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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,
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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.

Frontiers in Physiology | www.frontiersin.org 2 December 2020 | Volume 11 | Article 621769

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


fphys-11-621769 December 17, 2020 Time: 18:17 # 3

Vieira-Alves et al. Role of α7nAChRs in Atherosclerosis

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.

AUTHOR CONTRIBUTIONS

IV-A, LC, MS, RS, SC, and VL wrote and revised the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by Fundação de Amparo à Pesquisa do
Estado de Minas Gerais, Brazil (FAPEMIG grant CBB – APQ-
02346-17), Conselho Nacional de Desenvolvimento Científico e
Tecnológico, Brazil (CNPq grant # 202401/2018-9), and Pro-
reitoria de Pesquisa (PRPq) – Universidade Federal de Minas
Gerais. IV-A and LC are research fellows from CNPq and
FAPEMIG, respectively.

REFERENCES
Aicher, A., Heeschen, C., Mohaupt, M., Cooke, J. P., Zeiher, A. M., and Dimmeler,

S. (2003). Nicotine strongly activates dendritic cell–mediated adaptive
immunity. Circulation. 107, 604–611. doi: 10.1161/01.CIR.0000047279.
42427.6D

Al-Sharea, A., Lee, M. K. S., Whillas, A., Flynn, M. C., Chin-dusting, J., and
Murphy, A. J. (2017). Nicotinic acetylcholine receptor alpha 7 stimulation
dampens splenic myelopoiesis and inhibits atherogenesis in Apoe À / À mice.
Atherosclerosis 265, 47–53. doi: 10.1016/j.atherosclerosis.2017.08.010

Basatemur, G. L., Jørgensen, H. F., Clarke, M. C. H., Bennett, M. R., and Mallat, Z.
(2019). Vascular smooth muscle cells in atherosclerosis. Nat. Rev. Cardiol. 16,
727–744. doi: 10.1038/s41569-019-0227-229

Benjamin, E. J., Blaha, M. J., Chiuve, S. E., Cushman, M., Das, S. R., Deo, R.,
et al. (2017). Heart disease and stroke statistics’2017 update: a report from
the american heart association. Circulation. 135, e146–e603. doi: 10.1161/CIR.
0000000000000485

Borovikova, L. V., Ivanova, S., Zhang, M., Yang, H., Botchkina, G. I., Watkins, L. R.,
et al. (2000). Vagus nerve stimulation attenuates the systemic inflammatory
response to endotoxin. Nature 405, 458–462.

Bot, I., Shi, G., Kovanen, P. T., Thromb, A., Biol, V., Bot, I., et al. (2014). Mast
cells as effectors in atherosclerosis. Arter. Thromb Vasc Biol. 35, 265–271. doi:
10.1161/ATVBAHA.114.303570

Brown, D. A. (2019). Acetylcholine and cholinergic receptors. Brain
Neurosci. Adv. 3:2398212818820506. doi: 10.1177/2398212818
820506

Frontiers in Physiology | www.frontiersin.org 6 December 2020 | Volume 11 | Article 621769

https://doi.org/10.1161/01.CIR.0000047279.42427.6D
https://doi.org/10.1161/01.CIR.0000047279.42427.6D
https://doi.org/10.1016/j.atherosclerosis.2017.08.010
https://doi.org/10.1038/s41569-019-0227-229
https://doi.org/10.1161/CIR.0000000000000485
https://doi.org/10.1161/CIR.0000000000000485
https://doi.org/10.1161/ATVBAHA.114.303570
https://doi.org/10.1161/ATVBAHA.114.303570
https://doi.org/10.1177/2398212818820506
https://doi.org/10.1177/2398212818820506
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-621769 December 17, 2020 Time: 18:17 # 7

Vieira-Alves et al. Role of α7nAChRs in Atherosclerosis

Chen, L., Liu, D., Zhang, X., Zhang, E., Liu, C., Su, D., et al. (2016).
Baroreflex deficiency aggravates atherosclerosis via α7 nicotinic acetylcholine
receptor in mice. Vascul. Pharmacol. 87, 92–99. doi: 10.1016/j.vph.2016.
08.008

