'." frontiers

in Pharmacology

REVIEW
published: 15 December 2021
doi: 10.3389/fphar.2021.810224

OPEN ACCESS

Edited by:
Xianwei Wang,
Xinxiang Medical University, China

Reviewed by:

Geoff H. Werstuck,

McMaster University, Canada
Tzong-Shyuan Lee,

National Taiwan University, Taiwan

*Correspondence:
Hongwei Lu
hongweilu@csu.edu.cn
Shuhua Chen
shuhuachen@csu.edu.cn

TThese authors have contributed
equally to this work and share first
authorship

Specialty section:

This article was submitted to
Cardiovascular and Smooth Muscle
Pharmacology,

a section of the journal

Frontiers in Pharmacology

Received: 06 November 2021
Accepted: 29 November 2021
Published: 15 December 2021

Citation:

Wang X, Liang Z, Xiang H, Li Y, Chen S
and Lu H (2021) LKB1 Regulates
Vascular Macrophage Functions

in Atherosclerosis.

Front. Pharmacol. 12:810224.

doi: 10.3389/fohar.2021.810224

Check for
updates

LKB1 Regulates Vascular
Macrophage Functions in
Atherosclerosis

Xuewen Wang'??, Ziwei Liang®, Hong Xiang®, Yanqiu Li’, Shuhua Chen®* and
Hongwei Lu"%**

"Health Management Center, The Third Xiangya Hospital of Central South University, Changsha, China, ?Department of
Cardiology, The Third Xiangya Hospital of Central South University, Changsha, China, ®Department of Clinical Laboratory,
Yueyang people’s Hospital, Yueyang, China, “Center for Experimental Medicine, The Third Xiangya Hospital of Central South
University, Changsha, China, ®Department of Biochemistry, School of Life Sciences of Central South University, Changsha, China

Liver kinase B1 (LKB1) is known to shape the regulation of macrophage function by
participating in multiple processes including cell metabolism, growth, and polarization.
However, whether LKB1 also affects the functional plasticity of macrophages in
atherosclerosis has not attracted much attention. Abnormal macrophage function is a
pathophysiological hallmark of atherosclerosis, characterized by the formation of foam
cells and the maintenance of vascular inflammation. Mounting evidence supports that
LKB1 plays a vital role in the regulation of macrophage function in atherosclerosis,
including affecting lipid metabolism reprogramming, inflammation, endoplasmic
reticulum stress, and autophagy in macrophages. Thus, decreased expression of
LKB1 in atherosclerosis aggravates vascular injury by inducing excessive lipid
deposition in macrophages and the formation of foam cells. To systematically
understand the role and potential mechanism of LKB1 in regulating macrophage
functions in atherosclerosis, this review summarizes the relevant data in this regard,
hoping to provide new ideas for the prevention and treatment of atherosclerosis.
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INTRODUCTION

Atherosclerosis is a systemic vascular disease, which is the pathological basis of cardiovascular and
cerebrovascular diseases such as coronary heart disease and stroke (Ibanez et al., 2021; Shea et al.,
2021). With the gradual increase in prevalence, atherosclerosis-related diseases have brought a heavy
burden to patients and society, and become a major risk of death (Valanti et al, 2021).
Atherosclerotic lesions are characterized by lipid deposition in the arterial intima, focal fibrosis,
inflammation, and intimal plaque formation (Nakagawa et al, 2021). In the early stage of
atherosclerosis, circulating chemokines derived from blood monocytes increase, which promote
the migration of cells to the intima to become macrophages (Cochain and Zernecke, 2017).
Meanwhile, a substantial amount of low-density lipoprotein (LDL) is deposited in the arterial
wall and is oxidized into oxidized LDL (Ox- LDL). This oxidized form of LDL cannot be recognized
by the LDL receptors and internalized into cells for decomposition but is mainly recognized and
taken up by macrophages through the scavenger receptors (SR) (Shen et al., 2020). Cholesterol-laden
macrophages then turn into foam cells, whose formation is a key marker of atherosclerotic plaque
development (Bick et al., 2019; Xia et al., 2020).
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In addition to the formation and accumulation of foam cells,
sustained inflammatory response is another indispensable
contributor to atherosclerotic lesion (Jeon et al., 2020). As the
main innate immune cells, macrophages play a key role in
maintaining the inflammatory response of blood vessels and
regulating the stability of atherosclerotic plaques by producing
pro-inflammatory cytokines (Kim et al, 2021). Moreover,
macrophages promote the development of atherosclerosis in
other ways, such as through endoplasmic reticullum (ER) stress
and autophagy (Zhou et al, 2021). Although the exact
mechanism behind macrophage regulation of atherosclerosis is
unclear, certain kinases seem to hold the key to determine
macrophage phenotype and function.

