased under diabetic condition. Overall, these
findings are in accordance with findings reported by Haddock
and Hill (2011). In an animal model of obesity, capsaicin
(10 µM) promoted a significant increase in nerve-mediated
vasoconstriction induced by a 10 Hz stimulation in small
mesenteric arteries from groups fed a high-fat (diets started at
6 weeks of age and were provided for 20–24 weeks; containing
43% of total calories as fat) and normal diet, although the effect
was greater in control rats (Haddock and Hill, 2011). From
the results, it is clear that common factors between obesity and
diabetes can modulate TRPV1 channel, leading to the reduced
vasoconstriction. Additional studies to investigate which specific
mechanisms collaborate to TRP channels modulation in each
disease are necessary.

A study by Ohanyan et al. (2011) showed that capsaicin
caused an increase in mean arterial blood pressure (MAP)
in mice, but the increase MAP was attenuated in the db/db
mice. In addition, mice were given the ganglion blocker,
hexamethonium, to evaluate the primary actions of capsaicin and
to eliminate reflex adjustments. Furthermore, this diminished
capsaicin-induced pressor response was correlated with reduced
aortic TRPV1 protein expression in db/db mice. Moreover,
cultured bovine aortic endothelial cells exposed to capsaicin
augmented endothelin production and endothelin A (ETA)
receptor inhibition reduced the capsaicin-mediated rises in MAP.
Based on these findings, the authors indicated that TRPV1
channels are involved in the regulation of vascular reactivity and
systemic pressure through production of endothelin, resulting
in activation of vascular ETA receptors. Therefore, a decrease in
vascular TRPV1 channel expression may contribute to vascular
dysfunction in diabetes. The authors suggest that this reduced
TRPV1 channels could promote sensitization of vasoconstrictor
pathways and reduced functional hyperemia present in diabetic
patients (Ohanyan et al., 2011). A limitation of this study was the
use of conductance vessels instead of resistance vessels in order
to evaluate TRPV1 protein expression. Moreover, further studies
should evaluate if substance P and NPY can participate in the
capsaicin-mediated pressor response.

Marshall and colleagues revealed that hypertension and
vascular hypertrophy were observed in HFD-fed wild-type
(diets for 12 weeks from 3 weeks of age; 35% fat from
lard) but not HFD-fed TRPV1 knockout mice, indicating that
the onset of vascular remodeling may have an association
between TRPV1 and obesity-induced high blood pressure.
Moreover, constrictor and dilator responses to phenylephrine,
CGRP, and the endothelium-dependent carbachol remained

intact, suggesting little vascular dysfunction in the mesenteric
resistance artery in this obese model. Interestingly, the authors
provided evidence that TRPV1 knockout mice were protected
from obesity-induced hypertension and vascular hypertrophy
(Marshall et al., 2013; Table 1). However, it is important to note
that these results differ from studies that have linked decreased
TRPV1 expression or/and function with a worsened phenotype.
Moreover, there is no significant alteration on the mean arterial
pressure in TRPV1 knockout mice related to wild-type mice
under normal diet. This implies that altered TRPV1 activity can
be associated with a compensatory response that counteracts the
hypertension in this model of obesity. The HFD-wild-type mice
show low-grade inflammation, reducing glucose tolerance and
raised levels of adipokine that could be involved with modulation
of this channel. Furthermore, it cannot be ruled out that the
different influences of TRPV1 channels on the vasculature
depend on the tested diabetic or obese animal model. Thus,
additional research is needed to confirm these observations.

Collectively, these findings reveal the downregulated
TRPV1 channel expression is related to the diabetic condition
(Figures 2A,B). In obese animal models, these studies
demonstrated alterations in TRPV1 channel expression
and/or function, suggesting a role of TRPV1 in obese conditions
(Figures 2A,C). Nevertheless, the data obtained from these
studies are divergent, which can be justified by the use of
different obesity animal models, observed by distinct diet
compositions, durations and age of onset of diet intervention,
which can result in different metabolic profiles and severity of
obesity. In addition to the different models, different vascular
beds were utilized which confound the conclusion’s coalescence.
Overall, these findings demonstrate that mainly TRPV1 channels
in endothelial cells and perivascular sensory nerves are altered
under diabetic and obese conditions.

The Role of TRPV4 in the Vasculature
Under Diabetic and Obese Conditions
TRPV4 is expressed in the aorta (Gao et al., 2020), mesenteric
(Ma et al., 2013), carotid (Hartmannsgruber et al., 2007),
pulmonary (Martin et al., 2012), cerebral basilar (Han et al.,
2018), and renal (Soni et al., 2017) arteries, among others, and
it can be present in both VSMC (Martin et al., 2012; Soni et al.,
2017) and the endothelium (Marrelli et al., 2007; Ma et al.,
2013; Han et al., 2018). A broad range of stimuli can lead to
TRPV4 activation, including heat (>27◦C) (Güler et al., 2002;
Watanabe et al., 2002b), hypoosmotic conditions (Liedtke et al.,
2000; Strotmann et al., 2000; Alessandri-Haber et al., 2003), low
pH and citrate (Suzuki et al., 2003), 5,6- epoxyeicosatrienoic acid
(Watanabe et al., 2003), and 4-α-phorbol esters (Watanabe et al.,
2002a,b). TRPV4 is a nonselective cation channel, permeable to
Ca2+, Mg2+ and K+ (Voets et al., 2002), and it exhibits moderate
permeability to Ca2+ (PCa/PNa∼6) (Strotmann et al., 2000; Voets
et al., 2002; Watanabe et al., 2002a).

Moreover, there is evidence that TRPV4-mediated stimulation
of intermediate-conductance Ca2+-sensitive K+ channels (IKCa)
and/or small-conductance Ca2+-sensitive K+ channels (SKCa)
channels can promote vasodilation, likely via an EDHF pathway
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(Zhang et al., 2013; Han et al., 2018). For example, there
is a functional interaction between TRPV4 and the KCa2.3,
SKCa isoform, in endothelial cells (Sonkusare et al., 2012). This
association plays a key role in smooth muscle hyperpolarization
and relaxation (Ma et al., 2013; Lu et al., 2017; Huang et al.,
2019). Additionally, Ca2+ entry through endothelial TRPV4
channels can trigger NO-dependent vasodilation (Köhler et al.,
2006; Marziano et al., 2017).

TRPV4 channel expression appears to be altered in diabetic
conditions and has a significant impact on the regulation of
vascular tone. Ma et al. (2013) were the first to demonstrate
evidence of the physical interaction between TRPV4 and KCa2.3
in endothelial cells from the rat mesenteric artery. The expression
levels of TRPV4 and KCa2.3 were reduced and TRPV4-KCa2.3-
mediated relaxation was impaired in STZ-induced diabetic rats.
The authors proposed that the reduced TRPV4-KCa2.3 signaling
could be an underlying mechanism for EDHF dysfunction in
diabetic rats (Ma et al., 2013).

Similarly, protein expression of endothelial TRPV4 in the
retinal vasculature was reduced in STZ-induced diabetic rats
compared with age-matched controls. The authors speculated
that TRPV4 channel downregulation may contribute to impaired
endothelium-dependent relaxation and retinopathy (Monaghan
et al., 2015). Similarly, in db/db and STZ -induced diabetic
C57BLKS/J mice, mRNA and protein levels of TRPV4 were
significantly decreased in aortas, indicating that hyperglycemia
is a crucial factor for the diminished TRPV4 expression, and
impairs the endothelium-dependent vasodilation observed in
diabetic mice (Gao et al., 2020).

A recent report demonstrated that diet-induced obesity
(diets started at 6 weeks of age and continued until at
20 weeks; 60% of total kcal from fat) is associated with
impaired Ca2+ influx through TRPV4 channels and vasodilation
induced by muscarinic stimulation and GSK1016970A (TRPV4
agonist) in resistance mesenteric arteries from mice. Increased
activities of inducible nitric oxide synthase (iNOS) and
NOX1 enzymes at myoendothelial projections (MEPs) in obese
mice produced higher levels of NO and superoxide radicals,
resulting in augmented local peroxynitrite formation and
subsequent oxidation of the regulatory protein AKAP150, to
impair AKAP150-TRPV4 channel signaling at MEPs. Similarly,
vasodilation was also weakened in the splenius/temporalis
muscle arteries and peroxynitrite causes the impairment of
endothelial TRPV4 channel activity in arteries from obese
patients. Inhibition of iNOS or lowered peroxynitrite levels may
be a strategy to restore TRPV4 channel activity and vasodilation
in the obese condition (Ottolini et al., 2020).

In contrast, a HFD mouse model of obesity (diets initiated
at age 5 weeks and continued until at age 6 months; 60% of
total calories from fat), the vasodilator function induced by
muscarinic stimulation of the endothelium and the underlying
endothelial TRPV4 channel–mediated Ca2+ sparklet entry was
not affected in resistance mesenteric arteries from obese mice.
Vasodilator responses to GSK1016970A were similar between
the mice receiving LFD and HFD. Similarly, there was no
change in diameter of the pressure constricted arteries from
either HFD or LFD mice in response to TRPV4 inhibition

(HC067047). However, these obese animals exhibit Ca2+ spark–
BKCa dysfunction that can be associated to development of
obesity-related hypertension (Greenstein et al., 2020; Table 1).
These studies by Ottolini et al. (2020) and Greenstein et al. (2020)
have performed similar approaches, using third-order mesenteric
arteries pressurized to 80 mmHg, and internal diameter was
recorded in response to numerous treatments. As an alternative
to these contradicting findings, TRPV4 can play a compensatory
role aimed at restoring blood pressure in the study by Greenstein
et al. (2020) or additional variables such as the duration on
diet, genetic drift and discrepancies in the microbiome, can be
associated to the differences found in the TRPV4 channel activity.

Taken together, these reports reveal that the downregulated
TRPV4 channel expression is related to impaired vasorelaxation
in diabetes (Figures 2A,B). In animal models of obesity, studies
demonstrated divergent results (Figures 2A,C), Ottolini et al.
(2020) evidenced that reduced TRPV4 channels function can
contribute to obesity-induced hypertension, while contrarily,
a study by Greenstein et al. (2020) showed no alteration in
TRPV4 expression and/or activity, therefore obesity had no
influence on the endothelial muscarinic/TRPV4 vasodilator
pathway. Moreover, these HFD mouse models of obesity have
slight difference between duration of diets. Further studies are
clearly needed to confirm these findings.

The Potential Role of TRPML1 in the
Vasculature Under Diabetic and Obese
Conditions
TRPML is the most recently identified subfamily of TRP (Bargal
et al., 2000; Bassi et al., 2000; Sun et al., 2000), consisting of three
members, TRPML1, TRPML2, and TRPML3 (Venkatachalam
et al., 2006; see review of Samanta et al., 2018). TRPML1
channels are broadly distributed, located in the lung, heart,
skeletal muscle, placenta (Bassi et al., 2000), and VSMC (Thakore
et al., 2020), among others. TRPML2 is expressed in gliomas
(Morelli et al., 2016), lymphoid and myeloid tissues (Lindvall
et al., 2005; Samie et al., 2009), and TRPML3 is most abundant
in the cochlea, melanocytes in skin hair follicles (Xu et al., 2007),
vomeronasal and olfactory receptor neurons (Castiglioni et al.,
2011). Moreover, TRPML1 is the only TRPML member present
in smooth muscle cells from cerebral and mesenteric arteries
(Thakore et al., 2020).

TRPML1 channels are mainly localized to the membranes
of late endosomes and lysosomes (LELs) (Pryor et al., 2006;
Vergarajauregui and Puertollano, 2006; Dong et al., 2008), and it
is permeable to multiple ions including Ca2+, Na+, K+ (LaPlante
et al., 2002), and Fe2+ (Dong et al., 2008). Moreover, this
channel is transiently modulated by changes in cytosolic Ca2+

(LaPlante et al., 2002) and phosphatidylinositol 3,5-bisphosphate
[PI(3,5)P2] (Dong et al., 2010). TRPML1 channels participate in
some cell functions, including autophagy (Scotto Rosato et al.,
2019), exocytosis (LaPlante et al., 2006; Samie et al., 2013),
membrane trafficking (LaPlante et al., 2004) and H+ homeostasis
(Soyombo et al., 2006).

Zhang et al. (2006) showed that lysosomes act as a
crucial Ca2+ store and play a role in Ca2+ mobilization
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in coronary arterial smooth muscle cells and subsequently,
vasoconstriction of coronary arteries. In this way, the lysosomal
luminal concentration of Ca2+ is ∼0.5 mM, which is higher
than cytosolic Ca2+ at ∼100 nM (Christensen et al., 2002).
Additionally, NAADP can selectively provoke Ca2+ signals from
a lysosome-related Ca2+ store alone, which can subsequently
be augmented by calcium-induced calcium release (CICR)
from the sarcoplasmic reticulum/endoplasmic reticulum via the
ryanodine receptor (Kinnear et al., 2004). Moreover, TRPML1
can act as a NAADP-sensitive Ca2+ release channel and
mediate Ca2+ release in lysosomes from the liver in rats
(Zhang and Li, 2007) and from bovine coronary arterial muscle
(Zhang et al., 2009).

A recent study by Thakore et al. demonstrated that TRPML1
is closely associated with type 2 ryanodine receptors (RyR2),
inducing Ca2+ sparks in native arterial myocytes. Additionally,
TRPML1 channels, acting upstream of RyR2s, were crucial in
the spontaneous generation of Ca2+ sparks, leading to BKCa
channel activity that resulted in membrane hyperpolarization,
arterial myocyte relaxation, and vasodilation. Consequently,
mice deficient in TRPML1 (Mcoln1−/−) resulted in excessive
vasoconstriction and hypertension. The authors concluded
that under physiological conditions, TRPML1 channels initiate
Ca2+ sparks, thus diminishing myocyte contractility to regulate
vascular resistance and blood pressure (Thakore et al., 2020).
This work provides unpredicted results that support an
unconventional role for TRPML1 channels in arterial smooth
muscle cells and hypertension. In this way, we speculated that the
TRPML1 channel could have a potential role in the vasculature
under diabetic and obese conditions. Further studies are needed
to clarify whether TRPML1 activity and/or expression are altered

in the vasculature during cardiometabolic disorders, such as
obesity and diabetes, so far lacking in the scientific literature.