Chernyavsky, A. I., Galitovskiy, V., Shchepotin, I. B., and Grando, S. A. (2014).
Anti-Inflammatory effects of the nicotinergic peptides SLURP-1 and SLURP-2
on human intestinal epithelial cells and immunocytes. BioMed Res. Int. Treat.
2014:609086. doi: 10.1155/2014/609086

Chimienti, F., Hogg, R. C., Plantard, L., Lehmann, C., Brakch, N., Fischer, J., et al.
(2003). Identification of SLURP-1 as an epidermal neuromodulator explains
the clinical phenotype of Mal de Meleda. Hum. Mol. Genet. 12, 3017–3024.
doi: 10.1093/hmg/ddg320

Clifford, P. M., Siu, G., Kosciuk, M., Levin, E. C., Venkataraman, V., D’Andrea,
M. R., et al. (2008). α7 nicotinic acetylcholine receptor expression by vascular
smooth muscle cells facilitates the deposition of Aβ peptides and promotes
cerebrovascular amyloid angiopathy. Brain Res. 1234, 158–171. doi: 10.1016/
j.brainres.2008.07.092

Cochain, C., Vafadarnejad, E., Arampatzi, P., Pelisek, J., Winkels, H., Ley, K.,
et al. (2018). Single-cell RNA-seq reveals the transcriptional landscape and
heterogeneity of aortic macrophages in murine atherosclerosis. Circ. Res. 122,
1661–1674. doi: 10.1161/CIRCRESAHA.117.312509

Cochain, C., and Zernecke, A. (2017). Macrophages in vascular inflammation and
atherosclerosis. Pflugers Arch 469, 485–499. doi: 10.1007/s00424-017-1941-y

Conti-Fine, B. M., Navaneetham, D., Lei, S., and Maus, A. D. J. (2000). Neuronal
nicotinic receptors in non-neuronal cells: new mediators of tobacco toxicity?
Eur. J. Pharmacol 393, 279–294. doi: 10.1016/S0014-2999(00)00036-34

Cooke, J. P., and Ghebremariam, Y. T. (2008). Endothelial nicotinic acetylcholine
receptors and angiogenesis. Trends Cardiovasc. Med. 18, 247–253. doi: 10.1016/
j.tcm.2008.11.007

Dale, H., and Dudley, H. (1929). The presence of histamine and acetyl-choline in
the spleen of the ox and the horse. J. Physiol. 68, 97–123. doi: 10.1113/jphysiol.
1929.sp002598

Dani, J. A., and Bertrand, D. (2007). Nicotinic acetylcholine receptors and nicotinic
cholinergic mechanisms of the central nervous system. Annu Rev Pharmacol
Toxicol 47, 699–729. doi: 10.1146/annurev.pharmtox.47.120505.105214

De Jonge, W. J., and Ulloa, L. (2007). The alpha7 nicotinic acetylcholine receptor
as a pharmacological target for inflammation. Br. J. Pharmacol. 151, 915–929.
doi: 10.1038/sj.bjp.0707264

Edelstein, S. J., Schaad, O., Henry, E., Bertrand, D., and Changeux, J. (1996).
A kinetic mechanism for nicotinic acetylcholine receptors based on multiple
allosteric transitions. Biol. Cybern. 379, 361–379. doi: 10.1007/s004220050302

Fujii, T., Horiguchi, K., Sunaga, H., Moriwaki, Y., and Misawa, H. (2014).
SLURP-1, an endogenous α 7 nicotinic acetylcholine receptor allosteric ligand,
is expressed in CD205 + dendritic cells in human tonsils and potentiates
lymphocytic cholinergic activity. J. Neuroimmunol. 267, 43–49. doi: 10.1016/
j.jneuroim.2013.12.003

Fujii, T., Mashimo, M., Moriwaki, Y., Misawa, H., Ono, S., Horiguchi, K., et al.
(2017). Expression and function of the cholinergic system in immune cells.
Front. Immunol. 8:1085. doi: 10.3389/fimmu.2017.01085