Liver kinase B1 (LKB1) is a serine/threonine kinase that is
widely present in various tissues and cells and regulates cell
proliferation, metabolism, polarity, and migration (Zhang Y.
et al, 2021). LKB1 mainly acts by phosphorylating and
activating adenosine monophosphate-activated protein kinase
(AMPK) (Hollstein et al., 2019). Through AMPK, LKBI1
regulates lipid metabolism, glycolysis, and other metabolic
pathways to maintain the phenotype and function of normal
cells (Zhang Y. et al.,, 2021; Molina et al., 2021). LKBI is also a
negative regulator of inflammatory response (Wu et al., 2021).
Studies have shown that LKB1 exerts anti-inflammatory effects by
activating AMPK in macrophages to inhibit the production of
pro-inflammatory mediators and chemokines (Filippov et al.,
2013). Moreover, LKB1 may participate in the regulation of ER
stress and autophagy of macrophages through other pathways
(Khayati et al., 2020; Zuo et al., 2020). With the deepening of
understanding, the pathophysiological value of LKBI in
cardiovascular and metabolic diseases has attracted much
attention (Liang et al, 2021; Liu et al, 2021). It has been
observed that LKB1 expression is down-regulated in
atherosclerotic macrophages and is involved in the regulation
of atherosclerosis (Liu et al., 2017). Given that the particular
regulatory importance of LKB1 in macrophage function in
atherosclerosis has not been systematically described, here we
review the role and possible mechanism of LKB1 in shaping
macrophage function to reveal the potential target for the
treatment of atherosclerosis.

Functional Plasticity of Macrophages in

Atherosclerosis

The etiology of atherosclerosis is more complex than previously
thought, and its risk factors include hypertension,
hyperlipidemia, heavy smoking, diabetes, and genetic
predisposition (Lien et al, 2020; Wang and Ge, 2021; Zhao
et al., 2021). Generally, different factors interact and converge
to affect the formation of foam cells and the maintenance of
vascular inflammation, thereby promoting the occurrence of
atherosclerosis (Poznyak et al., 2020a). There is no doubt that
the phenotypic and functional changes of macrophage are the
hub of the pathological process of atherosclerosis (Zhang et al.,
2019). The phenotypic and functional plasticity of atherosclerotic
macrophages mainly involves lipid metabolism reprogramming,
maintenance of inflammatory response, ER stress, and autophagy
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(Sukhorukov et al., 2020a; Cui et al., 2021). Among these, how
lipid metabolism affects the phenotype and function of
atherosclerotic macrophage has been extensively studied
(Zhang Y. X. et al, 2021; Kotlyarov and Kotlyarova, 2021).
Under normal conditions, macrophages can process
intracellular lipids through uptake, synthesis, storage, and
outflow to ensure the dynamic equilibrium of lipid metabolism
(Sukhorukov et al., 2020b). However, when lipid intake exceeds
the tolerance limit of macrophages, or relevant receptors and
pathways are dysfunctional, the lipid metabolism of the cells will
be disrupted and reprogrammed, resulting in the transformation
of macrophages into foam cells and then the occurrence of
atherosclerosis (Poznyak et al., 2020a).

The vascular inflammation of atherosclerosis is also one of the
current research hotspots. Macrophages participate in
atherosclerotic lesions by releasing pro-inflammatory cytokines
and anti-inflammatory cytokines to maintain vascular
inflammation (Cai D. et al, 2021). Excessive infiltration of
macrophages will not only lead to focal arterial inflammation,
but also increase the risk of systemic vascular inflammation;
either way it will accelerate the progression of atherosclerosis
(Lavin et al, 2020). Macrophage polarization is involved in
maintaining vascular inflammation and has been shown to be
necessary for the occurrence and development of atherosclerosis
(Liu et al, 2020). Under different conditions, macrophages
polarize into different subtypes to participate in the
inflammatory response. Macrophages in atherosclerosis may
polarize into the classically activated macrophage (M1) and
alternatively activated macrophage (M2) phenotypes (Murray
et al., 2014). The M2 phenotype can be further divided into
subtypes M2a, M2b, M2c, and M2d (Colin et al, 2014). In
addition, macrophages in atherosclerosis can differentiate into
Mox, Mhem, M4, and M(Hb) phenotypes under the stimulation
of certain factors. According to their functionality, M1, Mox, and
M4 mainly have pro-inflammatory effects and promote the
formation of atherosclerosis, while M2, Mhem, and M(Hb)
can produce anti-inflammatory effects and prevent the
formation of foam cells (Colin et al., 2014; Jinnouchi et al.,
2020). M1 and M2 macrophages are the most important
polarization subtypes in atherosclerosis. In the initial stage of
vascular inflammation, circulating monocytes are recruited into
vascular tissues, and are mainly polarized into M1 under the
stimulation of pro-inflammatory factors. M1 macrophages
further secrete tumor necrosis factor-a (TNF-a), (human)
B-Interleukin 1 (IL-1p), interleukin-6 (IL-6), Interferon-y
(IFN-y), and other pro-inflammatory mediators, which in turn
aggravate vascular inflammation (Saha et al., 2017). Relatively,
macrophages polarize into M2 during the self-repair of blood
vessels, and inhibit M1-mediated vascular inflammation by up-
regulating transforming growth factor-p (TGEF- B), interleukin-10
(IL-10), and other anti-inflammatory cytokines (Murray, 2016).
Although M1 and M2 can be seen in both early and late
atherosclerotic lesions, as atherosclerosis progresses, the
number of M1 gradually increases and the number of M2
gradually decreases (Bisgaard et al.,, 2016).

ER stress in macrophages is also closely related to the
occurrence of atherosclerosis (Yang B. et al, 2020). ER stress
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aggravates atherosclerosis by inducing foam cell formation,
apoptosis, and the release of pro-inflammatory cytokines (Tian
etal, 2019; Wang T. et al., 2020). Increased expression of the ER
stress-associated  apoptosis  signaling molecule  C/EBP
homoiogous protein (CHOP) indicates macrophage apoptosis
(Yang et al, 2020b). Pathologically, macrophage apoptosis
instigates the formation of inflammatory necrotic core, which
is not conducive to the stability of advanced atherosclerotic
plaques and thus underlies plaque rupture (Qiu et al., 2021).