THE ROLE OF PERIVASCULAR ADIPOSE
TISSUE (PVAT) AND REACTIVE OXYGEN
SPECIES (ROS) TO THE VASCULAR
DYSFUNCTION

Perivascular adipose tissue is in close proximity with the
vasculature, and it surrounds most blood vessels, including
aortic (Azul et al., 2020), coronary (Payne et al., 2009), brachial
(Rittig et al., 2008) and mesenteric (Fésüs et al., 2007) arteries.
PVAT is considered an active endocrine organ, producing and
releasing many bioactive signaling molecules, such as: superoxide
(Gao et al., 2006), hydrogen peroxide (Gao et al., 2007), tumor
necrosis factor-α (TNF-α) (Virdis et al., 2015), leptin (Gálvez-
Prieto et al., 2012), adiponectin (Meijer et al., 2013), visfatin
(Wang et al., 2009), angiotensin (1–7) (Lee et al., 2009), and
exosomes (Zhao et al., 2019). Upon secretion into the circulation,
these molecules play an important role on vascular function,
modulating the vasodilation by endothelium-independent and
dependent pathways (Dubrovska et al., 2004; Salcedo et al., 2007;
Yamawaki et al., 2009, 2010). In obesity and diabetes, PVAT
dysfunction can induce vascular injury by mechanisms that
include raised levels of pro-inflammatory cytokines, enhanced
oxidative stress, pro-oxidant/antioxidant imbalance (Greenstein
et al., 2009; Ketonen et al., 2010; Gil-Ortega et al., 2014; Azul
et al., 2020), and a modification in the adipokine secretory profile
(Saxton et al., 2019).

FIGURE 3 | Flowchart showing the TRPs modulation in vascular responses under diabetic and obese conditions. TRPC, Transient receptor potential of canonical or
classical; TRPV1, Transient receptor potential of vanilloid type 1; TRPV4, Transient receptor potential of vanilloid type 4; TRPM2, Transient receptor potential of
melastatin type 2; NO, nitric oxide; EDHF, endothelium-derived hyperpolarizing factor; CGRP, Calcitonin gene-related peptide.
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In addition, ROS are generated as a by-product of the cellular
oxidative metabolism, and they are reactive molecules containing
oxygen such as hydrogen peroxide, superoxide, and hydroxyl
radical (Schieber and Chandel, 2014). In physiological levels,
ROS play an important role in the regulation of numerous
biological events, including proliferation (Arana et al., 2012),
and angiogenesis (Wang et al., 2020) whereas excessive ROS
(oxidative stress) are involved to several pathological conditions
such as obesity (da Costa et al., 2017), and diabetes (Coughlan
et al., 2009). As a result, oxidative stress can induce vascular
dysfunction, leading reduced NO bioavailability (Cho et al.,
2013), elevated peroxynitrite formation, eNOS uncoupling
(Gamez-Mendez et al., 2015), and VSMC proliferation (Zhou
et al., 2016).

Therefore, PVAT dysfunction and enhanced oxidative stress,
present in diabetes and obesity, contribute to vascular damage
(Greenstein et al., 2009; Ketonen et al., 2010; Gil-Ortega et al.,
2014; Azul et al., 2020). Highlighting that PVAT dysfunction can
be source of an abnormal generation of ROS (Ketonen et al., 2010;
Azul et al., 2020). However, the literature is scarce to report the
direct influences of products from PVAT on the TRP channels,
despite oxidative stress modifying the expression and/or activity
of the TRP channels. For example, increased oxidative stress
promotes overactivation of TRPM2 channel in diabetes (Lu et al.,
2014) and obesity (Sun et al., 2019). In contrast, peroxynitrite
causes the impairment of endothelial TRPV4 channel activity by
oxidation of the regulatory protein A-kinase anchoring protein
150 (AKAP150) (Ottolini et al., 2020).

In addition, levels of leptin are higher in obese individuals
than in lean ones, leptin can induce hypertension by enhancing
TRPM7 channel expression in the carotid body glomus cells
and increasing TRPM7 activity (Shin et al., 2019). Moreover,
leptin can stimulate TRPC channel, inducing vasoconstriction
in endothelium-denuded pulmonary artery and thoracic aorta
(Gomart et al., 2017). However, adipose-derived exosomes can
reduce the pulmonary barrier hyperpermeability by inhibiting
the TRPV4/Ca2+ pathway in HFD-induced obesity (Yu et al.,
2020). As well, adiponectin can inhibit the expression of TRPV1
at the central terminals, modulating thermal sensitivity in
physiological and neuropathic pain conditions (Sun et al., 2018).
Consequently, biologically active compounds secreted by PVAT
can modulate TRP channels. Furthermore, the secretory profile
of PVAT is altered by obesity and diabetes, this may contribute to
vascular dysfunction.

CONCLUSION

Robust evidence demonstrated that TRPC, TRPM and TRPV
channels are involved in pathophysiological responses in the
vasculature of animals with metabolic diseases (Figure 3).
These disease mechanisms consist of altered expression or
activation of TRP channels leading to impaired vasorelaxation,
endothelial hyperpermeability, vascular hypertrophy or elevated
contractility. In this context, TRP channels could be potential
targets for the development of novel therapies to treat
vascular dysfunction related to obesity and diabetes. However,
additional investigations are necessary to completely elucidate
the pathophysiological aspects of vascular TRP channels in
obesity and diabetes. Furthermore, clinical researches are
lacking in this area, so further clinical studies in this field
are required.

However, there does exist a heterogeneity among the obese
and diabetic animal models used in these studies. For instance,
the severity of the obesity and the metabolic alterations can vary
greatly between genetic versus diet-induced obesity. Moreover,
there are differences in relation to the duration and the type of
fat-diet consumed. In the same way, these studies demonstrated
animal models of type 1 and 2 diabetes with different stages of
diabetes. Nevertheless, it remains unclear whether the reported
findings, in determined animal models can be attributed to the
obese or diabetes state, regardless of the etiology.
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Hypertension is one predictive factor for stroke and heart ischemic disease. Nowadays,
it is considered an inflammatory disease with elevated cytokine levels, oxidative
stress, and infiltration of immune cells in several organs including heart, kidney,
and vessels, which contribute to the hypertension-associated cardiovascular damage.
Macrophages, the most abundant immune cells in tissues, have a high degree of
plasticity that is manifested by polarization in different phenotypes, with the most
well-known being M1 (proinflammatory) and M2 (anti-inflammatory). In hypertension,
M1 phenotype predominates, producing inflammatory cytokines and oxidative stress,
and mediating many mechanisms involved in the pathogenesis of this disease. The
increase in the renin–angiotensin system and sympathetic activity contributes to the
macrophage mobilization and to its polarization to the pro-inflammatory phenotype.
Heme oxygenase-1 (HO-1), a phase II detoxification enzyme responsible for heme
catabolism, is induced by oxidative stress, among others. HO-1 has been shown to
protect against oxidative and inflammatory insults in hypertension, reducing end organ
damage and blood pressure, not only by its expression at the vascular level, but also
by shifting macrophages toward the anti-inflammatory phenotype. The regulatory role
of heme availability for the synthesis of enzymes involved in hypertension development,
such as cyclooxygenase or nitric oxide synthase, seems to be responsible for many of
the beneficial HO-1 effects; additionally, the antioxidant, anti-inflammatory, antiapoptotic,
and antiproliferative effects of the end products of its reaction, carbon monoxide,
biliverdin/bilirubin, and Fe2+, would also contribute. In this review, we analyze the role
of HO-1 in hypertensive pathology, focusing on its expression in macrophages.

Keywords: hypertension, AngII, macrophages, oxidative stress, inflammation, heme oxygenase-1

INTRODUCTION

Hypertension is an important risk factor that significantly contributes to worldwide cardiovascular
morbidity and mortality. Despite its prevalence and clinical importance, its origin, in many
cases, remains unclear, although the role of angiotensin II (AngII) in its pathophysiology
is well known. Thus, AngII, via AT1 receptor, is associated with cell growth, inflammation,
vasoconstriction, apoptosis, and production of extracellular matrix components and reactive
oxygen species (ROS) (Kim et al., 2011; Savoia and Volpe, 2011); moreover, AngII also recruits
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monocytes and other inflammatory cells in heart, vasculature,
and kidney during hypertension (Rucker and Crowley, 2017).

Recently, a relationship between inflammation and
hypertension-associated damage has been reported. Thus,
both the adaptive immunity (Xiao and Harrison, 2020) and
cells from the innate immune system, such as macrophages,
have been described to be involved in hypertension. Immune
cells infiltrate vessels, kidneys, heart, and brain, producing
proinflammatory cytokines, and chemokines (Norlander et al.,
2018; Caillon et al., 2019). The infiltrating macrophages can
amplify local ROS levels, promoting inflammation via activation
of redox-sensitive transcription factors, mainly NFκB, leading
to inflammasome activation (Xiao and Harrison, 2020). A low
degree of inflammation facilitates vascular oxidative stress
and decreases nitric oxide (NO) bioavailability, leading to the
vascular alterations accounting for the increased peripheral
vascular resistance (Norlander et al., 2018; Caillon et al., 2019).
Specifically, increased macrophage infiltration has been observed
in different hypertension models (Norlander et al., 2018; Caillon
et al., 2019) and a causal role of monocytes and macrophages
in the hypertension development and the associated vascular
alterations has been described (De Ciuceis et al., 2005).

Within the inflammatory processes involved in hypertension,
vascular damage due to oxidative stress is of great importance.
ROS are mainly produced in the mitochondria and by
NADPH oxidase, but also by uncoupled NO synthase and
xanthine oxidase. These sources are activated in endothelial,
vascular smooth muscle (VSMC), neuronal, and renal tubular
cells (Xiao and Harrison, 2020). Oxidative stress promotes
endothelial dysfunction and induces proinflammatory
monocyte adhesion via increased expression of adhesion
molecules (Kumar and Bandyopadhyay, 2005). Oxidative
stress also activates cyclooxygenases (COX) generating
prostaglandins and thromboxanes, which contribute to vascular
alterations and enhances inflammatory responses (Montezano
et al., 2015). Additionally, inflammation and oxidative
stress can also induce vascular remodeling, with elevated
media/lumen ratio, and increase stiffness in hypertension
(Hernanz et al., 2014).

Heme oxygenase-1 (HO-1) catalyzes degradation of the pro-
oxidant heme generating carbon monoxide (CO), biliverdin
(BV), and ferrous iron (Fe2+), which are antioxidant and anti-
inflammatory. HO-1 has a protective role in hypertension by
reducing end organ damage and blood pressure, not only by its
expression in several tissues, but also by modulating macrophage
polarization toward anti-inflammatory phenotype (Yang et al.,
2004; Wenzel et al., 2015; Bellner et al., 2020). This review
will describe the role of HO-1 and its enzymatic products in
hypertension, focusing on its expression in macrophages.

MACROPHAGES IN HYPERTENSION

Macrophages are the most abundant immune cells in tissues,
including vessels, heart, and kidneys. They display remarkable
plasticity, which is manifested by a functional and phenotypic
differentiation called polarization (Harwani, 2018). Macrophages

are usually classified into M1 and M2, with M1 being
proinflammatory by producing cytokines such as interleukin-1
beta (IL-1β) or tumor necrosis factor-α (TNF-α), and ROS, and
M2 being anti-inflammatory by secreting IL-10 and transforming
growth factor-beta (TGF-β). However, classifying macrophages is
not so easy, since the great variety of stimuli they receive will give
rise to numerous subpopulations (Harwani, 2018).

The M1/M2 macrophage ratio seems to play an important
role in the hypertension pathophysiology. Thus, M2 markers
are reduced in SHR liver, which contributes to hypertension;
furthermore, M2 macrophage induction would normalize blood
pressure in established hypertension (Ndisang and Mishra, 2013).
In AngII-infused mice, the great vascular M1 infiltration is
involved in endothelial dysfunction and hypertension (Gomolak
and Didion, 2014). Besides the direct effects of M1 macrophage-
produced ROS and inflammatory cytokines, they also affect NO
levels. Thus, M1 macrophages increase NO through inducible
NO synthase (iNOS) (DeGeorge et al., 1997), which, along with
ROS, results in reactive nitrogen species formation, decreasing
NO bioavailability and aggravating cellular damage (Hsieh
et al., 2014). Therefore, the increased M1/M2 macrophage ratio
participates in hypertension, although the cause of this imbalance
remains unclear (Harwani, 2018).

In hypertension, AngII, through AT1 receptors, drives to
differentiation, mobilization, and activation of proinflammatory
monocytes into the heart, vessels, and kidney. The M1
macrophages that accumulated in renal interstitium migrate
to vascular subendothelium and then produce inflammatory
cytokines and ROS, which lead to kidney fibrosis and vascular
injury. However, AT1 receptor activation suppresses macrophage
M1 polarization and reduces the AngII-caused end organ damage
(Rucker and Crowley, 2017).

The increased sympathetic activity observed in hypertension
also contributes to macrophage polarization and mobilization,
as part of neuroimmune interaction (Harwani, 2018). Thus,
activation of splenic sympathetic nerve in response to
AngII infusion into the central nervous system increases
M1 proinflammatory cytokines in some immune reservoirs,
such as spleen; in fact, sympathetic innervation of spleen is
required for AngII-induced hypertension. Increased renal
sympathetic nerve activity also participates in macrophage
activation (Harwani, 2018).

HEME OXYGENASES

Heme oxygenases (HO) are the rate-limiting enzymes in
heme catabolism, regulating its intracellular levels (Figure 1).
These enzymes catalyze degradation of heme b to equimolar
quantities of the bile pigment BV, CO, and Fe2+ (Kim et al.,
2011; Ayer et al., 2016). Thereafter, BV reductase (BVR)
reduces BV to bilirubin (BR), which combines with UDP-
glucuronytransferase and is excreted in the bile (Abraham and
Kappas, 2008). Additionally, HO recycle iron from senescent
erythrocytes and extrahematopoietic cells, explaining their
high basal activity in tissues rich in reticuloendothelial cells
(Abraham and Kappas, 2008).