Fujii, T., Takada-takatori, Y., and Kawashima, K. (2008). Forum minireview
basic and clinical aspects of non-neuronal acetylcholine: expression of an
independent, non-neuronal cholinergic system in lymphocytes and its clinical
significance in immunotherapy. J Pharmacol Sci 106, 186–192. doi: 10.1254/
jphs.FM0070109

Hashimoto, T., Ichiki, T., Watanabe, A., Hurt-Camejo, E., Michaëlsson, E., Ikeda,
J., et al. (2014). Stimulation of α7 nicotinic acetylcholine receptor by AR-R17779
suppresses atherosclerosis and aortic aneurysm formation in apolipoprotein
E-deficient mice. Vascul. Pharmacol. 61, 49–55. doi: 10.1016/j.vph.2014.
03.006

Heeschen, C., Weis, M., Aicher, A., Dimmeler, S., and Cooke, J. P. (2002). A
novel angiogenic pathway mediated by non-neuronal nicotinic acetylcholine
receptors. J. Clin. Invest. 110, 527–536. doi: 10.1172/JCI14676

Hosey, M. M. (1992). Diversity of structure, signaling and regulation within the
family of muscarinic cholinergic receptors. FASEB J. 6, 845–852. doi: 10.1096/
fasebj.6.3.1740234

Inanaga, K., Ichiki, T., Miyazaki, R., and Takeda, K. (2010). Acetylcholinesterase
inhibitors attenuate atherogenesis in apolipoprotein E-knockout mice.
Atherosclerosis 213, 52–58. doi: 10.1016/j.atherosclerosis.2010.07.027

Johansson, M. E., Ulleryd, M. A., Bernardi, A., Lundberg, A. M., Andersson, A.,
Folkersen, L., et al. (2014). α7 Nicotinic acetylcholine receptor is expressed in
human atherosclerosis and inhibits disease in mice–brief report. Arterioscler.
Thromb. Vasc. Biol. 34, 2632–2636. doi: 10.1161/ATVBAHA.114.303892

Koga, M., Kanaoka, Y., Ohkido, Y., Kubo, N., Ohishi, K., Sugiyama, K., et al. (2014).
Varenicline aggravates plaque formation through α7 nicotinic acetylcholine
receptors in ApoE KO mice. Biochem. Biophys. Res. Commun. 455, 194–197.
doi: 10.1016/j.bbrc.2014.10.150

Kooijman, S., Meurs, I., van der Stoep, M., Habets, K. L., Lammers, B., Berbée,
J. F. P., et al. (2015). Hematopoietic α7 nicotinic acetylcholine receptor
deficiency increases inflammation and platelet activation status, but does not
aggravate atherosclerosis. J. Thromb. Haemost. 13, 126–135. doi: 10.1111/jth.
12765

Kovanen, P. T., Kaartinen, M., and Paavonen, T. (1995). Infiltrates of activated
mast cells at the site of coronary atheromatous erosion or rupture in myocardial
infarction. Circulation 92, 1084–1088. doi: 10.1161/01.CIR.92.5.1084

Lee, R. H., and Vazquez, G. (2013). Evidence for a prosurvival role of alpha-7
nicotinic acetylcholine receptor in alternatively (M2)-activated macrophages.
Physiol. Rep. 1:e00189. doi: 10.1002/phy2.189

Lee, R. H., and Vazquez, G. (2015). Reduced size and macrophage content of
advanced atherosclerotic lesions in mice with bone marrow specific deficiency
of alpha 7 nicotinic acetylcholine receptor. PLoS One 10:e0124584. doi: 10.1371/
journal.pone.0124584

Li, D., Fu, H., Tong, J., Li, Y., Qu, L., Wang, P., et al. (2018). Redox Biology
Cholinergic anti-in fl ammatory pathway inhibits neointimal hyperplasia by
suppressing in fl ammation and oxidative stress. Redox Biol. 15, 22–33. doi:
10.1016/j.redox.2017.11.013