On the contrary, autophagy of macrophages can delay cell
death by repairing damaged macrophages, thereby protecting
against atherosclerosis. Also, the autophagic machinery helps
nearby phagocytes to effectively eliminate damaged cells (Liao
et al,, 2012). Thus, it is expected that dysregulated macrophage
autophagy will contribute to the occurrence and development of
atherosclerosis through promoting dyslipidemia, foam cell
formation, and inflammation (Kumar et al.,, 2021; Shan et al.,
2021). However, it has been observed that macrophage autophagy
has a dual regulatory effect on the inflammatory response (Zhang
J. et al, 2021). Under normal circumstances, autophagy can
effectively inhibit the excessive activation of inflammasomes,
thereby alleviating severe inflammatory response. However,
when this self-digesting mechanism is inhibited or damaged,
cathepsin will leak from the damaged lysosomes, further
activates the inflammasomes, thus exacerbating the
inflammatory response (Takahama et al, 2018). Generally,
functional changes of lipid metabolism reprogramming,
inflammation maintenance, ER stress and autophagy in
macrophages are dynamic and interconnected, but any
abnormal alterations in these cellular functions may eventually
lead to atherosclerotic progression at multiple levels.

LKB1 and Lipid Metabolism
Reprogramming of Macrophages in

Atherosclerosis

Lipid metabolism reprogramming is one of the main causes of
early atherosclerosis formation. There are many types of lipids in
the body, among which total cholesterol (TC) and triglyceride
(TG) aremainly related to atherosclerosis. TC consists of free
cholesterol (FC) and cholesterol ester (CE) (Cai Y. et al., 2021).
Due to poor water solubility, lipids often exist in the form of
highly soluble lipoproteins. The main lipoproteins closely related
to atherosclerosis are LDL and chemically modified LDL, such as
Ox-LDL (Malekmohammad et al., 2021). The circulating LDL
binds to the LDL receptors on normal cell membranes, but ox-
LDL does not. Ox- LDL is recognized by SR on the surface
membrane of macrophages and taken up into the cell for
metabolism. This internalization and process involves SR class
A type 1 (SR-Al), SR class B type 1(SR-B1), ATP-binding cassette
transporter A1 (ABCA1), and adenosine triphosphate-binding
cassette (ABC) transporter Gl (ABCGI1) (Jia et al., 2019
Kobayashi et al, 2021; Tao et al, 2021). Lipids in
macrophages are normally metabolized through uptake,
synthesis, storage, and outflow (Chistiakov et al., 2017). This
metabolic mechanism is essential for maintaining the steady state
of lipid metabolism. The imbalance of lipid metabolism will
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initiates the reprogramming of lipid metabolism and the
differentiation of macrophages into foam cells, which is a
prerequisite for the formation of atherosclerosis (Poznyak
et al., 2020a; Poznyak et al., 2020b).

LKB1 can inhibit the formation of atherosclerosis by
reprogramming lipid metabolism of macrophages. On the one
hand, LKB1 can affect the lipid uptake of macrophages.
Macrophage membrane molecule SR-A is closely related to
pathological intracellular lipid deposition, and its primary
function is to recognize and uptake Ox-LDL and mediate the
formation of foam cells. However, LKBI, as the upstream kinase
of SR-A, can phosphorylate SR-A for degradation (Liu et al,
2017). It has been found that in the process of atherosclerotic
plaque progression, the membrane expression of SR-A is high,
while the expression of LKB1 in macrophages is decreased (Lin
et al., 2016; Liu et al,, 2017). These findings indicate that in the
absence of phosphorylation and degradation of SR-A, SR-A can
increase pathological lipid deposition and promote foam cell
formation. On the other hand, LKB1 may affect lipid efflux
from macrophages. Macrophages lipid efflux is dependent on
the expression of ABCA1, ABCGI, and SR-B1 on the membrane
surface. The high expression of these transporters and receptors
will facilitate lipid efflux and reduce foam cell formation. It has
been confirmed that the activation of AMPK/SIRT1/LXRa and
AMPK/STAT1/STING signaling pathways in macrophages can
up-regulate the expressions of ABCA1l, ABCGI, and SR-BI,
promote intracellular cholesterol outflow, reduce lipid
accumulation, and ultimately prevent the occurrence of
atherosclerosis (Lin et al, 20155 Cai D. et al, 2021).
Interestingly, LKBI1 is the main upstream kinase of AMPK, so
it may participate in cellular lipid metabolism by activating
AMPK (Xi et al., 2018). Nevertheless, more evidence is needed
to evaluate that macrophage LKB1 participates in intracellular
lipid outflow and negatively regulates atherosclerotic plaque
formation by activating AMPK/SIRT1/LXR a and AMPK/
STAT1/STING signaling pathways (Figurel).