Frontiers in Physiology | www.frontiersin.org 2 February 2021 | Volume 12 | Article 643435171

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


fphys-12-643435 February 22, 2021 Time: 19:17 # 3

Martínez-Casales et al. Macrophage HO-1 in Hypertension

FIGURE 1 | HO-1 is induced by a variety of stimuli such as its substrate heme, heavy metals, xenobiotics, growth factors, or cytokines and repressed by some
factors like Bach-1 and Jun D. This enzyme catalyzes the degradation of heme in biliverdin (BV), which is reduced to bilirubin (BR), CO, and Fe2+ in equimolar
quantities, consuming three molecules of O2 per mole of heme and 7 e−donates by NADPH through CYP450 system. BV, CO, and Fe2+, through ferritin
production, have shown to be responsible for antioxidant and anti-inflammatory effects of HO-1. CO also has vasodilator, antiapoptotic, and antiproliferative effects
at the vascular level.

HO are evolutionarily highly conserved enzymes (Ayer
et al., 2016) located in microsomes (Maines et al., 1977) and
mitochondria (Di Noia et al., 2006) of all tissues. In mammals,
HO family consists of two enzymes, HO-1 and HO-2, with a
molecular weight of 32 and 36 kDa, respectively, a third 33
kDa enzyme, HO-3, was also detected, but finally, it has been
proved to be a pseudogene derived from the HO-2 transcript
(Abraham and Kappas, 2008; Loboda et al., 2008). Both HO-
1 and HO-2 contain a sequence of 24 amino acids, the “heme
binding pocket,” which allows them to bind to the heme group,
and a hydrophobic region at the -COOH terminus that acts as
anchorage to the endoplasmic reticulum membrane (Ayer et al.,
2016). HO-1 is inducible; therefore, it is generally undetected
under normal conditions, except in tissues with a high rate of
degradation of senescent red blood cells, where it predominates
even under unstressed conditions (Loboda et al., 2008; Ayer
et al., 2016). Furthermore, high HO-1 levels are present in
macrophages, mainly responsible for heme degradation in these
cells (Kartikasari et al., 2009). Conversely, HO-2 is constitutive,
being highly present in testes and brain (Durante et al.,
1997). Although both isoforms are involved in antioxidant
defense, inflammatory response regulation, and cell proliferation,
they differ in their physiological and biochemical properties;
thus, HO-1 is involved in iron homeostasis, angiogenesis,
mitochondrial function, and innate and adaptive immunity
regulation, while HO-2 is involved in oxygen and redox
sensing, neovascularization, and neuroprotection (Ayer et al.,
2016). That is, HO-2 is the physiological regulator of cellular
functions, while HO-1 has a cytoprotective role, regulating tissue
responses to injury in pathophysiological states (Kim et al.,
2011); therefore, this review will be mainly focused on vascular
and macrophage HO-1 and its possible role in hypertension-
associated vascular alterations.

HO-1 expression is regulated by many endogenous and
exogenous stimuli, including its natural substrate heme, heat,
heavy metals, xenobiotics, TNF-α, growth factors, IL-1, IL-10,
interferon gamma, lipopolysaccharides, NO, hydrogen peroxide
(H2O2), or phenolic compounds such as curcumin (Figure 1).
These stimuli induce the expression of HO-1 by transcription
factors such as Nrf2, AP-1, or YY1, although factors such
as Bach-1 or JunD repress its expression (Figure 1; Loboda
et al., 2008; Ayer et al., 2016). One of the most important
roles of HO-1 is heme availability regulation. Heme is a
prosthetic group for fundamental proteins such as hemoglobin,
myoglobin, cytochromes, HO-1, catalases, or peroxidases, in
addition to important enzymatic systems in hypertension,
such as COX or NOS (Kumar and Bandyopadhyay, 2005;
Loboda et al., 2008); however, heme can also be harmful
once released from hemoproteins. At the vascular level, free
heme is toxic, increasing the oxidant state by amplifying
radical species production (Balla et al., 1993). Additionally,
its presence enables the synthesis of enzymes such as COX-
2, cytochrome P450, and iNOS, and then contributing to
inflammation and ROS production; therefore, HO-1 allows
reduction of endothelium-derived contracting factors, such as
endoperoxides, thromboxanes, and the cytochrome P450-derived
eicosanoid 20-HETE, as well as of the excessive iNOS-derived NO
(Abraham and Kappas, 2008).

VASCULAR AND MACROPHAGE HO-1
AND ITS ROLE IN HYPERTENSIVE
ALTERATIONS

HO-1 is induced by oxidant stress, and its upregulation of HO-
1 response is associated with cyto- and tissue protection against
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pro-oxidant and proinflammatory conditions in may human
diseases (Kim et al., 2011). Thus, its deficiency has detrimental
effects as enhanced systemic inflammation, abnormalities of
coagulation/fibrinolysis system, or vascular endothelial injury
(Chen et al., 2013; Loboda et al., 2016). Upregulation of HO-
1 prevents vascular dysfunction and endothelial cell death
through decrease in ROS levels (Abraham and Kappas, 2008).
It is also involved in vasodilation, participates in angiogenesis
and vasculogenesis (Bussolati and Mason, 2006), and has
immunomodulatory effects, which may be beneficious against the
inflammation observed in different cardiovascular diseases (Chen
et al., 2013; Vijayan et al., 2018). The presence of a microsatellite
polymorphism of (GT)n repeats in human HO-1 promoter
is relevant in the development of various clinical conditions,
particularly cardiovascular diseases. Thus, long (GT)n sequences
(>25) are associated with weak HO-1 transcription, while short
(GT)n fragments are linked to low plasma levels of inflammation
markers. Hence, patients with long (GT)n fragments have
increased susceptibility to cardiovascular diseases (Abraham and
Kappas, 2008; Loboda et al., 2008; Ayer et al., 2016; Vijayan et al.,
2018), including hypertension (Wenzel et al., 2015).

Regarding hypertension, some authors observed increased
HO-1 levels in aorta of DOCA-salt (Nath et al., 2007) and
SHR rats (Cheng et al., 2004). Additionally, a relationship
between AngII and HO-1 levels has been reported, with
increased AngII-induced HO-1 expression in kidney (Aizawa
et al., 2000), heart (Ishizaka et al., 2000), and aorta (Ishizaka
et al., 1997). HO-1 is expressed in adventitial and VSMC from
normotensive animals, but not in endothelial cells; however,
AngII-infused mice presented increased vascular HO-1 mRNA,
protein, and activity mostly in endothelium and adventitia
(Ishizaka et al., 1997), while VSMC stimulated with AngII
showed HO-1 levels of downregulation (Ishizaka and Griendling,
1997). HO-1 induction in adventitial and endothelial cells
might try to counteract AngII-induced oxidative stress and
inflammation, playing an important role in blood pressure
regulation and vascular homeostasis, although the increased
HO activity is insufficient to compensate the damage (Tiwari
and Ndisang, 2014). Therefore, HO-1 is an important blood
pressure regulator in different hypertension models. Thus, in
SHR, the chemical induction of HO-1, the administration of
its substrates, and HO-1 gene transfer attenuate hypertension,
an effect that is repressed by inhibitors of this enzyme
(Levere et al., 1990; Sabaawy et al., 2001; Wang et al.,
2006; Li et al., 2013) and that has been associated to
the improvement of endothelial dysfunction by mechanisms
involving EDH-type relaxations (Li et al., 2013). Similarly,
in AngII-induced hypertension, the HO-1 inducer cobalt
protoporphyrin-IX and the widespread transgenic expression
of human HO-1 reduce blood pressure (Yang et al., 2004;
Vera et al., 2007). Furthermore, endothelial-specific expression
of HO-1 attenuates AngII-induced hypertension and the
associated vascular dysfunction, by increasing p-eNOS and
reducing oxidative stress and inflammatory cytokine levels
(Cao et al., 2011).

By using AngII-infused HO-1-deficient mice, Wenzel
et al. (2015) proposed that HO-1 regulates vascular function,

not only by its vascular expression, but also by shifting
circulating and infiltrating macrophage toward the anti-
inflammatory phenotype, with possible implications for
all-cause mortality; additionally, monocytic HO-1 mRNA
levels are positively associated with endothelial function in
hypertensive patients (Wenzel et al., 2015). As mentioned,
HO-1 shifts macrophages to the anti-inflammatory phenotype
(Wenzel et al., 2015; Vijayan et al., 2018; Bellner et al., 2020),
although this phenotype would not be the classic M2, but
a different type known as M-hem; this is characterized by
increased intracellular iron levels and upregulated HO-1
and IL-10 expression along with decreased inflammatory
activation (Boyle, 2012; Boyle et al., 2012). Therefore, HO-
1 expression in macrophages seems to have a beneficial
effect by reducing inflammation in hypertension target
organs (Wenzel et al., 2015; Bellner et al., 2020). However,
although HO-1 expression is increased in the adventitia
of hypertensive rats, the presence of macrophages in this
vascular layer cannot explain the staining observed for HO-1
(Ishizaka et al., 1997).

When referring to the beneficial effects of HO-1, mention
should be made to its enzymatic end products CO, Fe2+, and BV,
since they have shown to be responsible for many of these effects,
as described below (Figure 1).

Carbon Monoxide
CO is the more relevant HO-1 end product because of its role
in hemodynamic regulation having several actions. Thus, CO
prevented the AngII-induced increased ROS formation, CCR2
expression, and chemotactic activity of human monocytes and
inhibited the blood pressure increase (Johnson et al., 1995;
Morita et al., 2003).

CO induces vasodilation by activating soluble guanylate
cyclase (Durante et al., 1997) and calcium-activated K+
channels in smooth muscle cells (Wang and Wu, 1997);
therefore, HO-1-derived CO release contributes to endothelium-
dependent vasodilation (Durante et al., 1997). Moreover, CO
inhibits constrictor responsiveness to myogenic stimuli and
attenuates the renal arteries’ sensitivity to vasoconstrictors, thus
contributing to regulate the pressor responsiveness to AngII
(Kozma et al., 1999; Kaide et al., 2001).

Furthermore, CO shows anti-apoptotic effects in endothelial
and VSMC, through p38-MAPK and cGMP, respectively, and
antiproliferative effect in VSMC by inhibiting ERK (Brouard
et al., 2002; Liu, 2002; Song et al., 2002). Another important
role of CO is its anti-inflammatory action. In macrophages,
CO downregulates proinflammatory cytokine production,
including TNF-α, IL-1β, and macrophage inflammatory
protein-1β (MIP-1β); simultaneously, CO increases IL-10
expression, leading to anti-inflammatory tissue protection,
which is dependent on the modulation of mitogen-activated
protein kinase (MAPK) activities (Otterbein et al., 2000).
CO also regulates proinflammatory transcription factors,
such as NF-κB and AP-1 (Sarady et al., 2002; Morse et al.,
2003). Likewise, in macrophages, CO downregulates the ROS-
dependent recruitment of TLR4 to the plasma membrane
(Otterbein et al., 2000).
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Biliverdin and Bilirubin
BV and BR are antioxidants, which may downregulate the
redox mechanisms involved in AngII vascular actions (Yang
et al., 2004); in fact, BR is one of the most powerful plasma
scavenger of ROS and RNS (Jansen et al., 2010). BR may
reduce the hypertension severity and elicits cytoprotection by
lowering oxidative stress, preventing vascular NADPH oxidase
activation, inhibiting lipid peroxidation and peroxynitrite-
mediated oxidations, protecting against H2O2 toxicity, increasing
NO half-life, and inhibiting iNOS (Kwak et al., 1991; Minetti
et al., 1998; Wang et al., 2004). Moreover, BR also blocks key
events in inflammation and then abrogates the inflammatory
response (Sarady-Andrews et al., 2005). In this sense, the
interference with leukocyte adhesion to vascular endothelium,
via changes in adhesion molecule expression observed by HO-1
upregulation, has been attributed to BV and/or BR (Hayashi et al.,
1999; Vachharajani et al., 2000).

The antioxidant and anti-inflammatory actions of BR might
explain the inverse relationship between plasma BR levels and
systolic blood pressure (Chin et al., 2009; Wang and Bautista,
2015). However, the BR effect on systolic blood pressure and
hypertension was relatively weak (Wang and Bautista, 2015), and
some studies conducted in SHR have even shown no reduction
in blood pressure due to BR, attributing this effect to CO
(Ndisang et al., 2002).

BV has less antioxidant activity than BR, but induces
BVR phosphorylation, allowing in macrophages PI3K-Akt-IL-10
activation, thus exerting anti-inflammatory action (Wegiel et al.,
2009). Moreover, this enzyme inhibits TLR4 by binding directly
to the TLR4 promoter, increasing its anti-inflammatory activity
(Wegiel et al., 2011).

Fe2+

Another resulting product from heme degradation by HO-1
is Fe2+, which generates ROS through Fenton reaction and is
toxic for endothelial cells by enhancing oxidant damage (Balla
et al., 1993; Berberat et al., 2003). However, the increased iron
and CO produced by HO-1 activity is associated with increased
levels of ferritin through its regulatory protein binding and by
activation of iron response elements (Balla et al., 1992; Wu and
Wang, 2005). Ferritin is a protective enzyme that sequesters Fe2+,
protects endothelial cells from iron-induced oxidative stress and
from ultraviolet light, and is also an endothelial cytoprotective
antioxidant, presumably due to the inhibition of TNF-α-induced
apoptosis (Berberat et al., 2003; Abraham and Kappas, 2008).

Moreover, ferritin also exerts anti-inflammatory effects (Bolisetty
et al., 2015) and, in addition to sequester iron, it can bind free
heme, reducing its bioavailability (Kadir et al., 1992). We can
speculate that these protective effects of ferritin in endothelium
could have a beneficial role reducing hypertensive-associated
alterations caused by oxidative stress and inflammation.