Li, D.-J., Huang, F., Ni, M., Fu, H., Zhang, L.-S., and Shen, F.-M. (2016). α7
Nicotinic acetylcholine receptor relieves angiotensin II-induced senescence in
vascular smooth muscle cells by raising nicotinamide adenine dinucleotide-
dependent SIRT1 activity. Arterioscler. Thromb. Vasc. Biol. 36, 1566–1576. doi:
10.1161/ATVBAHA.116.307157

Li, D.-J., Tong, J., Zeng, F.-Y., Guo, M., Li, Y.-H., Wang, H., et al. (2019).
Nicotinic acetylcholine receptor α 7 inhibits platelet-derived growth factor -
induced migration of vascular smooth muscle cells by activating mitochondrial
deacetylase SIRT3. Br. J. Pharmacol. 176, 4388–4401. doi: 10.1111/bph.14506

Li, D.-J., Zhao, T., Xin, R.-J., Wang, Y.-Y., Fei, Y.-B., and Shen, F.-M. (2014).
Activation of α 7 nicotinic acetylcholine receptor protects against oxidant stress
damage through reducing vascular peroxidase-1 in a JNK signaling- dependent
manner in endothelial cells. Cell. Physiol. Biochem. 200072, 468–478. doi: 10.
1159/000358627

Li, H., Cybulsky, M. I., Gimbrone, M. A., and Libby, P. (1993). An atherogenic
diet rapidly induces VCAM-1, a cytokine-regulatable mononuclear leukocyte
adhesion molecule, in rabbit aortic endothelium. Arterioscler. Thromb. 13,
197–204. doi: 10.1161/01.atv.13.2.197

Li, S., Zhao, T., Xin, H., Ye, L., Zhang, X., and Tanaka, H. (2004). Short
communication nicotinic acetylcholine receptor 7 subunit mediates migration
of vascular smooth muscle cells toward nicotine. J. Pharmacol. Sci. 338, 334–
338. doi: 10.1254/jphs.94.334

Li, X., and Wang, H. (2006). Non-neuronal nicotinic alpha 7 receptor, a new
endothelial target for revascularization. Life Sci. 78, 1863–1870. doi: 10.1016/
j.lfs.2005.08.031

Li, Y., Liu, X., Rong, F., Hu, S., and Sheng, Z. (2010). Carbachol inhibits TNF-
α-induced endothelial barrier dysfunction through alpha 7 nicotinic receptors.
Acta Pharmacol. Sin. 31, 1389–1394. doi: 10.1038/aps.2010.165

Libby, P. (2012). Inflammation in atherosclerosis. Arterioscler. Thromb. Vasc. Biol.
32, 2045–2051. doi: 10.1161/ATVBAHA.108.179705

Libby, P., Buring, J. E., Badimon, L., Deanfield, J., Bittencourt, S., Tokg, L., et al.
(2019). Atherosclerosis. Nat. Rev. Dis. Primers. 5:56. doi: 10.1038/s41572-019-
0106-z

Lips, K. S., Bruggmann, D., Pfeil, U., Vollerthun, R., Grando, S. A., and Kummer,
W. (2005). Nicotinic acetylcholine receptors in rat and human placenta.
Placenta 26, 735–746. doi: 10.1016/j.placenta.2004.10.009

Liu, L., Wu, H., Cao, Q., Guo, Z., Ren, A., and Dai, Q. (2017). Stimulation of alpha7
nicotinic acetylcholine receptor attenuates nicotine-induced upregulation of
MMP, MCP-1, and RANTES through modulating ERK1/2/AP-1 signaling
pathway in RAW264.7 and MOVAS Cells. Mediators Inflamm. 2017:2401027.
doi: 10.1155/2017/2401027