LKB1 and Maintenance of Macrophage

Inflammatory Response in Atherosclerosis
Inflammatory immune response is an essential part of the
pathogenesis of atherosclerosis (Liao et al, 2021). More
specifically, vascular inflammation is the main driving force
for the formation and growth of atherosclerotic lesions and
the development of unstable ruptured plaques (Romanenko
et al, 2021). Mechanistically, inflammatory response mainly
relies on various cytokines and mediators to participate in the
whole process of atherosclerosis development. Especially in the
late stage of atherosclerosis, pro-inflammatory cytokines cause
abnormal functions of macrophages, endothelial cells, and
lymphocytes, thus accelerating the destruction of plaques
(Poznyak et al,, 2021). Cytokines are synthesized by various
immune cells and secreted in autocrine and paracrine
manners. As the most abundant immune cells in
atherosclerotic lesions, macrophages have a vital role in the
entire disease process from the onset of the lesion to the
rupture of the plaque (Chen et al., 2020). Under the long-term
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FIGURE 1| LKB1 and lipid metabolism reprogramming of macrophages in atherosclerosis. Ox-LDL, oxidized low-density lipoprotein; SR-A1, scavenger receptor
class A type 1; CE, cholesterol ester; FA, fatty acid; FC, free cholesterol; LAL, lysosomal acid lipase; HDL, high-density lipoprotein; SR-B1, scavenger receptor class B
type 1; ABCG1, adenosine triphophate (ATP)-binding cassette (ABC) transporter G1; ABCA1, ATP-binding cassette transporter A1.

effect of various interactive factors such as dyslipidemia, the
arterial intimal damage is aggravated, the expression of
adhesion factors increases, the number of monocytes attached
to the endothelial cells gradually increases, and the number of
intimal macrophage increases (Shen et al., 2020). Atherogenic
macrophages produce and secrete a variety of pro-inflammatory
cytokines [ie., TNF-a, IL-1f, interleukin-18 (IL-18), IL-6,
interleukin-23 (IL-23)] to maintain vascular inflammation and
promote the growth of atherosclerotic plaques (Poznyak et al.,
2021).

LKBI is closely related to the release of a variety of pro-
inflammatory cytokines (Wang et al., 2019). It was found that
activating LKB1/AMPK and LKB1/MARK2 signaling pathways
can reduce the release of TNF- a, IL- 6, and IL- 1f from
macrophages, thereby inhibiting the inflammatory response
(Wu et al., 2018; Deng et al., 2020). AMPK is a cellular energy
sensor, and its a subunit is mainly distributed in the heart, brain,
and liver (Molina et al., 2021). Studies have shown that
LKB1 down-regulates the expression of IL-1 B, IL-18, and IL-
23 through AMPKa phosphorylation, thereby relieving the
inflammatory damage at the affected sites (Liu et al, 2019;
Guo et al,, 2021). However, whether LKB1 inhibits the release
of pro-inflammatory cytokines from macrophages through the
Mitogen-activated protein kinase2 (MARK2) and AMPK
signaling pathways and further regulates the process of
atherosclerosis is not fully understood.

In addition, as mentioned above, the ability of macrophages to
orchestrate an inflammatory response is related to their
polarization phenotypes. Different polarization phenotypes have
distinct cytokine secretion profiles, which exhibit opposite effects
on the formation of atherosclerosis. It has been reported that up-
regulation of LKBI expression can reduce macrophage infiltration
and M1 polarization (Yang et al., 2020c). Furthermore, the LKB1/
AMPK signaling pathway can promote the transformation of
macrophages from M1 to M2, although further studies are
needed to determine the involvement of LKB1 in the regulation
of atherosclerotic inflammation by altering macrophage
polarization phenotypes (Ji et al., 2018). While the metabolic

signatures of M1 macrophages are increased glucose uptake and
enhanced anaerobic glycolysis, activated M2 macrophages show
significantly increased oxygen consumption through fatty acid
oxidation and oxidative phosphorylation (Jha et al, 2015
Andrejeva and Rathmell, 2017). In view of this, it has been
suggested that the metabolic transformations between glycolysis
and mitochondrial oxidative phosphorylation are related to the
direction of macrophage polarization (Mouton et al, 2020).
Moreira et al. found that the LKB1 signaling pathway plays a
vital role in the energy metabolism of macrophages, and the LKB1/
AMPK signaling pathway regulates the transformation of energy
metabolism from glycolysis to oxidative phosphorylation during
inflammation (Moreira et al., 2015). This energy transformation
regulated by LKBI is likely to be the reason why macrophages
polarize to M2 and participate in the atherosclerotic process. In any
case, the energy transformation in the process of macrophage
phenotype changes is worthy of further exploration (Figure 2).

LKB1 and Macrophage ER Stress in

Atherosclerosis

Various pathological conditions can lead to the accumulation of
unfolded or misfolded proteins in the ER lumen. This phenomenon
is called ER stress and usually causes ER dysfunction (Qiao et al,
2021). ER stress performs many pathophysiological functions
through the activating transcription factor-6 (ATF-6),
transmembrane inositol-requiring enzyme-1 (IRE1), protein
kinase RNA-like ER kinase (PERK), and their downstream
signaling pathways (Ren et al., 2021). Recent studies have found
that ER stress plays a vital role in the occurrence and development
of atherosclerosis, which is manifested as a significant upregulation
of the ER stress marker CHOP in atherosclerotic plaque
macrophages (Ma et al, 2020; Yang B. et al, 2020). It is
precisely by mediating the ER stress of intravascular
macrophages, endothelial cells, and smooth muscle cells that a
variety of factors participate in and exacerbate the pathogenesis of
atherosclerosis (Yang et al., 2020b). Among these intravascular
cells, macrophage ER stress mainly aggravates atherosclerotic
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vascular damage by inducing foam cell formation and activating
the apoptotic signaling pathway (Zahid et al., 2020).