CONCLUSION

Oxidative stress and inflammation highly contribute to
hypertensive alterations, and macrophage polarization to
inflammatory phenotype plays a key role in those processes.
HO-1, the inducible isoform of the heme-degrading enzyme
HO, is activated in response to oxidative and inflammatory
stimuli in an attempt to counteract tissue insults. The HO-
1 effect is mediated by regulating levels of heme, which has
potential pro-oxidant and proinflammatory effects, as well
as through the action of its end products CO, BV/BR, and
Fe2+. At the vascular level, HO-1 and its end products exert
antioxidant, anti-inflammatory, vasodilator, antiapoptotic, and
antiproliferative effects. In macrophages, HO-1 expression
shifts their phenotype to anti-inflammatory, which is related
to improvement of vascular function and blood pressure. In
spite of the beneficial effects derived from HO-1 induction in
hypertension, this is not sufficient to compensate for the damage
of hypertensive pathology. Thus, the use of pharmacological
agents that potentiate this system could constitute a good therapy
for the treatment of hypertension.
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Bisphenol-A (BPA) is an endocrine disruptor associated with higher risk of insulin

resistance, type 2 diabetes, and cardiovascular diseases especially in susceptible

populations. Because malnutrition is a nutritional disorder associated with high

cardiovascular risk, we sought to compare the effects of short-term BPA exposure

on cardiovascular parameters of healthy and protein-malnourished mice. Postweaned

male mice were fed a normo- (control) or low-protein (LP) diet for 8 weeks and then

exposed or not to BPA (50 µg kg−1 day−1) for the last 9 days. Systolic blood pressure

was higher in BPA or LP groups compared with the control group. However, diastolic

blood pressure was enhanced by BPA only in malnourished mice. Left ventricle (LV)

end diastolic pressure (EDP), collagen deposition, and CTGF mRNA expression were

higher in the control or malnourished mice exposed to BPA than in the respective

nonexposed groups. Nevertheless, mice fed LP diet exposed to BPA exhibited higher

angiotensinogen and cardiac TGF-β1 mRNA expression than mice treated with LP or

BPA alone. Wall:lumen ratio and cross-sectional area of intramyocardial arteries were

higher either in the LP or BPA group compared with the control mice. Taken together,

our data suggest that short-term BPA exposure results in LV diastolic dysfunction

and fibrosis, and intramyocardial arteries inward remodeling, besides potentiate protein

malnutrition-induced hypertension and cardiovascular risk.
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INTRODUCTION

Bisphenol-A (BPA) is one of the highest-production-volume chemical used worldwide
(Vandenberg et al., 2009). It is used to produce polycarbonate plastic and epoxy resin, which are
found in lining food and beverage cans as well as drinking water bottles and containers (vom
Saal et al., 2007). BPA is toxic and known to be an endocrine disruptor chemical (EDC). The
World Health Organization (WHO) defines EDCs as exogenous agents or a mix thereof that alters
endocrine system functions and consequently causes adverse effects on intact organisms, their
progeny, or (sub)populations (Damstra et al., 2002).
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The first endocrine disruptor statement of the Endocrine
Society reviewed evidence related to EDC exposure and the
increased risk of cardiovascular disease (CVD) (Diamanti-
Kandarakis et al., 2009). The document proposed a link between
exposure to BPA and increased incidence of CVD. Initially,
this effect was ascribed to the capacity of EDCs to act as
obesogens. More recently, studies have suggested that EDCs
may also increase the cardiovascular risk by a direct effect on
the cardiovascular system (Gore et al., 2015). In accordance,
data from the National Health and Nutrition Examination
Survey (NHANES) showed a significant association between
high urinary BPA concentration and the occurrence of coronary
artery disease, even when adjusted for traditional risk factors as
body mass index (Melzer et al., 2010, 2012b). Adverse effects of
BPA seem to be dependent on dose, gender, exposure time, and
coexposure with other risk factors (Wehbe et al., 2020; Zhang
et al., 2020). In addition, BPA exposure has been associated
with CVD such as peripheral arterial diseases, myocardial
infarction, arrhythmias, dilated cardiomyopathy, atherosclerosis,
and hypertension (Shankar and Teppala, 2012; Zhang et al.,
2020). Despite these epidemiological data, the mechanisms
underlying susceptibility to CVD in BPA-exposed individual
remain unclear.

Epidemiological studies (Lang et al., 2008; Shankar and
Teppala, 2011; Silver et al., 2011; Wang et al., 2012) and animal
models (Alonso-Magdalena et al., 2010, 2011; Angle et al., 2013;
Liu et al., 2013; Garcia-Arevalo et al., 2014, 2016) have shown
that exposure to BPA enhances the risk of metabolic disorders
which may contribute to accelerate the onset of and/or aggravate
pre-existing CVD. Interestingly, tolerable daily intake of 50 µg
kg−1 day−1 of BPA can increase circulating inflammatory factors
in mice under low-caloric diet but not on high-fat diet (Yang
et al., 2016). Caloric and protein restriction at early stages of
developmentmay inducemetabolic and cardiovascular alteration
in adult life. Protein restriction during fetal or postweaning
development increases blood pressure and induces vascular
remodeling (Franco Mdo et al., 2002; Brawley et al., 2003;
Torrens et al., 2006, 2009; Franco et al., 2008; Maia et al., 2014).
In addition, a postweaning low-protein (LP) diet is associated
with impaired cardiomyocytes contractility and myocardial
fibrosis (Penitente et al., 2013). These phenomena are associated
with disrupted redox homeostasis, increased sympathetic tone,
and renin-angiotensin system activity (Oliveira et al., 2004;
Loss Ide et al., 2007; Maia et al., 2014). Therefore, these
mechanisms associated with malnutrition could turn individuals
susceptible to cardiovascular damage induced by additional
risk factors.

Because EDCs have been suggested to increase CVD
incidence, especially in susceptible populations, in the
present study, we sought to investigate the effect of short-
term exposure to low doses of BPA on mice exhibiting
cardiovascular risk due to postweaning protein malnutrition
compared with healthy mice. We evaluated the effects of
BPA exposure and the combination of BPA and LP diet
on blood pressure, left ventricular hemodynamics and
morphology, and on the expression of renin-angiotensin
system genes.

METHODS

Drugs
Bisphenol-A [4,4′-isopropylidenediphenol (BPA)] (cat no.
155118) and tocopherol-stripped corn oil (cat no. 901415)
were obtained from MP Biomedicals (Solo, OH, USA). BPA
was dissolved in tocopherol-stripped corn oil. Animals were
treated by a subcutaneous injection with 25 µg BPA kg−1

body weight in 100 µl of oil twice a day (8:00 and 20:00).
The cumulative dose per day was 50 µg kg−1 day−1. This
dose is in accordance with the safety limit recommended
by the Environmental Protection Agency of the USA.
Xylazine and ketamine were purchased from Ceva (Paulínia,
SP, Brazil).

Experimental Animals
All experimental protocols were approved by the ethics
committee at UNICAMP (protocol no. 3638-1) and conformed
to the guidelines for ethical conduct in the care and use of animals
established by the National Board of Animal Experimentation
Control (CONCEA). Male Swiss mice were purchased from the
Multidisciplinary Center for Biological Research at UNICAMP
(Campinas, SP, Brazil).

Weaned mice (21 days old) were fed for 8 weeks with a
chow diet containing a normal protein level (14% protein) or
with an isocaloric low-protein (LP) diet (6% protein). Diet
compositions (Pragsoluções Biociências, Jaú—SP, Brazil) were
previously described (Batista et al., 2013). On the last 9 days of
diet feeding, mice were randomly separated to be exposed to
BPA (50 µg kg−1 day−1) or vehicle (tocopherol-stripped corn
oil), resulting in four experimental groups: control (chow diet
+ vehicle); BPA (chow diet + BPA exposure); LP (LP diet +
vehicle); and LPBPA (LP diet + BPA exposure). BPA dose is
the safety limit recommended by the Environmental Protection
Agency of the USA. During the protocol, mice were maintained
at 22 ± 1◦C on a 12-h light/dark cycle with free access to water
and food.

Arterial and Left Ventricular Pressure
Measurements
Mice were anesthetized with xylazine/ketamine (100 and 10mg
kg−1 body weight, respectively) and then catheterized through
the right carotid artery for arterial blood pressure and heart rate
recording using a pressure transducer (MTL844 AdInstruments,
Sydney-NSW, Australia) at a sample rate of 1 kHz (LabChart
7, AdInstruments). Subsequently, the catheter was advanced
retrograde across the aortic valve into the left ventricle
under continuous hemodynamic monitoring to ensure proper
placement in the left ventricle. After stabilization, systolic
and end diastolic left ventricular (LV) pressure, dP/dtmax

(maximum rate of LV pressure rise) and dP/dtmin (rate
of LV pressure fall) were assessed. After the hemodynamic
measurements, the mice were euthanized. Then, the heart
and lungs were removed en bloc, followed by liver and
kidney isolation. Next, organs were weighed and processed as
described below.
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LV and Intramyocardial Arteries
Histological Analysis
The heart was fixed in 4% paraformaldehyde for 24 h at 4◦C. The
left ventricle was isolated and embedded in paraffin, and 5-µm-
thick sections were obtained. Histological sections were stained
with hematoxylin and eosin (H&E) for cardiomyocyte diameter
and coronary vessel morphometry and with Masson’s trichrome
for collagen. Images were acquired at ×40 magnification with
a camera (Olympus DP72; software Image-Pro 6.3) connected
to a microscope (Olympus BX51) and analyzed by using Image
J software.

Cardiomyocyte diameter was measured from 160 to 200
cells/animal and cross-sectional area calculated (CSA =

πdiameter2/4). Suitable cross-sections were defined as having a
visible nucleus. Interstitial collagen was quantified from four to
five fields taken randomly for each animal avoiding perivascular
areas. Collagen deposition was expressed as the percentage of the
evaluated LV area.

Intramyocardial arteries internal and external
perimeters were measured in LV transversal sections.
To decrease the experimental error, each perimeter was
taken in triplicate from at least five vessels per animal.
Lumen diameter (π internal perimeter), wall thickness
(WT = (external diameter− internal diameter)/2), wall/lumen
ratio (WT/lumen diameter), and wall CSA
(

π external diameter2 − internal diameter2/4
)

were calculated.

Plasma Levels of Catecholamines
Blood samples were collected with EDTA (1mM) and sodium
metabisulfite (4mM) to prevent catecholamine degradation.
Noradrenaline and adrenaline were measured by ELISA kits
(LDN immunoassays BA E5200 and BA E-5100, respectively)
following the user’s handbook.

Gene Expression by Real-Time
Quantitative PCR
Quantitative PCR assays were performed using 7500 Real-
Time PCR System (Applied Biosystems, Foster City, CA).
Heart (left ventricle) and kidney mRNA was extracted was
made with Trizol Reagent (Ambion), and 1 µg of RNA
was used for retrotranscription reaction (HighCapacity cDNA
Reverse transcription, Applied Biosystems). Expression levels
were normalized to the expression of ribosomal protein large P0
gene (Rplp0; also known as 36B4) and Hrpt. The resulting values
were expressed as the relative expression respect to control levels
(2−11CT) (Kubista et al., 2006). Primer sequences are listed in
the Supplementary Table 1.

Kidney Morphology
After euthanasia, the kidneys were immediately perfused with
PBS (0.15M NaCl containing 10mM sodium phosphate buffer,
pH 7.4) at 20ml min−1 through the distal aorta using a peristaltic
perfusion pump (Milan Scientific Equipment, BP 600 PR, Brazil).
The left kidney was isolated, removed, weighed, and cut in
three sections. The medial region of the left kidney was fixed
in 10% buffered formalin, dehydrated, and embedded in paraffin
for morphological studies. For these assays, 4-µm-thick kidney
sections were stained using periodic acid–Schiff (PAS) method

and renal morphology was evaluated blindly by one independent
person by using a light microscope (Eclipse 80i, Nikon). For
the planar glomerular area analysis, all glomeruli with apparent
macula dense and afferent arterioles from the renal cortical area
of each mouse were included. The area of each glomerulus was
determined, and the mean glomeruli areas were obtained using
morphometry software (NIS-Elements D, Nikon, Tokyo, Japan).

Immunofluorescence
Kidney sections (4µm thick) were deparaffinized, and
nonspecific protein binding was blocked by incubation
with 3% BSA in PBS for 60min. Then, kidney sections were
incubated overnight at 4◦C with a specific primary antibody
against α-smooth muscle actin (α-SMA) rabbit polyclonal
antibody (1:200; Abcam, Cambridge, MA), and subsequently
with an anti-rabbit secondary antibody Alexa fluor 568 (1:100)
for 2 h at room temperature. Then, the kidney slices were washed

three times with PBS and then stained with 4
′
6-diamidine-2

′
-

phenylindole dihydrochloride (DAPI; Sigma Aldrich) for 5min
at room temperature. The reaction products were washed three
times with PBS and then incubated with 10mM copper sulfate
(CUSO4) at room temperature for 10min, followed by two
washes with PBS. The kidney slices were mounted with Dako
fluorescent mounting medium (Dako North American Inc.
CA, USA) and analyzed using a computerized morphometry
program (NIS-Elements, Nikon), whose microscope is equipped
with a ×20 objective, a laser excitation of 543 nm to Alexa fluor
568 acquisition and 405 nm to DAPI acquisition.

Data Analysis
The results are expressed as the mean ± SEM. Normality
was tested by Shapiro-Wilk test. Data were analyzed by one-
way ANOVA followed by Newman-Keuls multiple comparison
using GraphPad Prism 6.0 software (GraphPad Software In,
San Diego, CA, USA). Values of p < 0.05 were considered
significantly different.

RESULTS

Short-Term BPA Exposure Did Not Affect
Body Weight and Relative Organ Weight
Mice fed an isocaloric LP diet for 8 weeks exhibited lower
body weight and heart weight compared with mice fed a chow
diet, although heart weight to body weight ratio did not differ
(Supplementary Table 2). Exposure to BPA for 9 days also did
not affect body weight, heart mass, and the heart mass to body
weight ratio in control mice or mice fed a LP diet. Besides, neither
BPA nor LP diet affected kidney, lung, and liver weight as well as
the percentage of water retention in lungs and liver were similar
in the four groups (Supplementary Table 2).