Frontiers in Physiology | www.frontiersin.org 7 December 2020 | Volume 11 | Article 621769

https://doi.org/10.1016/j.vph.2016.08.008
https://doi.org/10.1016/j.vph.2016.08.008
https://doi.org/10.1155/2014/609086
https://doi.org/10.1093/hmg/ddg320
https://doi.org/10.1016/j.brainres.2008.07.092
https://doi.org/10.1016/j.brainres.2008.07.092
https://doi.org/10.1161/CIRCRESAHA.117.312509
https://doi.org/10.1007/s00424-017-1941-y
https://doi.org/10.1016/S0014-2999(00)00036-34
https://doi.org/10.1016/j.tcm.2008.11.007
https://doi.org/10.1016/j.tcm.2008.11.007
https://doi.org/10.1113/jphysiol.1929.sp002598
https://doi.org/10.1113/jphysiol.1929.sp002598
https://doi.org/10.1146/annurev.pharmtox.47.120505.105214
https://doi.org/10.1038/sj.bjp.0707264
https://doi.org/10.1007/s004220050302
https://doi.org/10.1016/j.jneuroim.2013.12.003
https://doi.org/10.1016/j.jneuroim.2013.12.003
https://doi.org/10.3389/fimmu.2017.01085
https://doi.org/10.1254/jphs.FM0070109
https://doi.org/10.1254/jphs.FM0070109
https://doi.org/10.1016/j.vph.2014.03.006
https://doi.org/10.1016/j.vph.2014.03.006
https://doi.org/10.1172/JCI14676
https://doi.org/10.1096/fasebj.6.3.1740234
https://doi.org/10.1096/fasebj.6.3.1740234
https://doi.org/10.1016/j.atherosclerosis.2010.07.027
https://doi.org/10.1161/ATVBAHA.114.303892
https://doi.org/10.1016/j.bbrc.2014.10.150
https://doi.org/10.1111/jth.12765
https://doi.org/10.1111/jth.12765
https://doi.org/10.1161/01.CIR.92.5.1084
https://doi.org/10.1002/phy2.189
https://doi.org/10.1371/journal.pone.0124584
https://doi.org/10.1371/journal.pone.0124584
https://doi.org/10.1016/j.redox.2017.11.013
https://doi.org/10.1016/j.redox.2017.11.013
https://doi.org/10.1161/ATVBAHA.116.307157
https://doi.org/10.1161/ATVBAHA.116.307157
https://doi.org/10.1111/bph.14506
https://doi.org/10.1159/000358627
https://doi.org/10.1159/000358627
https://doi.org/10.1161/01.atv.13.2.197
https://doi.org/10.1254/jphs.94.334
https://doi.org/10.1016/j.lfs.2005.08.031
https://doi.org/10.1016/j.lfs.2005.08.031
https://doi.org/10.1038/aps.2010.165
https://doi.org/10.1161/ATVBAHA.108.179705
https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1016/j.placenta.2004.10.009
https://doi.org/10.1155/2017/2401027
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-621769 December 17, 2020 Time: 18:17 # 8

Vieira-Alves et al. Role of α7nAChRs in Atherosclerosis

Maanen, M. A., Van, Stoof, S. P., Larosa, G. J., Margriet, J., and Tak, P. P. (2010).
Role of the cholinergic nervous system in rheumatoid arthritis: aggravation of
arthritis in nicotinic acetylcholine receptor α 7 subunit gene knockout mice.
Ann. Rheum. Dis. 69, 1717–1723. doi: 10.1136/ard.2009.118554

Mashimo, M., Komori, M., Matsui, Y. Y., Murase, M. X., Fujii, T., Takeshima, S.,
et al. (2019). Distinct roles of α 7 nAChRs in antigen-presenting cells and CD4
+ T cells in the regulation of t cell differentiation. Front. Immunol. 10:1102.
doi: 10.3389/fimmu.2019.01102

Mckay, B. E., Placzek, A. N., and Dani, J. A. (2008). Regulation of synaptic
transmission and plasticity by neuronal nicotinic acetylcholine receptors.
Biochem. Pharmacol. 74, 1120–1133. doi: 10.1016/j.bcp.2007.07.001

Oldenborg, P., Zheleznyak, A., Fang, Y.-F., Lagenaur, C., Gresham, H., and
Lindberg, F. (2012). Role of CD47 as a marker of self on red blood cells. Science
288, 2051–2054. doi: 10.1126/science.288.5473.2051