Note that ER stress cross-regulates the production of pro-
inflammatory cytokines, which are the main force for
maintaining vascular inflammation (Chen et al,, 2018). The
synergistic effect of ER stress and inflammation substantially
affects the formation and stability of dynamic atherosclerotic
plaques, which is an essential condition for the development of
atherosclerosis. In addition, excessive accumulation of FC in cells
is one of the main causes of ER stress in macrophages (Zhu et al.,
2008). ER stress in turn actively regulates lipid metabolism in
macrophages by coordinating the uptake and outflow of lipids,
but ultimately leads to an increase in lipid content in cells. This
event clearly involves two mechanisms. On the one hand, ER
stress up-regulates the expression of SR-A and the cluster of
differentiation 36 (CD36) to increase lipid intake. On the other
hand, ER stress increases the expression of CHOP and inhibits
the expressions of ABCG1, ABCA1, and SR-B1, thereby reducing
lipid efflux (Wang Z. et al, 2020). These two strategies work
synergistically to effectively promote the transformation of
macrophages into foam cells (Sukhorukov et al., 2020a).

LKBI has the ability to negatively regulate the ER stress of
macrophages, so it is an important part of the atherosclerotic
process. It has been found that activation of LKB1/AMPK
signaling can reduce ER stress and help improve cardiovascular
diseases (Li et al., 2015; Zuo et al., 2020). As mentioned above, LKB1
affects the expression of SR such as SR-Al on the surface of
macrophages, regulates lipid metabolism, inhibits the formation
of foam cells, and thus exerts strong anti-atherosclerotic effects.
Therefore, the inhibition of ER stress by LKBI/AMPK signaling
may be through regulation of lipid metabolism. However, it is not
clear whether this effect is achieved through direct interaction with
ER stress or caused by indirect and complex cross-regulation
mechanisms. In addition, macrophages produce different pro-
inflammatory cytokines to maintain the inflammatory response
when ER stress occurs. For example, activation of the PERK/ATF4/
CHOP signaling pathway promotes the release of TNF-o and IL-1,
and activation of IREla/JNK signaling pathway stimulates the
release of IL-1PB, IL-6, and IL-8 (Li D. et al, 2021; Song et al,

2021). However, activating the LKB1I/AMPK signaling pathway
robustly inhibits ER stress, reduces the production of pro-
inflammatory cytokines, and alleviates cellular inflammatory
responses (Rao et al, 2019). Therefore, LKB1 may block the
release of pro-inflammatory cytokines by inhibiting the ER stress
of macrophages, thus exhibiting anti-atherosclerotic effects.

In addition, there are some adaptive mechanisms related to ER
stress, including ER-associated degradation and unfolded protein
response (UPR). Moderate activation of these mechanisms can
counteract excessive ER stress (Ren et al., 2021). UPR is an
important regulatory response of the ER stress process, which
refers to the degradation of unfolded or faulty proteins in the ER.
Interestingly, LKB1/AMPK signaling pathway relieves ER stress
by regulating UPR (Meares et al., 2011; Karunakaran et al., 2021).
However, UPR may initiate apoptosis under prolonged ER stress.
This is because excessive saturated fatty acids and FC in the ER
activate CHOP through IRE1a/JNK, IRE1a/XBP1, ATF6/XBP1I,
and PERK/elF2a/ATF4 pathways, thus inducing macrophage
apoptosis (Tian et al, 2019). Macrophage apoptosis is the
basis for the formation of atherosclerosis vulnerable plaques.
There are reasons to believe that LKBl1 can reduce
macrophage apoptosis and slow the progression of
atherosclerosis by inhibiting ER stress, but this needs to be
verified.

In general, the function of LKBI is partially related to the ER
stress of vascular macrophages. LKB1 can regulate the lipid
metabolism of macrophages through the ER stress regulation
of SR-A, ABCG1, ABCAIl, and SR-Bl. Furthermore, LKB1
regulates vascular inflammation and macrophage apoptosis by
affecting ER stress. These regulatory mechanisms may work
together and form an overlapping regulatory network in
atherosclerosis, which needs to be further explored in the
future (Figure 3).

LKB1 and Macrophage Autophagy in

Atherosclerosis
Macrophage autophagy seems to have a dual role in
atherosclerosis: dysregulated autophagy promotes
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atherosclerosis, and moderate autophagy inhibits plaque
progression (Zahid et al, 2021). Autophagy is a conservative
degradation mode of cells, which is essential for maintaining the
main functions of cell metabolism (Chen et al., 2021). When cells
suffer from nutrient deficiency, oxidative stress, and organelle
dysfunction, autophagy degrades unwanted materials through a
lysosomal-dependent pathway to maintain cell homeostasis
(Duan et al, 2020). Autophagy of macrophages play an anti-
atherosclerotic effect by inhibiting the formation of foam cells
and eliminating inflammation (Wang Z. et al., 2020; Tao et al.,
2021). Also, autophagy promotes the transformation of foam cells
into alternately activated macrophages to alleviate late-stage
atherosclerosis (Robichaud et al, 2021). When autophagy is
dysregulated, inflammasomes will be overactivated and
promote the development of atherosclerosis (Razani et al,
2012). Even in advanced atherosclerosis, dysregulation of
macrophage autophagy can increase the number of plaque
lesions and the area of necrotic foci (He et al., 2020).