BPA Exposure in the Malnutrition
Background Increased Diastolic Blood
Pressure
LP or BPA-exposed mice exhibited higher systolic blood pressure
with no changes on diastolic blood pressure compared with
the control group (Figures 1A,B). Nevertheless, diastolic blood
pressure was higher only in LPBPA mice (Figures 1A,B). During
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FIGURE 1 | Effects of bisphenol A (BPA) exposure and low protein (LP) diet in hemodynamic parameters. Systolic (A) and diastolic (B) blood pressure, left ventricular

(LV) systolic pressure (LVSP) (C), end diastolic pressure (LVEDP) (D), and maximum positive (Max+) (E) and negative (Max-) (F) pressure derivatives (dP/dt) in mice fed

normoprotein (control) or LP diet during 8 weeks and exposed to BPA for 9 days. Data are expressed as the mean ± SEM (number of animals/group: Control = 8;

BPA = 5; LP = 5; LPBPA = 5). One-way ANOVA followed by the Newman-Keuls test, *p < 0.05 vs. control; &p < 0.05 vs. LP; #p < 0.05 vs. BPA.

blood pressure measurement, heart rate was registered in
anesthetized animals and was higher in LPBPA compared with
the BPA group (bpm: control= 201± 15; BPA= 214± 15; LP=

240± 38; LPBPA= 328±39#; #p < 0.05 vs. BPA).
The plasma levels of catecholamines were not statistically

different in the four groups but, noteworthy is the three times
increase in the concentration of circulating adrenaline in BPA-
exposed vs. nonexposed groups (Supplementary Table 2).

Short-Term BPA Exposure Increases LV
End Diastolic Pressure, Collagen
Deposition, and Gene Expression of
Profibrotic Factors in Control and
Malnourished Mice
Neither protein restriction nor BPA exposure affected LV
systolic pressure (Figure 1C) or positive and negative
dP/dt (Figures 1E,F). However, BPA exposure by itself or
in combination with LP diet enhanced LV end diastolic
pressure (LVEDP) as compared with non-BPA-exposed groups
(Figure 1D). In addition, LV cardiomyocyte diameter (data not

shown) and CSA (Figures 2A,B) were not significantly affected
either by LP diet or BPA.

Interstitial collagen deposition was not significantly changed
by LP diet, but it was exacerbated (2.5×) by BPA in both control
and LP mice (Figures 2C,D). mRNA expression of connective
tissue growth factor (CTGF) and TGF-β1 was not modified by LP
diet alone (Figures 2E,F). BPA exposure increased CTGF mRNA
expression when compared to non-exposed control and LP mice
(Figure 2E), while TGF-β1 mRNA expression was increased by
BPA in malnourished mice only (Figure 2F).

Remodeling of Intramyocardial Arteries
Following BPA Exposure or Postweaning
Protein Malnourishment
Figures 3A–E show that LP diet as well as BPA exposure resulted
in intramyocardial arteries with reduced lumen diameter,
increased wall thickness, increased wall/lumen ratio, and
increased wall CSA, compared with the control group. The
combination of BPA and LP diet did not induce additional
changes in these morphometrical parameters (Figures 3A–E).
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FIGURE 2 | Cardiomyocyte area, collagen deposition, and profibrotic gene expression in control and malnourished mice exposed to BPA. Representative images (bar

= 50µm; ×40 magnification) for H.E. (A) and Masson staining (C), cardiomyocyte cross-sectional area (CSA, B), and % collagen deposition (D) in the myocardial left

ventricle of mice fed normoprotein (control) or low-protein (LP) diet during 8 weeks and exposed to BPA for 9 days. CTGF (E) and TGF-β1 (F) mRNA expression was

quantified in LV samples. Data are expressed as the mean ± SEM (number of animals/group is indicated in the bars). One-way ANOVA followed by the

Newman-Keuls test; *p < 0.05 vs. control; &p < 0.05 vs. LP; #p < 0.05 vs. BPA.

Taken together, these results suggest an inward remodeling
of intramyocardial arteries of mice exposed to either BPA or
LP diet.

Kidney Morphology Is Not Affected Either
by LP Diet or BPA Exposure
Neither BPA exposure nor LP diet changed the glomerular area
(Supplementary Figures 1A,B). In addition, no changes were
found on α-SMA expression, a marker for vascular smooth
muscle cells and myofibroblasts (Supplementary Figures 1C,D).
Moreover, no significant changes were detected on protein
excretion (data not show). LP diet did not modify renal mRNA
expression of CTGF and TGF-β1 while BPA-exposed mice
showed increased CTGF compared with non-exposed control
and LP mice (Supplementary Figures 1E,F). TGF-β1 mRNA
expression was increased by BPA in malnourished mice only
(Supplementary Figures 1E,F).

Renin-Angiotensin System Gene
Expression Profile After LP Diet and BPA
Exposure
The cardiac and renal gene expression of angiotensin II receptor
type 1a (Agtr 1a), type 1b (Agtr1b), and type 2 (Agtr2) were
not affected by LP diet or BPA exposure (Table 1). However,
the hepatic gene expression of the angiotensin II precursor
angiotensinogen (Agt) was significantly increased in LPBPA
group compared with BPA and LP groups (Table 1).

DISCUSSION

There are several epidemiological studies that show a correlation
between urine BPA concentration and the risk for CVD
(Lang et al., 2008; Melzer et al., 2010; Shankar and Teppala,
2012). High levels of BPA has been independently associated
with higher blood pressure and coronary heart disease (Bae
et al., 2012, 2016; Bae and Hong, 2015). In the present
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FIGURE 3 | Intramyocardial arterial remodeling following bisphenol A (BPA) and low-protein (LP) diet. Representative images for H.E. (A, bars = 50µm) and quantified

lumen diameter (B), wall thickness (C), wall/lumen ratio (D), and wall cross-sectional area (CSA, E) of intramyocardial coronary vessels in mice fed normoprotein

(control) or LP diet during 8 weeks and exposed to BPA for 9 days. Data are expressed as the mean ± SEM (number of animals/group: control = 10; BPA = 9; LP =

6; LPBPA = 6). One-way ANOVA followed by the Newman-Keuls test; *p < 0.05 vs. control.

study, we demonstrated that short-term exposure to low BPA
concentrations might predispose individuals to cardiac diastolic
dysfunction and fibrosis and coronary vessels narrowing. In
addition, BPA exposure further increases protein malnutrition-
induced blood pressure elevation associated with an upregulation
of angiotensinogen gene expression. The data suggest that
short-term exposure to BPA can induce cardiovascular injury
and exacerbate existent cardiovascular complications in a
susceptible malnourished population. WHO data revealed that
462 million people are underweight, and 144 million children
are stunted. Deaths among children linked to undernutrition
mostly occur in low- and middle-income countries that also
have weak or non-existent environmental policies to control
toxic exposure.

BPA exposure and undernutrition are both risk factors
for cardiovascular complications. It is known that protein
restriction, either in utero or after weaning may produce a
slight but significant increase in blood pressure (Franco Mdo

et al., 2002; Oliveira et al., 2004; Torrens et al., 2006, 2009;
Loss Ide et al., 2007; Maia et al., 2014). In addition, BPA
exposure exerts adverse effect on blood pressure (Bae and
Hong, 2015; Bae et al., 2016). Our findings confirm these
previous reports, as either a postweaning protein-restricted
diet or daily exposure to BPA at a dose that is considered
safe by the US Environmental Protection Agency, increased
systolic blood pressure in mice. To investigate a possible
additive adverse effect of BPA exposure in undernourishment,
we exposed protein-restricted mice to BPA. We observed that
the hypertensive effect of BPA was even greater in this sensitive
population, in which BPA administration enhanced diastolic
blood pressure. These data along with BPA-associated adverse
cardiovascular outcomes particularly in sensitive populations,
including fetal, infant, and pediatric groups (Ramadan et al.,
2020).

It has been suggested that BPA impact on heart health
become even more evident following an adverse cardiovascular
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TABLE 1 | Renin-angiotensin system gene expression in mice following

postweaning low-protein diet (LP) and/or bisphenol A (BPA) exposure.

Control BPA LP LPBPA

Heart

Agtr1a 1 ± 0.16 1.78 ± 0.41 1.06 ± 0.14 1.13 ± 0.23

Agtr1b 1 ± 0.29 0.88 ± 0.22 0.73 ± 0.21 0.98 ± 0.44

Agtr2 1 ± 0.13 1.28 ± 0.36 1.23 ± 0.25 2.16 ± 0.53

Kidney

Agtr1a 1 ± 0.13 1.02 ± 0.07 1.09 ± 0.16 1.32 ± 0.19

Agtr1b 1 ± 0.08 1.20 ± 0.19 1.65 ± 0.29 1.43 ± 0.64

Agtr2 1 ± 0.10 1.51 ± 0.17 1.79 ± 0.12 1.96 ± 0.64

Liver

Agt 1 ± 0.26 0.62 ± 0.10 1.10 ± 0.28 2.36 ± 0.67&,#

Data are mean ± SEM (n = 4–6 animals/group). One-way ANOVA followed by the

Newman-Keuls test; &p < 0.05 vs. LP; #p < 0.05 vs. BPA.

event (Patel et al., 2015). Therefore, in the present study,
we sought to investigate potential harmful effects of BPA
exposure on LV structure and function of mice fed a LP
diet, as this is a cardiovascular risk factor particularly at the
early stages of development. The postweaning LP diet alone
reduced heart mass in mice, although heart weight to body
weight ratio was not affected, as previously demonstrated (Murca
et al., 2012). In addition, LP diet per se did not significantly
change basal LV hemodynamics, cardiomyocyte diameter, or
collagen deposition. There are controversial data about the
effects of a LP diet on LV hemodynamic, morphology, and
contractility. Postweaning LP diet was previously associated
with LV hypertrophy and increased cardiac contractility and
+dP/dt and –dP/dt values in adult life (Murca et al., 2012;
de Belchior et al., 2016). In contrast, impaired cardiomyocyte
contractility, lower calcium amplitude, reduced cardiomyocyte
size, and increased number of collagen fibers in the LV
myocardium in response to a postweaning LP diet was
reported (Penitente et al., 2013, 2014). Such differences may
be related to the stage of the hypertensive disease induced by
postweaning protein restriction (Mendes et al., 2017) as well as
to differences in LP diet composition. A limitation of our study
is that the hemodynamic LV measurements were performed in
anesthetized animals.

Short-term BPA exposure in healthy or protein-restricted
mice did not impact on body weight, heart mass, LVSP,
or LV cardiomyocytes CSA. However, there was an increase
in interstitial myocardial collagen content and LVEDP in
animals exposed to BPA alone or combined with LP diet,
suggesting that fibrosis is implicated in the reduction of
diastolic function following BPA exposure, in agreement
with the profibrotic effect reported for low doses of BPA
(Belcher et al., 2015). A limitation of our study is that
Masson trichrome stain other extracellular matrix proteins
in addition to collagen. Hu et al. (2016) demonstrated that
the increased myocardial collagen content in mice exposed
to BPA is associated with MAPK ERK1/2 signaling pathway
activation and with increased expression of the profibrotic
factor TGF-β1. Also, prenatal exposure to BPA leads to fibrosis

in fetal heart that was not associated with hepatotoxicity
(Rasdi et al., 2020). Our study showed that short-term BPA
exposure enhances the gene expression of CTGF while TGF-
β1 was upregulated in the malnourished background only.
Taken together, the present data revealed a potential harmful
consequence from exposure to a dose of BPA that is predicted
to be safe. This can be particularly harmful in a prehypertensive
malnourished population.

An association between urinary BPA concentration and
coronary artery stenosis has been reported (Melzer et al.,
2012a,b). Our findings support a causal role for BPA exposure in
coronary arterial remodeling, as in vivo exposure to BPA results
in reduced lumen diameter and increased wall/lumen ratio and
vessel wall CSA of mouse intramyocardial arteries. Nanomolar
BPA was recently demonstrated to stimulate the proliferation
of vascular smooth muscle cells in vitro (Gao et al., 2019). In
addition, a longer exposure to BPA and at higher doses may
exacerbate atherosclerotic lesions by increasing smooth muscle
cell-positive areas and coronary stenosis in hyperlipidemic
rabbits (Fang et al., 2014, 2015). Endoplasmic reticulum stress
and the expression of inflammatory factors in endothelial cells
were suggested as underlying mechanisms involved in BPA-
induced vascular damage (Fang et al., 2014, 2015). Therefore,
narrowing of coronary vessels may be involved in BPA-induced
cardiotoxicity, increasing the risk of ischemic heart disease.

Like BPA, LP diet induced an inward remodeling of
intramyocardial arteries. However, no additive effect of BPA and
LP diet on this remodeling was observed. Although a previous
study did not observe an effect of postweaning protein restriction
on coronary flow (Murca et al., 2012), an increased wall/lumen
ratio was found in the aorta of postweaning protein-restricted
rats (Maia et al., 2014). Impaired nitric oxide bioavailability
and oxidative stress could be mechanisms underlying vessel
wall thickening in response to protein restriction (Maia et al.,
2014) and to BPA (Ramadan et al., 2020). We cannot
exclude that a longer and higher-dose BPA exposure would
represent an additional risk factor for ischemic diseases in
malnourished individuals.

Changes in heart morphology and function do not reflect
the rise in blood pressure induced by short-term BPA exposure
in LP diet-fed mice. Liver and lung water content were not
affected by these two risk factors not indicating congestive heart
disease. In addition, kidney mass, proteinuria, glomerular area,
and expression of α-SMA were normal after LP diet combined
or not with BPA exposure. Therefore, these data suggest no
hypertensive glomerular damage following LP and BPA exposure.
However, we found increased renal gene expression of the
profibrotic factors in response to BPA exposure, particularly
TGF-β1 in malnourished mice. Previous report have showed
that maternal exposure to BPA affects kidney histomorphology
in female but not in male mice (Nunez et al., 2018). Different
mechanism underlying BPA-induced cardiovascular damage in
malnourishedmales and females are possible and relevant but not
addressed here.