Pavlov, V. A., and Tracey, K. J. (2004). Neural regulators of innate immune
responses and inflammation. Cell. Mol. Life Sci. 61, 2322–2331. doi: 10.1007/
s00018-004-4102-4103

Pavlov, V. A., and Tracey, K. J. (2005). The cholinergic anti-in X ammatory
pathway. Brain. Behav. Immun. 19, 493–499. doi: 10.1016/j.bbi.2005.03.015

Pena, V. B. A., Bonini, I. C., Antollini, S. S., Kobayashi, T., Pen, V. B. A., and
Barrantes, F. J. (2011). a7-Type acetylcholine receptor localization and its
modulation by nicotine and cholesterol in vascular endothelial cells. J. Cell.
Biochem. 3288, 3276–3288. doi: 10.1002/jcb.23254

Picciotto, M. R., Higley, M. J., and Mineur, Y. S. (2012). Acetylcholine as a
neuromodulator: cholinergic signaling shapes nervous system function and
behavior. Neuron 76, 116–129. doi: 10.1016/j.neuron.2012.08.036

Razani-boroujerdi, S., Boyd, R. T., Martha, I., Nandi, J. S., Mishra, N. C., Singh,
S. P., et al. (2007). T cells express alpha7-nicotinic acetylcholine receptor
subunits that require a functional TCR and leukocyte-specific protein tyrosine
kinase for nicotine-induced Ca2+ response. J. Immunol. 179, 2889–2898. doi:
10.4049/jimmunol.179.5.2889

Reardon, C., Duncan, G. S., Brustle, A., Brenner, D., Tusche, M. W., Olofsson, P. S.,
et al. (2013). Lymphocyte-derived ACh regulates local innate but not adaptive
immunity. Proc. Natl. Acad. Sci. U. S. A. 110, 3459–3464. doi: 10.1073/pnas.
1303818110

Ren, C., Li, X., Wang, S., Wang, L., Dong, N., Wu, Y., et al. (2018). Activation
of central alpha 7 nicotinic acetylcholine receptor reverses suppressed immune
function of T lymphocytes and protects against sepsis lethality. Int. J. Biol. Sci.
14, 748–759. doi: 10.7150/ijbs.24576

Rezende, A. B., Neto, N. N., Fernandes, L., Ribeiro, A. C. C. I, Alvarez-Leite, J.,
and Teixeira, H. C. (2011). Splenectomy increases atherosclerotic lesions in
apolipoprotein E deficient mice. J. Surg. Res. 236, 231–236. doi: 10.1016/j.jss.
2011.08.010

Robbins, C. S., Chudnovskiy, A., Rauch, P. J., Figueiredo, J., Iwamoto, Y., Gorbatov,
R., et al. (2015). Extramedullary hematopoiesis generates Ly-6Chigh monocytes
that infiltrate atherosclerotic lesions. Circulation 125, 364–374. doi: 10.1161/
CIRCULATIONAHA.111.061986

Rosas-Ballina, M., Olofsson, P. S., Ochani, M., Valdés-ferrer, S. I., Levine, Y. A.,
Reardon, C., et al. (2011). Acetylcholine-Synthesizing T cells relay neural signals
in a vagus nerve circuit. Science 334, 98–102. doi: 10.1126/science.1209985

Sage, A. P., Tsiantoulas, D., Binder, C. J., and Mallat, Z. (2019). The role of B
cells in atherosclerosis. Nat. Rev. Cardiol. 16, 180–196. doi: 10.1038/s41569-018-
0106-109

Santanam, N., Thornhill, B. A., Lau, J. K., Crabtree, C. M., Cook, C. R., Brown,
K. C., et al. (2012). Nicotinic acetylcholine receptor signaling in atherogenesis.
Atherosclerosis 225, 264–273. doi: 10.1016/j.atherosclerosis.2012.07.041