LKBI affects the occurrence and development of atherosclerosis
by regulating the autophagy of macrophages. On the one hand,
LKB1 regulates lipid metabolism in macrophages by altering
autophagy (Liang et al, 2021). The LKBI/AMPK/mTOR
pathway can induce increased autophagy, inhibit lipid synthesis,
and promote fatty acid oxidation (Li W. et al., 2021). Moreover,
this pathway in macrophages can improve intracellular cholesterol
accumulation by promoting cholesterol outflow and reduce the
formation of foam cells in atherosclerosis (Li et al., 2019). On the
other hand, LKB1 suppresses inflammation by inducing autophagy
in macrophages (Liu et al, 2019). The LKB1/AMPK/mTOR
signaling pathway reduces the synthesis and release of pro-
inflammatory cytokines, such as IL-6, IL-23, IL-1B, and TNF-a
(Alexander et al., 2010; Li et al., 2019). However, whether LKB1 has
a similar regulatory effect in atherosclerotic macrophages needs to
be tested (Figure 4).

CONCLUSION

LKBI is a serine-threonine kinase expressed in a variety of cells
and is involved in regulating cell metabolism, polarity, and

growth. LKBl is a negative feedback regulator of
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REFERENCES

Alexander, A, Cai, S. L., Kim, ], Nanez, A., Sahin, M., MacLean, K. H., et al. (2010).
ATM Signals to TSC2 in the Cytoplasm to Regulate mTORCI in Response to
ROS. Proc. Natl. Acad. Sci. U S A. 107, 4153-4158. doi:10.1073/pnas.0913860107

Andrejeva, G., and Rathmell, J. C. (2017). Similarities and Distinctions of Cancer
and Immune Metabolism in Inflammation and Tumors. Cell. Metab. 26, 49-70.
doi:10.1016/j.cmet.2017.06.004

Bick, M., Yurdagul, A., Tabas, I, Oérni, K., and Kovanen, P. T. (2019).
Inflammation and its Resolution in Atherosclerosis: Mediators and
Therapeutic Opportunities. Nat. Rev. Cardiol. 16, 389-406. doi:10.1038/
$41569-019-0169-2

Bisgaard, L. S., Mogensen, C. K, Rosendahl, A., Cucak, H., Nielsen, L. B,
Rasmussen, S. E., et al. (2016). Bone Marrow-Derived and Peritoneal

LKB1 Regulates Atherosclerosis Macrophage Functions

vascular inflammation in many ways. LKB1’s regulation of
macrophage lipid metabolism and its inhibition of foam cell
formation are achieved by directly affecting the expression of SR
or indirectly regulating autophagy. It can also regulate the
release of pro-inflammatory cytokines in a variety of ways to
inhibit vascular inflammation. Moreover, macrophage ER stress
is closely related to the occurrence and development of
atherosclerosis. LKB1 may participate in this disease process
by affecting the ER stress of macrophages. Together, these
different regulatory mechanisms of LKBl may form an
overlapping and complex network that determines the
progression and outcome of atherosclerosis (Figure 5).
Additionally, activation of LKB1 can alleviate atherosclerosis.
This has been initially verified in clinical applications. For
example, metformin, an important LKB1/AMPK activator,
has been found to improve atherosclerosis (Vasamsetti et al.,
2015; Ramachandran et al.,, 2018). Nevertheless, so far, our
understanding of the exact regulatory mechanism of LKB1 in
the functional changes of macrophage in atherosclerosis is
rather limited. Given the important role of LKBI in vascular
macrophages, this regulator is worthy of further study and has
great potential as a new target for the treatment of
atherosclerosis.

AUTHOR CONTRIBUTIONS

Conceptualization, XW and ZL; investigation, YL; resources, HX;
writing—original draft preparation, XW; writing—review and
editing, ZL; project administration, HL and SC; funding
acquisition, HL and SC. All authors have read and agreed to
the published version of the manuscript.

FUNDING

This research was funded by the National Natural Science
Foundation of China (grant no. 81870352, 81970252), the Key
Research and Development Project of Hunan Province (grant no.
2020SK 2087, 2019SK 2041) and the Fundamental Research
Funds for the Central Universities of Central South University
(202122t50408).

Macrophages Have Different Inflammatory Response to oxLDL and M1/M2
Marker Expression - Implications for Atherosclerosis Research. Sci. Rep. 6,
35234. doi:10.1038/srep35234

Cai, D, Liu, H., Wang, J., Hou, Y., Pang, T, Lin, H., et al. (2021a). Balasubramide
Derivative 3C Attenuates Atherosclerosis in Apolipoprotein E-Deficient Mice:
Role of AMPK-STATI1-STING Signaling Pathway. Aging (Albany NY) 13,
12160-12178. doi:10.18632/aging.202929

Cai, Y., Wen, J., Ma, S., Mai, Z., Zhan, Q., Wang, Y., et al. (2021b). Huang-Lian-Jie-
Du Decoction Attenuates Atherosclerosis and Increases Plaque Stability in
High-Fat Diet-Induced ApoE-/- Mice by Inhibiting M1 Macrophage
Polarization and Promoting M2 Macrophage Polarization. Front. Physiol.
12, 666449. doi:10.3389/fphys.2021.666449