Hypertensive effect of BPA exposure may be associated
with altered autonomic nerves activity and/or expression of
components of the renin-angiotensin system (RAS). Thoene et al.
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(2018) demonstrated an increase in the number of sympathetic
fibers in the liver in response to 50 µg kg−1 day−1 BPA exposure,
the same dose used in the present study. However, conflicting
data have been reported for the autonomic control of heart rate
and an increased and attenuated parasympathetic tone has been
suggested (Pant et al., 2012; Belcher et al., 2015). More consistent,
an upregulation of angiotensin II was reported in vascular tissue
and cells exposed to BPA (Saura et al., 2014; Gao et al., 2019) and
the antagonist of angiotensin II receptor type 1 (AT1) reversed
the BPA-induced high blood pressure (Saura et al., 2014). Further
studies assessing the concentration of angiotensin II or protein
expression of the cardiac RAS components should be assessed. As
the hypertensive effect of the postweaning protein restriction has
also been related to sympathetic overactivity and RAS activation
(Silva et al., 2015), we investigated if the combination of BPA
and LP diet could have additional effect on tissue and circulating
adrenergic catecholamines and RAS components. The plasma
levels of catecholamines did not significantly change after LP diet
or BPA exposure, although adrenaline levels were three times
greater in BPA-exposed animals and may play a role on BPA
adverse cardiovascular effect.

Genomic mechanisms have been associated to hypertensive
and other adverse cardiovascular BPA effect (Wehbe et al., 2020;
Zhang et al., 2020). Seq RNA analysis showed that aquatic
exposure to low-dose BPA upregulates 22 RAS genes in rare
minnow (Zhang et al., 2016). In the present study, short-term
BPA exposure at presumed safety levels upregulated hepatic
angiotensinogen gene in LP-fed mice. Cardiac AT1 and AT2
receptor gene expression was not affected. In classical RAS
activation, angiotensinogen in the liver is substrate of renin
released by the kidney to form angiotensin I, which is cleaved
by ACE to form angiotensin II. Therefore, Agt upregulation
could be an initial step for RAS activation in protein-restricted
mice exposed to the BPA and a putative mechanism for the
additional rise in blood pressure in this group. A summary of
the altered cardiovascular parameters in response to protein
restriction and/or BPA exposure found in the present study is
shown in Supplementary Table 3.

In conclusion, the present study demonstrated that short-
term exposure to low BPA concentrations increases blood
pressure and induces diastolic dysfunction, cardiac fibrosis,
and inward remodeling of coronary vessels. The hypertensive
effect of BPA was even greater in protein-malnourished mice,
associated with upregulated hepatic angiotensinogen gene.
Therefore, adverse BPA cardiovascular effects may represent
an additional cardiovascular risk following BPA exposure in
malnourished population.
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Supplementary Figure 1 | Glomerular morphology and profibrotic gene

expression in control and malnourished mice exposed to BPA. Representative

images for H.E. (A), quantification of glomerular area (B), and α-smooth muscle

actin (α-SMA) immunofluorescence images and quantification (C,D) of kidney

sections of mice fed a normoprotein (control) or low-protein (LP) diet during 8

weeks and exposed to BPA for 9 days. CTGF (E) and TGF-β1 (F) mRNA

expression was quantified in kidney samples. Data are expressed as the mean ±

SEM (number of animals/group is indicated in the bars). One-way ANOVA

followed by the Newman-Keuls test, ∗p < 0.05 vs. control; &p < 0.05 vs. LP.

White bars in (A) and (C) represent 50µm. G, glomeruli; a.u.,

arbitrary units.

Supplementary Table 1 | Primer sequences.

Supplementary Table 2 | Body and tissue weight and plasma catecholamine

levels in mice fed a control or low-protein diet (LP) and exposed to bisphenol A

(BPA). Data are expressed as the mean ± SEM; n, number of animals for each

parameter. One-way ANOVA followed by the Newman-Keuls test, p < 0.05: ∗ vs.

Control; # vs. BPA. Adrenaline data were non-normally distributed and analyzed

using the Kruskal-Wallis test (P > 0.05).

Supplementary Table 3 | Summary of cardiovascular parameters alterations in

response to protein restriction, BPA exposure or the combination of both. LVEDP,

left ventricular end diastolic pressure. Highlighted arrows identify cardiovascular

parameters that were only or more affected by the combination of protein

restriction and BPA exposure. ↑, increase; =, no changes.
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Background: The protective effect of estrogen on the vasculature cannot be explained
only by its action through the receptors ERα and ERβ. G protein-coupled estrogen
receptors (GPER)—which are widely distributed throughout the cardiovascular system—
may also be involved in this response. However, little is known about GPER actions in
hypertension. Therefore, in this study we evaluated the vascular response mediated
by GPER using a specific agonist, G-1, in spontaneously hypertensive rats (SHR).
We hypothesized that G-1 would induce a relaxing response in resistance mesenteric
arteries from SHR of both sexes.

Methods: G-1 concentration-response curves (1 nM-10 µM) were performed in
mesenteric arteries from SHR of both sexes (10–12-weeks-old, weighing 180–
250 g). The effects of G-1 were evaluated before and after endothelial removal and
incubation for 30 min with the inhibitors L-NAME (300 µM) and indomethacin (10 µM)
alone or combined with clotrimazole (0.75 µM) or catalase (1,000 units/mL). GPER
immunolocalization was also investigated, and vascular hydrogen peroxide (H2O2)
and ROS were evaluated using dichlorofluorescein (DCF) and dihydroethidium (DHE)
staining, respectively.

Results: GPER activation promoted a similar relaxing response in resistance mesenteric
arteries of female and male hypertensive rats, but with the participation of different
endothelial mediators. Males appear to be more dependent on the NO pathway,
followed by the H2O2 pathway, and females on the endothelium and H2O2 pathway.

Conclusion: These findings show that the GPER agonist G-1 can induce a relaxing
response in mesenteric arteries from hypertensive rats of both sexes in a similar
way, albeit with differential participation of endothelial mediators. These results
contribute to the understanding of GPER activation on resistance mesenteric arteries
in essential hypertension.

Keywords: GPER, G-1, hypertension, mesenteric resistance arteries, estrogen, vascular reactivity
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death
worldwide and men are known to be more susceptible to it
when compared to premenopausal women (Benjamin et al.,
2019). Among risk factors for CVD, hypertension stands out as
the most prevalent one (MacMahon et al., 1990; Vasan et al.,
2001; Chobanian et al., 2003). Hypertension is a polygenic
disease that results from abnormalities in blood pressure control
mechanisms, characterized by elevated and sustained blood
pressure levels, increased peripheral vascular resistance (Doggrell
and Brown, 1998; Tahvanainen et al., 2006), and endothelial
dysfunction (Lerman et al., 2019). Epidemiological studies
demonstrate that women who are in the pre-menopause period
are at a lower risk of developing hypertension when compared to
those in post-menopause (Heron, 2010; Benjamin et al., 2019),
attributing to sex hormones a protective role in the vascular
system (Farhat et al., 1996; Mosca et al., 2007).

Among sex hormones, estrogen has already had its protective
effects on vessels well-described. The vascular protection
provided by estrogen can be mediated by a direct action
on endothelial cells (Haynes et al., 2003), acting as a potent
stimulator for endothelial nitric oxide synthase (eNOS) activation
or increasing the nitric oxide (NO) bioavailability through
various mechanisms, such as (i) reducing the formation of
reactive oxygen species (ROS) (Yen et al., 2001); (ii) up-
regulating eNOS RNAm expression (Stirone et al., 2003) and
(iii) inhibiting the expression of the gp91phox subunit of the
NADPH oxidase system, consequently reducing the formation
of ROS in endothelial cells (Wagner et al., 2001). In addition,
the beneficial effects of estrogen appear to be, in part, due to
its modulatory effects in the production of prostanoids (PNs)
(Hermenegildo et al., 2005), for instance, in rat cerebral blood
vessels (Ospina et al., 2002), as well as in human umbilical
vein endothelial cells through ERα (Sobrino et al., 2010) and
in the carotid arteries of mice via ERα36 (Costa et al., 2019).
Although two types of estrogen receptors have already been
described, ERα (Soloff and Szego, 1969) and ERβ (Kuiper et al.,
1996), the protective effect of estrogen on the vasculature (Reslan
and Khalil, 2012) cannot be explained only by these receptors
(Revankar et al., 2005).

In the mid-90s, orphan G-protein-coupled receptors (GPCR)
were cloned from human lymphoblastic B cells (Owman et al.,
1996). These receptors were initially designated as GPR30,
due to the consecutive number of orphaned GPCR reported
in the literature. Takada et al. (1997) reported on the role
played by these receptors in human umbilical vein endothelial
cells exposed to shear stress, while working on cloning cDNAs
encoding GPCRs in these cells. Theirs was the first study
to demonstrate the participation of GPCRs in the response
of vessels to shear stress, although no specific ligand was
described then. The first indications that these GPR30s may be
related to estrogen responsiveness were described by Carmeci
et al., 1997. In 2005, Thomas et al. (2005) established the
concept that GPR30 is an estrogen receptor, leading to it being
described as G protein-coupled estrogen receptor (GPER). It is
located on and in the cell membrane—though predominantly

in the endoplasmic reticulum membrane, being involved in
extranuclear mechanisms (Revankar et al., 2005; Prossnitz et al.,
2008; Gaudet et al., 2015).

GPER is widely distributed throughout the cardiovascular
system, suggesting an important physiological role on its
regulation (Deschamps and Murphy, 2009; Haas et al., 2009;
Jessup et al., 2010). Peixoto et al. (2017, 2018) reported sex
differences regarding GPER expression in resistance mesenteric
arteries of normotensive rats. Higher expression was found
in males, although females had higher levels of GPER in the
endothelium than in vascular smooth muscle (VSM). GPER
activation provides protective effects, such as maintaining blood
glucose (Mårtensson et al., 2009), anti-atherogenic effects (Meyer
et al., 2014), and relaxation of resistance mesenteric arteries
(Deschamps and Murphy, 2009; Peixoto et al., 2017). According
to previous results from our group using normotensive models,
G-1 induced vascular relaxation in mesenteric resistance arteries,
what was not influenced by sex (Peixoto et al., 2017, 2018).
Also, this response was, at least in part, endothelium- dependent,
especially in females (Peixoto et al., 2017). Although GPER
expression was significantly higher in male rats than in
females (Peixoto et al., 2018), the activation of the PI3K-
Akt-eNOS pathway and potassium channels was similar in
both sexes (Peixoto et al., 2017). Despite this evidence in
normotensive animals, the vascular role of GPER in hypertension
remains uncertain.

Based on the evidence described above, we hypothesize that
the GPER agonist, G-1, induces the relaxation of resistance
mesenteric arterial segments in hypertensive rats of both sexes.
Therefore, the objective of our work was to evaluate the
role of GPER activation in resistance mesenteric arteries of
spontaneously hypertensive rats (SHR) of both sexes, as well as to
identify possible endothelial mediators involved in this response.

FIGURE 1 | Concentration-response curves for the selective GPER agonist
G-1 (1 nM-10 µM) in mesenteric resistance arteries are similar in both sexes.
Female SHR (n = 10) are represented by circles and male SHR (n = 13) by
squares. Reactivity protocols were performed in females during the diestrus
cycle. Values are expressed as mean ± SEM. The curve was analyzed
point-by-point through two-way ANOVA, followed by the Sidak post hoc test.
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MATERIALS AND METHODS

Experimental Animals
For this study, we used 12-weeks-old male SHR (262 ± 9 g
of body weight) and female SHR (150 ± 5 g of body weight),
provided by the animal facility of the Health Sciences Center
of the Federal University of Espirito Santo. All procedures were
conducted in accordance with the recommendations of the
Brazilian Guidelines for the Care and Use of animals for Scientific
and Didactic Purposes and the Guidelines for the Practice of
Euthanasia (CONCEA-MCT, 2013), having been approved by the
Animal Ethics Committee from the Federal University of Espirito
Santo (No. #48/2016). The animals were maintained in group-
housing under controlled conditions of temperature (22–24◦C)
and humidity (40–60%), with a 12/12-h light-darkness cycle, with
water and food ad libitum. Blood pressure was measured by tail
plethysmography before euthanasia.

Vaginal Smears
The females’ oestrous cycles were monitored using vaginal
smears. Vaginal fluid was collected daily from each animal

between 08:00 and 09:00 h. Vaginal epithelial cells were
examined under an optical microscope as described by
Marcondes et al. (2002), for the identification of the different
stages of the oestrous cycle. We chose to use rats in the dioestrus
phase in order to avoid possible interference in the response, since
this phase is characterized by presenting lower levels of estrogen,
thus avoiding possible competition between the hormone and the
agonist G-1 for GPER. Following a similar schedule, male rats
underwent the same handling procedure daily, to reproduce the
possible stress suffered by the females.

Vascular Reactivity
Vascular reactivity of the mesenteric arteries was assessed
through a resistance myograph system (620 M; Danish Myo
Technology, Aarhus, Denmark). The protocols were performed
according to a method previously described by Mulvany and
Halpern (1977). In order to prevent interference with the
sustained phase of the contractile response, the rats were
euthanized by decapitation without anesthesia (Hatano et al.,
1989). Third-order mesenteric arteries were isolated, dissected
from the adjacent tissue, cut into 2 mm rings and mounted

FIGURE 2 | The vasodilator response induced by G-1 is partially dependent on the endothelium in female SHR. Effect of endothelial removal on the relaxation
response in (A) Male (n = 5) and (B) Female (n = 6) SHR groups. (C) Area under the curve (AUC) before and after endothelial removal. Values are expressed as
mean ± SEM. *P < 0.05 compared to the same dose in the control curve, #P < 0.05 compared to the AUC of the Female SHR control curve and &P < 0.05
compared to the AUC of the Male SHR group after endothelial removal. The curve analysis was carried out point-by-point through two-way ANOVA, followed by the
Sidak post hoc test. AUCs were evaluated through one-way ANOVA followed by Tukey post hoc test.
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between 2 tungsten threads (40 µm in diameter) inside chambers
filled with Krebs solution containing: NaCl, 119 mM; KCl,
4.7 mM; KH2PO4, 0.5 mM; NaHCO3, 13,4 mM; MgSO4.7H2O,
1.17 mM; CaCl2.2H2O, 2.5 mM; and glucose, 5.5 mM, kept
at 37 ◦C and aired with carbogenic mixture (95% O2 e 5%
CO2). The rings were gradually stretched until their internal
diameters corresponded to a transmural pressure of 100 mmHg
and the internal circumference (IC1) was then normalized to
a set fraction of the internal circumference (IC100). Thus, IC1
was calculated by multiplying IC100 by 0.9. Endothelial viability
and integrity were assessed by administration of acetylcholine
(ACh, 10 µM) in rings previously contracted by phenylephrine
(PE, 3 µM). The endothelium was considered viable when
the relaxation response observed was ≥ 80%. Following
mechanical removal of the endothelium, the vessels were rated as
endothelium-free when the ACh-induced relaxation was < 10%.