Sargent, P. B. (1993). The diversity of neuronal nicotinic acetylcholine receptors.
Annu. Rev. Neurosci 16, 403–443. doi: 10.1146/annurev.ne.16.030193.002155

Seguela, P., Wadiche, J., Dineley-miller, K., Dani, J. A., and Patrick, W. (1993).
Molecular cloning, functional properties, and distribution of rat brain CU,: a
nicotinic cation channel highly permeable to calcium philippe. J. Neurosci. 73,
596–604. doi: 10.1523/jneurosci.13-02-00596.1993

Sharma, G., and Vijayaraghavan, S. (2002). Nicotinic receptor signaling in
nonexcitable cells. J. Neurobiol. 53, 524–534. doi: 10.1002/neu.10114

Smedlund, K., Tano, J., Margiotta, J., and Vazquez, G. (2011). Evidence
for operation of nicotinic and muscarinic acetylcholine receptor-dependent
survival pathways in human coronary artery endothelial cells. J. Cell. Biochem.
112, 1978–1984. doi: 10.1002/jcb.23169

Tabas, I., and Bornfeldt, K. E. (2016). Macrophage phenotype and function
in different stages of atherosclerosis. Circ. Res 118, 653–668. doi: 10.1161/
CIRCRESAHA.115.306256

Tjiu, J., Lin, P., Wu, W., Cheng, Y., Chiu, H., Thong, H., et al. (2011). SLURP
1 mutation-impaired T-cell activation in a family with mal de Meleda. Br. J.
Dermatol. 164, 47–53. doi: 10.1111/j.1365-2133.2010.10059.x

Ulleryd, M. A., Mjörnstedt, F., Panagaki, D., Jin, L., Engevall, K., Gutiérrez,
S., et al. (2019). Stimulation of alpha 7 nicotinic acetylcholine receptor
(α7nAChR) inhibits atherosclerosis via immunomodulatory effects on
myeloid cells. Atherosclerosis 287, 122–133. doi: 10.1016/j.atherosclerosis.2019.
06.903

Wada, T., Naito, M., Kenmochi, H., Tsuneki, H., and Sasaoka, T. (2007). Chronic
nicotine exposure enhances insulin-induced mitogenic signaling via Up-
regulation of α7 nicotinic receptors in isolated rat aortic smooth muscle cells.
Endocr. Rev. 148, 790–799. doi: 10.1210/en.2006-0907

Wang, C., Chen, H., Zhu, W., Xu, Y., Liu, M., Zhu, L., et al. (2017). Nicotine
accelerates atherosclerosis in apolipoprotein E – deficient mice by activating
α7 nicotinic acetylcholine receptor on mast cells. Arter. Thromb. Vasc. Biol. 37,
53–65. doi: 10.1161/ATVBAHA.116.307264

Wang, H., Yu, M., Ochani, M., and Amella, C. A. (2003). Nicotinic acetylcholine
receptor a 7 subunit is an essential regulator of inflammation. Nature 421,
384–388. doi: 10.1038/nature01339

Wang, Z., Wu, W., Tang, M., Zhou, Y., Wang, L., Xu, W., et al. (2013).
NF-κB pathway mediates vascular smooth muscle response to nicotine.
Int. J. Biochem. Cell Biol. 45, 375–383. doi: 10.1016/j.biocel.2012.
10.016

Wilund, K. R., Rosenblat, M., Ryong, H., Volkova, N., Kaplan, M., Woods, J. A.,
et al. (2009). Biochemical and Biophysical Research Communications
Macrophages from alpha 7 nicotinic acetylcholine receptor knockout
mice demonstrate increased cholesterol accumulation and decreased
cellular paraoxonase expression: a possible link between the nervous.
Biochem. Biophys. Res. Commun. 390, 148–154. doi: 10.1016/j.bbrc.2009.
09.088

Wu, J. C. F., Chruscinski, A., Perez, V. A. D. J., Singh, H., Pitsiouni, M.,
Rabinovitch, M., et al. (2009). Cholinergic modulation of angiogenesis: role
of the 7 nicotinic acetylcholine receptor. J. Cell. Biochem. 446, 433–446. doi:
10.1002/jcb.22270