Chen, J., Zhang, M., Zhu, M., Gu, J., Song, J., Cui, L., et al. (2018). Paeoniflorin
Prevents Endoplasmic Reticulum = Stress-Associated Inflammation in
Lipopolysaccharide-Stimulated Human Umbilical Vein Endothelial Cells via

Frontiers in Pharmacology | www.frontiersin.org

December 2021 | Volume 12 | Article 810224


https://doi.org/10.1073/pnas.0913860107
https://doi.org/10.1016/j.cmet.2017.06.004
https://doi.org/10.1038/s41569-019-0169-2
https://doi.org/10.1038/s41569-019-0169-2
https://doi.org/10.1038/srep35234
https://doi.org/10.18632/aging.202929
https://doi.org/10.3389/fphys.2021.666449
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Wang et al.

the IRE1a/NF-Kb Signaling Pathway. Food Funct. 9, 2386-2397. doi:10.1039/
c7fo01406f

Chen, X., Wang, J., Tahir, M., Zhang, F., Ran, Y., Liu, Z, et al. (2021). Current
Insights into the Implications of m6A RNA Methylation and Autophagy
Interaction in Human Diseases. Cell. Biosci. 11, 147. doi:10.1186/s13578-
021-00661-x

Chen, Y. T., Yuan, H. X,, Ou, Z. J., and Ou, J.. S. (2020). Microparticles (Exosomes)
and Atherosclerosis. Curr. Atheroscler. Rep. 22, 23. doi:10.1007/s11883-020-
00841-z

Chistiakov, D. A., Melnichenko, A. A., Myasoedova, V. A., Grechko, A. V., and
Orekhov, A. N. (2017). Mechanisms of Foam Cell Formation in
Atherosclerosis. J. Mol. Med. (Berl) 95, 1153-1165. doi:10.1007/s00109-017-
1575-8

Cochain, C., and Zernecke, A. (2017). Macrophages in Vascular Inflammation and
Atherosclerosis. Pflugers. Arch. 469, 485-499. doi:10.1007/s00424-017-1941-y

Colin, S., Chinetti-Gbaguidi, G., and Staels, B. (2014). Macrophage Phenotypes in
Atherosclerosis. Immunol. Rev. 262, 153-166. doi:10.1111/imr.12218

Cui, X,, Xing, R,, Tian, Y., Wang, M., Sun, Y., Xu, Y., et al. (2021). The G2A
Receptor Deficiency Aggravates Atherosclerosis in Rats by Regulating
Macrophages and Lipid Metabolism. Front. Physiol. 12, 659211. doi:10.3389/
fphys.2021.659211

Deng, J., Wen, C., Ding, X., Zhang, X., Hou, G., Liu, A,, et al. (2020). LKB1-MARK2
Signalling Mediates Lipopolysaccharide-Induced Production of Cytokines in
Mouse Macrophages. J. Cel. Mol. Med. 24, 11307-11317. doi:10.1111/
jemm.15710

Duan, R, Xie, H., and Liu, Z. Z. (2020). The Role of Autophagy in Osteoarthritis.
Front Cel Dev Biol 8, 608388. doi:10.3389/fcell.2020.608388

Filippov, S., Pinkosky, S. L., Lister, R. J., Pawloski, C., Hanselman, J. C., Cramer,
C. T, et al. (2013). ETC-1002 Regulates Immune Response, Leukocyte
Homing, and Adipose Tissue Inflammation via LKBIl-dependent
Activation of Macrophage AMPK. J. Lipid. Res. 54, 2095-2108.
doi:10.1194/jlr.M035212

Guo, J., Peng, L., Zeng, J., Zhang, M., Xu, F., Zhang, X,, et al. (2021). Paeoniflorin
Suppresses Allergic and Inflammatory Responses by Promoting Autophagy in
Rats with Urticaria. Exp. Ther. Med. 21, 590. doi:10.3892/etm.2021.10022

He, L., Zhao, X,, and He, L. (2020). LINC01140 Alleviates the Oxidized Low-
Density Lipoprotein-Induced Inflammatory Response in Macrophages via
Suppressing miR-23b. Inflammation 43, 66-73. doi:10.1007/s10753-019-
01094-y

Hollstein, P. E., Eichner, L. ], Brun, S. N., Kamireddy, A., Svensson, R. U., Vera, L.
L, et al. (2019). The AMPK-Related Kinases SIK1 and SIK3 Mediate Key
Tumor-Suppressive Effects of LKB1 in NSCLC. Cancer Discov. 9, 1606-1627.
doi:10.1158/2159-8290.CD-18-1261

Ibanez, B., Fernandez-Ortiz, A., Ferndndez-Friera, L., Garcfa-Lunar, I, Andrés, V.,
and Fuster, V. (2021). Progression of Early Subclinical Atherosclerosis (PESA)
Study: JACC Focus Seminar 7/8. . Am. Coll. Cardiol. 78, 156-179. doi:10.1016/
jjace.2021.05.011

Jeon, S., Kim, T. K,, Jeong, S. J., Jung, I. H., Kim, N., Lee, M. N, et al. (2020). Anti-
Inflammatory Actions of Soluble Ninjurin-1 Ameliorate Atherosclerosis.
Circulation 142, 1736-1751. doi:10.1161/CIRCULATIONAHA.120.046907