Concentration-response curves were plotted following
the cumulative addition (1 nM-10 µM) of G-1
(1-[4-(6-bromobenzo [1,3]dioxol-5yl)-3a,4,5,9b-tetrahydro-
3Hcyclopenta-[c]quinolin-8-yl]-ethanone; Cayman Chemical,

MI, United States), a non-steroidal, high -affinity GPER agonist
(Bologa et al., 2006), following the previous induction of
contraction with PE (3 µM). The G-1 vasodilator effect was
investigated in the presence of inhibitors: Nω-nitro-L-arginine
methyl ester (L-NAME, NOS inhibitor, 300 µM; Sigma, St. Louis,
MO, United States), a combination of L-NAME (300 µM) and
indomethacin (INDO, cyclooxygenase—COX—inhibitor, 10
µM; Sigma, St. Louis, MO, United States), L-NAME, INDO and
clotrimazole (CLOT, cytochrome P450—CYP—inhibitor, 0.75
µM Sigma, St. Louis, MO—United States) and L-NAME, INDO
and an enzyme that specifically decomposes hydrogen peroxide
(H2O2) (Catalase, 1,000 units/mL). Samples were incubated for
30 min. The percent relaxation was determined using a LabChart
8 data acquisition system (AD Instruments Pty Ltd., New South
Wales, Australia).

Immunofluorescence of GPER
Immunofluorescence of GPER was performed according to
the protocol described by Aires et al. (2013), with some
modifications. Briefly, slides with cross-sections (10 µm) of

FIGURE 3 | The vasodilator response induced by G-1 is partially dependent on the NO pathway in both sexes, but with a greater participation in male SHR. Effect of
non-selective nitric oxide synthase inhibition with Nω-nitro-L-arginine methyl ester (L-NAME, 300 µM) in (A) Male (n = 8) and (B) Female (n = 6) SHR groups. (C) Area
under the curve (AUC) before and after 30 min with L-NAME incubation. Values are expressed as mean ± SEM. *P < 0.05 compared to the same dose in the control
curve, +P < 0.05 compared to the AUC of the Male SHR control curve, #P < 0.05 compared to the AUC of the Female SHR control curve and &P < 0.05 compared
to the AUC of the Male SHR group after L-NAME incubation. The curve analysis was carried out point-by-point through two-way ANOVA, followed by the Sidak
post hoc test. AUCs were evaluated through one-way ANOVA followed by Tukey post hoc test.
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mesenteric arteries were fixed in 4% PFA for 15 min and washed
with 1% BSA (1% BSA + 0.3% Triton X –100 in PBS). Blocking
was performed with a 3% BSA solution diluted in PBS 1x-0.3%
Triton-x for 30 min. The slides were then washed with BSA 1%
and incubated in a humid chamber at 4◦C overnight with the
primary antibodies: rabbit anti-GPER (1: 400, Abcam, #ab39742)
and sheep anti-VWF (1:300, Abcam, #ab11713). Next, incubation
was performed for 1 h at room temperature with secondary
antibodies: goat anti-rabbit Alexa Fluor 555 (1:300, Invitrogen,
#35552) and donkey anti-sheep Alexa Fluor 488 (1:300, Abcam,
#ab150178). Nuclear staining was obtained by incubation with
4,6-diamidino-2-phenylindole (DAPI, 1:300). Negative controls
were obtained using blocking solution (3% BSA) without adding
the primary antibody. Image acquisition was performed in an
Apotome microscope (Zeiss, Germany) with 488 and 555 nm
filters. Fluorescence analysis was performed using Fiji software R©

version 1.53 (National Institute of Health, United States). The
intensity of total vascular fluorescence of anti-GPER and its
colocalization with anti-VWF (merge between 488 and 555
filters) was measured in two rings of each animal, normalized

by the analyzed area. Results were expressed as arbitrary units
(Caracuel et al., 2012).

Evaluation of the in situ Production of
Hydrogen Peroxide (H2O2) and Reactive
Oxygen Species (ROS)
The in situ production of H2O2 and ROS was evaluated with
the probes 2’ diacetate, 7’ dichlorodihydrofluorescein (H2DCF-
DA; Cayman, # 05655259) and Dihydroethidium (DHE, Cayman,
# 056381010), respectively, following previously published
methods, with some modifications (Carrillo-Sepulveda et al.,
2015; Couto et al., 2015; Loh et al., 2015; Silva et al., 2016).
For this purpose, third-order mesenteric artery segments were
isolated, included in freezing medium (Tissue-Tek R© OCTTM,
Sakura R©, United States), and cut into 8 µM transverse segments
(Cryostat et al., 1850, Leica). To elucidate the participation of G-
1 in the production of H2O2 and ROS, evaluations took place
in three different moments: (I) investigation of basal production;
(II) analysis of H2O2 and ROS production after stimulation with

FIGURE 4 | The prostanoids pathway does not participate in the vasodilator response induced by G-1. However, nonspecific inhibition of cyclooxygenase
potentiated this response in the Male SHR group. Effect of non-selective cyclooxygenase inhibition with indomethacin (INDO, 10 µM) in (A) Male (n = 8) and
(B) Female (n = 7) SHR groups. (C) Area under the curve (AUC) before and after INDO incubation. Values are expressed as the mean ± SEM. *P < 0.05 compared
to the same dose in the control curve, +P < 0.05 compared to the AUC of the Male SHR control curve and &P < 0.05 compared to the AUC of the Male SHR group
after INDO incubation. The curve analysis was carried out point-by-point through two-way ANOVA, followed by the Sidak post hoc test. AUCs were evaluated
through one-way ANOVA followed by Tukey post hoc test.

Frontiers in Physiology | www.frontiersin.org 5 July 2021 | Volume 12 | Article 659291191

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


fphys-12-659291 July 29, 2021 Time: 11:41 # 6

Delgado et al. GPER-Mediated Vasodilation in SHR

GPER agonist G-1 (10 µM), and (III) qualitative analysis of the
production of these substances after stimulation with G-1 (10
µM) combined with the use of catalase (1,000 units / ml) or
the ROS scavenger Tiron (10 µM). For this, on the day of the
experiment, slides containing the sections were thawed at room
temperature from −80◦C storage, equilibrated in Phosphate-
buffered saline (PBS) for 15 min, and incubated with H2DCF-DA
(10 µM) or DHE (5 µM) for 30 min in a humid chamber and
protected from light for further 30 min. After this period, the
sections were incubated with G-1, catalase, and/or Tiron for
30 min, under the same conditions described for incubation
with the probes. The slides used to assess basal ROS production
received the same amount of PBS and the negative control
slides did not receive the fluorescent probes. Digital images
were acquired with a Zeiss fluorescence microscope (Zeiss, 174
Oberkochen, Germany) using 488 and 546 nm excitation and
a 20x objective. Fluorescence intensity was measured using
ImageProPlus software (version 4.0) and expressed in arbitrary
units (A.U.).

Statistical Analysis
Data analysis was performed with GraphPad Prism 6 (GraphPad
Software, La Jolla, CA, United States). All data are expressed

as mean ± standard error of the mean (SEM). Data normality
was evaluated by the Shapiro-Wilk test. Once normality was
confirmed, comparisons were performed through two-way
analysis of variance (two-way ANOVA) followed by Sidak
post hoc test. The area under the curves (AUC) was evaluated
through one-way analysis of variance (one-way ANOVA)
followed by Tukey post hoc test. The immunofluorescence of
GPER, Mann-Whitney test was used for the analysis. The
significance level was set at P < 0.05.

RESULTS

Vascular Reactivity
To confirm hypertension in SHR, blood pressure was assessed
non-invasively by tail plethysmography. We observed that
these animals have increased blood pressure values, with
significant differences having been detected between sexes
regarding systolic blood pressure (Males: 215 ± 5 and Females
182 ± 4 mmHg), diastolic blood pressure (Males: 178 ± 7 and
Females 143 ± 3 mmHg), and heart rate (Males: 362 ± 15
and Females 343 ± 2 bpm). The GPER-mediated vascular
response was assessed using mesenteric resistance arteries from

FIGURE 5 | Conjugated inhibition of the NO and prostanoids pathways, without changes in the vasodilator response induced by G-1, indicates the participation of
endothelium-dependent hyperpolarization in both sexes. Effect of non-selective nitric oxide synthase inhibition with Nω-nitro-L-arginine methyl ester (L-NAME, 300
µM) and cyclooxygenase inhibition with indomethacin (INDO, 10 µM) in (A) Male (n = 8) and (B) Female (n = 7) SHR groups. (C) Area under the curve (AUC) before
and after L-NAME and INDO incubation. Values are expressed as mean ± SEM. The curve analysis was carried out point-by-point through two-way ANOVA,
followed by the Sidak post hoc test. AUCs were evaluated through one-way ANOVA followed by Tukey post hoc test.
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both female and male SHR. G-1, a GPER agonist, induced
a concentration-dependent relaxation on mesenteric resistance
arteries from both females (79 ± 3%) and males (83 ± 3%),
with no significant differences having been observed between
sexes (Figure 1).

Next, we verified the participation of the endothelium in the
GPER-mediated relaxation in resistance mesenteric arteries from
SHR. After endothelial removal (Figures 2A,B), we observed a
reduction in the vasodilator response induced by G-1 in both
sexes (male: 79 ± 3 to 57 ± 3% and female: 83 ± 3 to 62 ± 8%),
but a significant reduction in AUC was observed only in the
female group (86± 6 to 41± 8 A.U.), as seen in the Figure 2C.

We then attempted to identify which endothelial mediators
could be involved in this response. However, the impairment
detected in the NO pathway was higher in males than in females,
as the former had a lower relaxation response after L-NAME
incubation (males: 79 ± 3 to 54 ± 7 and females: 83 ± 3 to
79± 5%) (Figures 3A,B). These results were confirmed when the
area under the curves was compared (male: 91± 13 to 32± 4 and
female: 86± 6 to 69± 6 A.U.) (Figure 3C).

The second pathway of mediators studied was the PNs
pathway. We observed that after indomethacin incubation, males
showed no impairment in the maximum response, although there
was an increase in the AUC parameter (91 ± 13 to 178 ± 20
A.U.) (Figures 4A,C). In females, there was no difference in the
vasodilator response induced by G-1 nor in the AUC (87 ± 6 to
112± 8 A.U.) (Figures 4B,C).

In addition, mesenteric resistance arteries were concomitantly
incubated with inhibitors for NO and PNs formation, what
did not alter the response mediated by GPER in either sex
(Figures 5A–C). There were also no differences in the G-
1 vasodilator response upon the inhibition of NO, PNs and
epoxyeicosatrienoic acids (EETs), arachidonic acid metabolites
produced by the activity of the cytochrome P450 enzyme
(Figures 6A–C).

In order to verify the participation of H2O2 in the vasodilator
response evoked by G-1 in mesenteric arteries of SHR, we use
an enzyme that degrades H2O2 (catalase) in association with
inhibitors of NO and PNs formation. As a result, we observed
an impaired vasodilator response in both males and females

FIGURE 6 | The cytochrome P450 (CYP) pathway, one of the pathways of endothelium-dependent hyperpolarization, does not participate in the vasodilator
response induced by G-1 in either sex. Effect of non-selective nitric oxide synthase inhibition with Nω-nitro-L-arginine methyl ester (L-NAME, 300 µM),
cyclooxygenase inhibition with indomethacin (INDO, 10 µM) and cytochrome P450 (CYP) inhibition (Clotrimazole, 0.75 µM) in (A) Male (n = 5) and (B) Female (n = 5)
SHR groups. (C) Area under the curve (AUC) before and after L-NAME, INDO, and Clotrimazole incubation. Values are expressed as mean ± SEM. The curve
analysis was carried out point-by-point through two-way ANOVA, followed by the Sidak post hoc test. AUCs were evaluated through one-way ANOVA followed by
Tukey post hoc test.
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FIGURE 7 | Hydrogen peroxide (H2O2), another pathway of endothelium-dependent hyperpolarization, participates in the vasodilator response induced by G-1 in
both sexes. Effect of non-selective nitric oxide synthase inhibition with Nω-nitro-L-arginine methyl ester (L-NAME, 300 µM), cyclooxygenase inhibition with
indomethacin (INDO, 10 µM) and an enzyme that specifically decomposes H2O2 (Catalase, 1000 units/mL) in (A) Male (n = 6) and (B) Female (n = 4) SHR groups.
(C) Area under the curve (AUC) before and after L-NAME, INDO, and catalase incubation. Values are expressed as mean ± SEM. *P < 0.05 compared to the same
dose in the control curve, +P < 0.05 compared to the AUC of the Male SHR control curve and #P < 0.05 compared to the AUC of the Female SHR control curve.
The curve analysis was carried out point-by-point through two-way ANOVA, followed by the Sidak post hoc test. AUCs were evaluated through one-way ANOVA
followed by Tukey post hoc test.

(males: 79 ± 3 to 53 ± 7 and females: 83 ± 3 to 47 ± 12%)
(Figures 7A–C).

Silva et al. (2017) observed that H2O2 has an important
role in the cross-talk between NOS and COX, depending on its
concentration. Therefore, we analyzed the participation of H2O2
in this response in the presence of the NO and PNs pathways.
Upon isolated incubation with catalase, we observed an increase
in the vasodilator response induced by G-1 (Figure 8A) and in
the AUC (91 ± 13 to 210 ± 21) (Figure 8C) in SHR males only.
These parameters remained unchanged in the female SHR group
(Figures 8B,C; AUC: 86± 6 to 106± 23).

Immunolocalization of GPER
Immunofluorescence analysis was performed on resistance
mesenteric arteries to identify the presence of GPER in SHR of
both sexes. The results indicate higher fluorescence levels in the
total vascular area (males: 26 ± 2 and females: 41 ± 4 A.U.),
endothelial area (males: 35 ± 5 and females: 49 ± 1 A.U.), and

medial layer (males:17.5 ± 0.3 and females: 38 ± 4.5 A.U.) of
females compared with males (Figures 9A–D).