Yang, C., Li, Z., Yan, S., He, Y., Dai, R., Leung, G. P. H., et al. (2016). Role of
the nicotinic acetylcholine receptor α3 subtype in vascular inflammation. Br.
J. Pharmacol. 173, 3235–3247. doi: 10.1111/bph.13609

Zhang, G., Marshall, A. L., Thomas, A. L., Kernan, K. A., Su, Y., LeBoeuf, R. C., et al.
(2011). In vivo knockdown of nicotinic acetylcholine receptor α1 diminishes
aortic atherosclerosis. Atherosclerosis 215, 34–42. doi: 10.1016/j.atherosclerosis.
2010.07.057

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

Copyright © 2020 Vieira-Alves, Coimbra-Campos, Sancho, da Silva, Cortes and
Lemos. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 8 December 2020 | Volume 11 | Article 621769

https://doi.org/10.1136/ard.2009.118554
https://doi.org/10.3389/fimmu.2019.01102
https://doi.org/10.1016/j.bcp.2007.07.001
https://doi.org/10.1126/science.288.5473.2051
https://doi.org/10.1007/s00018-004-4102-4103
https://doi.org/10.1007/s00018-004-4102-4103
https://doi.org/10.1016/j.bbi.2005.03.015
https://doi.org/10.1002/jcb.23254
https://doi.org/10.1016/j.neuron.2012.08.036
https://doi.org/10.4049/jimmunol.179.5.2889
https://doi.org/10.4049/jimmunol.179.5.2889
https://doi.org/10.1073/pnas.1303818110
https://doi.org/10.1073/pnas.1303818110
https://doi.org/10.7150/ijbs.24576
https://doi.org/10.1016/j.jss.2011.08.010
https://doi.org/10.1016/j.jss.2011.08.010
https://doi.org/10.1161/CIRCULATIONAHA.111.061986
https://doi.org/10.1161/CIRCULATIONAHA.111.061986
https://doi.org/10.1126/science.1209985
https://doi.org/10.1038/s41569-018-0106-109
https://doi.org/10.1038/s41569-018-0106-109
https://doi.org/10.1016/j.atherosclerosis.2012.07.041
https://doi.org/10.1146/annurev.ne.16.030193.002155
https://doi.org/10.1523/jneurosci.13-02-00596.1993
https://doi.org/10.1002/neu.10114
https://doi.org/10.1002/jcb.23169
https://doi.org/10.1161/CIRCRESAHA.115.306256
https://doi.org/10.1161/CIRCRESAHA.115.306256
https://doi.org/10.1111/j.1365-2133.2010.10059.x
https://doi.org/10.1016/j.atherosclerosis.2019.06.903
https://doi.org/10.1016/j.atherosclerosis.2019.06.903
https://doi.org/10.1210/en.2006-0907
https://doi.org/10.1161/ATVBAHA.116.307264
https://doi.org/10.1038/nature01339
https://doi.org/10.1016/j.biocel.2012.10.016
https://doi.org/10.1016/j.biocel.2012.10.016
https://doi.org/10.1016/j.bbrc.2009.09.088
https://doi.org/10.1016/j.bbrc.2009.09.088
https://doi.org/10.1002/jcb.22270
https://doi.org/10.1002/jcb.22270
https://doi.org/10.1111/bph.13609
https://doi.org/10.1016/j.atherosclerosis.2010.07.057
https://doi.org/10.1016/j.atherosclerosis.2010.07.057
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Role of the 7 Nicotinic Acetylcholine Receptor in the Pathophysiology of Atherosclerosis
	Introduction
	The 7-Nicotinic Acetylcholine Receptor
	The Neuronal and Non-Neuronal Cholinergic System
	The Non-Neuronal 7nAchR in the Regulation of Immune Cells
	The Non-Neuronal 7nAchR in Endothelium and Smooth Muscle
	Role of 7nAchRs in the Pathophysiology of Atherosclerosis
	Conclusion
	Author Contributions
	Funding
	References