Evaluation of the in situ Production of
Hydrogen Peroxide (H2O2) and Reactive
Oxygen Species (ROS)
Fluorescence analysis for H2O2 in resistance mesenteric arteries
of SHR indicates no differences between sexes (males: 148 ± 23
and females: 137± 40 A.U.) in basal conditions, although G-1 can
stimulate the production of this compound in both sexes (males:
295 ± 20 and females: 283 ± 50 A.U.). In addition, as a negative
control, we used catalase, an enzyme that degrades H2O2. The
presence of catalase reduced the fluorescence intensity related to
H2O2 in both sexes (males: 74 ± 9 and females: 70 ± 24 A.U.)
(Figure 10). In relation to the fluorescence analysis for ROS,
we also found no differences between males and females (males:
137 ± 30 and females: 142 ± 15 A.U.) in basal conditions, and
that G-1 did not stimulate their production in either sex (males:

Frontiers in Physiology | www.frontiersin.org 8 July 2021 | Volume 12 | Article 659291194

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


fphys-12-659291 July 29, 2021 Time: 11:41 # 9

Delgado et al. GPER-Mediated Vasodilation in SHR

FIGURE 8 | Concentration-response curves of the selective GPER agonist G-1 (1 nM-10 µM) in mesenteric resistance arteries from both sexes. Isolated effect of an
enzyme that specifically de composes H2O2 (Catalase, 1,000 units/mL) in (A) Male (n = 7) and (B) Female (n = 5) SHR groups. (C) Area under the curve (AUC)
before and after catalase incubation. Values are expressed as the mean ± SEM. *P < 0.05 compared to the same dose in the control curve, +P < 0.05 compared to
the AUC of the Male SHR control curve and &P < 0.05 compared to the AUC after catalase incubation of Male SHR group. The curve analysis was carried out
point-by-point through two-way ANOVA, followed by the Sidak post hoc test. AUCs were evaluated through one-way ANOVA followed by Tukey post hoc test.

145 ± 11 or females: 172 ± 28 A.U.). As a negative control, we
used the ROS scavenger Tiron, which, as expected, reduced the
fluorescence intensity of ROS in both sexes (males: 57 ± 8 and
females: 77± 14 A.U.) (Figure 11).

DISCUSSION

The results of this study demonstrated that GPER activation
promotes relaxation in mesenteric resistance arteries from
both male and female SHR, in a partially endothelium-
dependent manner. Among the endothelial mediators evaluated,
we observed that the NO pathway is predominant in males and
the H2O2 pathway in females. Thus, despite there being no
sex differences in relaxation induced by G-1, the mechanisms
involved in this response are different in each sex.

The relaxation response induced by G-1 has also been
detected in other arterial segments, as well as other species,
such as pig coronaries (Yu et al., 2014), mesenteric resistance
arteries of intact Lewis rats (Lindsey et al., 2014), rat aortic
segments (Jang et al., 2013) and rat cerebral artery segments

(Murata et al., 2013). This same response was also observed in
clinical studies (Arefin et al., 2014) and in a recent study in pig
coronary arteries (Yu et al., 2017, 2018), as well as in molecular
studies conducted with human endothelial cells and knockout
mice (Fredette et al., 2018).

As to our observation that the relaxation induced by G-1
was alike in both sexes, it agrees with the results reported by
Peixoto et al. (2017), who demonstrated that GPER mediates
vasorelaxation effects in resistance mesenteric arteries of Wistar
rats without sex differences. Broughton et al. (2010) also reported
a relaxing response in rat carotid arteries with no difference
between males and females. On the other hand, another study
from our group demonstrated that the relaxation induced by G-1
in the coronary vascular bed of rats was greater in females than in
males, an effect explained by the greater presence of ROS in males
(Debortoli et al., 2017). Taken together, these results indicate that
the activation of GPER in different vascular beds has yet to be
fully elucidated.

We have also observed that the relaxing response induced
by G-1 is partially dependent on the endothelium, for after
endothelial removal relaxation was impaired in both sexes.
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FIGURE 9 | Greater fluorescence intensity of GPER in mesenteric resistance arteries of female SHR. Immunolocalization for GPER (A) and fluorescence analysis of
total vascular area (B), endothelium area (C), and vascular smooth muscle area (D) in Male (n = 5) and Female (n = 4) SHR groups. Scale bar = 20 µm. Values are
expressed as mean ± SEM. ∗P < 0.05 and ∗∗P < 0.01 compared with Male SHR group. Mann-Whitney test was used for the analysis.

Similar results were found in coronary arteries (Yu et al.,
2011) and in mesenteric arteries (Peixoto et al., 2017). Several
studies have demonstrated endothelium-dependent effects of
GPER, such as NO-dependent vasodilation (Fredette et al., 2018)
and increased expression of eNOS (Arefin et al., 2014). The
endothelium plays an important role in maintaining vascular
tone by synthesizing and releasing several endothelium−derived
relaxing factors (EDRF), i.e., NO, PNs and endothelium-
dependent hyperpolarization (EDH) (Félétou et al., 2011; Leung
and Vanhoutte, 2017; Vanhoutte et al., 2017). Notwithstanding,
activation of GPER can affect VSM as well (Murata et al.,
2013). Indeed, Lindsey et al. (2014) observed relaxation through
both an endothelial-dependent mechanism and a direct action
on VSM in mesenteric resistance arteries of Lewis female rats
following GPER activation. In VSM, this activation may couple
to that of the G-protein αs subunit, to activate adenylyl cyclase
(AC), increase cAMP, and trigger protein kinases (PKA, PKG)
to phosphorylate proteins involved in VSM contractility, for
instance, effector proteins that decrease the contractile state of
VSM. In addition, activation of GPER might also antagonize
changes in intracellular calcium evoked by vasoconstrictor
agonists and can have direct effects on calcium mobilization,
lowering blood pressure in normotensive rats (Haas et al.,
2009). However, the objective of this study was to elucidate
the endothelial pathways involved in the relaxation mediated by
GPER, that is, which endothelial mediators would be involved in
this response. First, we tested the NO pathway after incubation
with a non-specific NOS inhibitor. We observed a decrease in the

vasodilator response, what was reflected by the AUC, though only
in males. Although a strong participation of NO in the relaxation
induced by G-1 has been previously reported in both sexes
(Broughton et al., 2010; Lindsey et al., 2014; Peixoto et al., 2017),
in hypertension the involvement of the NO pathway appears to
be sex-dependent.

The double inhibition with L-NAME plus indomethacin did
not impair the relaxation induced by G-1 in either sex, suggesting
that EDH might be involved in this response. We emphasize that,
in resistance arteries, EDH pathways play an important role in
the regulation of peripheral vascular resistance (Shimokawa et al.,
1996; Ohashi et al., 2012) and consequently on blood pressure
values. Therefore, clarifications regarding EDH endothelial
mediators and their role in blood pressure control mechanisms
are important. Within this context, it has been demonstrated that
NO-mediated responses are dominant in conductance arteries,
while EDH would become more important as the caliber of the
arteries reduces (Shimokawa et al., 1996; de Wit and Wolfle,
2007). NO-mediated relaxation is easily impaired, whereas EDH-
mediated responses are generally preserved or even enhanced to
maintain vascular homeostasis (Kobuchi et al., 2015). Thus, EDH
is regarded as a backup system for NO-mediated responses in the
maintenance of tissue perfusion. Therefore, elucidating the role
of EDH in these arteries is extremely important to understand
the mechanisms involved in hypertension (Mori et al., 2006).

EDH was first described in 1988 by Taylor and Weston, who
demonstrated that the endothelium was capable of synthesizing
a diffusible substance that promoted hyperpolarization of VSM
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FIGURE 10 | (A) Fluorescence microscopy analysis emitted by H2DCF-DA in
mesenteric resistance arteries from SHR. Protocols were performed in the
absence and presence of G-1 (10 µM) and catalase (1,000 units / mL). (B)
Fluorescence analysis produced in Male (n = 5) and Female (n = 6) groups.
Scale bar = 50 µm. Values are expressed as mean ± SEM. *P < 0.05
compared with the basal condition of the same group and #P < 0.05
compared with G-1 stimulation of the same group. Two-way ANOVA was
used for the analysis, followed by the Sidak post hoc test.

(Taylor and Weston, 1988). EDHs include C-type natriuretic
peptide (Chauhan et al., 2003), epoxyeicosatrienoic acids (EETs)
(Fissithaler et al., 1999; Fleming, 2000), hydrogen sulfide (H2S)
(Zhao et al., 2001), potassium ions (K+) (Edwards et al., 1998),
and electrical communication through myoendothelial gap
junctions (Kühberger et al., 1994). These mechanisms activate
different families of K+ channels, leading to hyperpolarization of
VSM cells, contributing to mechanisms that promote relaxation
(Shimokawa and Morikawa, 2005; Félétou and Vanhoutte, 2009).
First, we tested the contribution of the cytochrome P450-
mediated response and observed that there was no participation
of this pathway in either males or females. Nevertheless, several
studies have pointed to the CYP pathway as an EDH (Triggle
et al., 2012) in coronary arteries (Fleming et al., 2001). In
mesenteric microvessels from insulin-resistant obese Zucker rats,
down-regulation of CYP epoxygenases was found to be associated
with impaired vasodilator function, suggesting an involvement
of CYP-derived metabolites in EDH-mediated vasodilator
responses (Zhao et al., 2005). However, in the relaxation induced
by G-1 in SHR mesenteric arteries, the cytochrome P450-
mediated response does not appear to participate.

According to Matoba and Shimokawa (2003), in arterial
resistance segments H2O2 is considered an EDH. Therefore, to
verify its participation we carried out conjugated incubations

FIGURE 11 | (A) Fluorescence microscopy analysis emitted by DHE in
mesenteric resistance arteries from SHR. Protocols were performed in the
absence and presence of G-1 (10 µM) and Tiron (10 µM), an ROS scavenger.
(B) Fluorescence analysis produced in Male (n = 5) and Female (n = 6) groups.
Scale bar = 50 µm. Values are expressed as mean ± SEM. #P < 0.05
compared with G-1 stimulation of the same group. Two-way ANOVA was
used for the analysis, followed by the Sidak post hoc test.

with L-NAME plus INDO and catalase, an enzyme that
decomposes H2O2. The vasodilator response was impaired
after incubation with catalase in both sexes, although females
suffered a greater impairment, indicating that the EDH
pathway seems to be more important in females than in
males. Indeed, Wong et al. (2015) described sex differences
related to the endothelium-dependent relaxation pathway in
microvessels of pig coronary arteries, with males having
exhibited greater dependence on the NO pathway and less
participation of the EDH pathway, unlike females, in whom
the EDH pathway was predominant. This lower dependence
on the EDH pathway was explained by males showing
higher oxidative stress than females. In addition, increased
activity and expression of NOX4 has been described in
females, what was associated with the production of H2O2
(Ray et al., 2011).

When arterial segments were incubated with catalase alone,
males showed an increase in maximum relaxation response as
well as in AUC. In females, the response remained unchanged.
H2O2 has an important role in the cross-talk between NOS
and COX: In low concentrations, H2O2 increases NOS activity,
while in high concentrations it increases mainly the endothelial
COX activity (Silva et al., 2017). SHR vessels have characteristic
endothelial dysfunction not only due to decreased EDRF release,
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but also as a result of the simultaneous release of endothelium-
derived contracting factors (EDCFs). Indeed, the study by
Luscher and Vanhoutte (1986) showed that indomethacin
restores SHR aorta relaxation to normotensive levels, thus
suggesting that these EDCFs should be products of COX in males.
In SHR there is an increase in the production of contractile
PNs by COX (Félétou et al., 2009). The release of EDCFs
is exacerbated in hypertension, and selective COX inhibitors
abolish endothelium-dependent contraction in the SHR aorta
(Tang and Vanhoutte, 2009; Silva et al., 2012). In addition,
PGI2 induces vasodilation in a physiological context, whereas
in elderly animals or in SHR it induces contraction (Vanhoutte,
2011). In this study, the increase in the relaxation response
induced by G-1 after catalase incubation may be related to the
reduction of COX activity due to the reduction of H2O2 and,
consequently, a reduction in the formation of vasoconstrictor
PNs. These results are similar to those obtained upon incubation
with indomethacin. We did not find the same outcome in
females, probably because estrogen can modulate the production
of vasoconstrictor PNs, thus protecting female SHR against
hypertension by decreasing the synthesis of EDCFs such as
PGH2/PGF2α (Dantas et al., 1999).

Our fluorescence results demonstrated that the activation of
GPER is capable of increasing the fluorescence intensity of H2O2
in males and females, although it did not increase of ROS. Peixoto
et al. (2018) also found no increase in ROS after stimulation
with G-1 in mesenteric resistance arteries of normotensive rats
of both sexes. Broughton et al. (2010) found that G-1 was able
to reduce ROS formation in carotid and intracranial cerebral
arteries. On the other hand, Debortoli et al. (2017) observed an
increase in ROS in coronary arteries of male normotensive rats,
and Yao and Abdel-Rahman (2016) showed that GPER blockade
attenuated ethanol- evoked increases in ROS. All in all, the
effect of GPER on oxidative stress is not fully elucidated. Meyer
et al. (2016) demonstrated that the genetic ablation of GPER is
able to reduce oxidative stress, thus preventing angiotensin II-
induced hypertension. Meyer and Barton (2018) suggested the
use of the specific GPER antagonist, G36, as a new therapy for
cardiovascular diseases, due to its ability to reduce the formation
of ROS through downregulation of NOX1.

Taken together, our results demonstrated that GPER
activation promotes a relaxing response in resistance mesenteric
arteries of hypertensive rats without sex differences, but with the
participation of different endothelial mediators. Males appear to
be more dependent on the NO pathway, followed by the H2O2
pathway, and females on the endothelium and H2O2 pathway.
Within this context, it is clear that the redox state of endothelial
cells, as well as their interaction with VSM, are determining

factors for the type of mechanism involved in the relaxation
response. Thus, the role of GPER in vascular function associated
with oxidative stress is not yet fully understood. These results
are important to the understanding of GPER activation, as well
as of estrogenic actions in the vascular system associated with
hypertension, the most prevalent disease in the world.
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