Jha, A. K, Huang, S. C,, Sergushichev, A., Lampropoulou, V., Ivanova, Y.,
Loginicheva, E., et al. (2015). Network Integration of Parallel Metabolic and
Transcriptional Data Reveals Metabolic Modules that Regulate Macrophage
Polarization. Immunity 42, 419-430. doi:10.1016/j.immuni.2015.02.005

Ji,J., Xue, T. F., Guo, X. D., Yang, J., Guo, R. B., Wang, J., et al. (2018). Antagonizing
Peroxisome Proliferator-Activated Receptor y Facilitates M1-To-M2 Shift of
Microglia by Enhancing Autophagy via the LKB1-AMPK Signaling Pathway.
Aging Cel. 17, €12774. doi:10.1111/acel.12774

Jia, Q., Cao, H., Shen, D,, Li, S., Yan, L., Chen, C,, et al. (2019). Quercetin Protects
against Atherosclerosis by Regulating the Expression of PCSK9, CD36, PPARy,
LXRa and ABCAL. Int. J. Mol. Med. 44, 893-902. doi:10.3892/ijmm.2019.4263

Jinnouchi, H., Guo, L., Sakamoto, A., Torii, S., Sato, Y., Cornelissen, A., et al.
(2020). Diversity of Macrophage Phenotypes and Responses in Atherosclerosis.
Cell Mol Life Sci 77, 1919-1932. doi:10.1007/s00018-019-03371-3

Karunakaran, U., Elumalai, S., Moon, J. S., and Won, K. C. (2021). Pioglitazone-
induced AMPK-Glutaminase-1 Prevents High Glucose-Induced Pancreatic
B-cell Dysfunction by Glutathione Antioxidant System. Redox Biol. 45,
102029. doi:10.1016/j.redox.2021.102029

LKB1 Regulates Atherosclerosis Macrophage Functions

Khayati, K., Bhatt, V., Hu, Z. S., Fahumy, S., Luo, X., and Guo, J. Y. (2020).
Autophagy Compensates for Lkbl Loss to Maintain Adult Mice Homeostasis
and Survival. Elife 9, €62377. doi:10.7554/eLife.62377

Kim, C. W., Oh, E. T, and Park, H. J. (2021). A Strategy to Prevent Atherosclerosis
via TNF Receptor Regulation. FASEB. J. 35, €21391. doi:10.1096/£}.202000764R

Kobayashi, M., Watanabe, K., Suzuki, T., Dohmae, N., Fujiyoshi, M., Uchida, M.,
etal. (2021). Analysis of the Acrolein-Modified Sites of Apolipoprotein B-100 in
LDL. Biochim. Biophys. Acta Mol. Cel. Biol. Lipids 1866, 158809. doi:10.1016/
j.bbalip.2020.158809

Kotlyarov, S., and Kotlyarova, A. (2021). The Role of ABC Transporters in Lipid
Metabolism and the Comorbid Course of Chronic Obstructive Pulmonary
Disease and Atherosclerosis. Int. J. Mol Sci. 22, 6711. doi:10.3390/
ijms22136711

Kumar, S., Nanduri, R., Bhagyaraj, E., Kalra, R., Ahuja, N., Chacko, A. P,, et al.
(2021). Vitamin D3-VDR-PTPNG6 axis Mediated Autophagy Contributes to the
Inhibition of Macrophage Foam Cell Formation. Autophagy 17, 2273-2289.
doi:10.1080/15548627.2020.1822088

Lavin Plaza, B., Phinikaridou, A., Andia, M. E., Potter, M., Lorrio, S., Rashid, L,

(2020).
Atherosclerosis in Remote Arteries. Arterioscler Thromb. Vasc. Biol. 40,
2159-2170. doi:10.1161/ATVBAHA.120.314387

Li, D,, Cui, Y., Wang, X,, Liu, F,, and Li, X. (2021a). Apple Polyphenol Extract
Alleviates Lipid Accumulation in Free-Fatty-Acid-Exposed HepG2 Cells via
Activating Autophagy Mediated by SIRT1/AMPK Signaling. Phytother. Res. 35,
1416-1431. doi:10.1002/ptr.6902

Li, W., Zhou, X,, Cai, J., Zhao, F., Cao, T., Ning, L., et al. (2021b). Recombinant
Treponema pallidum Protein Tp0768 Promotes Proinflammatory Cytokine
Secretion of Macrophages through ER Stress and ROS/NF-«kB Pathway. Appl.
Microbiol. Biotechnol. 105, 353-366. doi:10.1007/s00253-020-11018-8

Li, Y., Yang, J., Chen, M. H., Wang, Q., Qin, M. J., Zhang, T., et al. (2015). Ilexgenin
A Inhibits Endoplasmic Reticulum Stress and Ameliorates Endothelial
Dysfunction via Suppression of TXNIP/NLRP3 Inflammasome Activation in
an AMPK Dependent Manner. Pharmacol. Res. 99, 101-115. doi:10.1016/
j-phrs.2015.05.012

Li, Y., Sun, T, Shen, S., Wang, L., and Yan, J. (2019). LncRNA DYNLRB2-2 Inhibits
THP-1 Macrophage Foam Cell Formation by Enhancing Autophagy. Biol.
Chem. Undefined 400, 1047-1057. doi:10.1515/hsz-2018-0461

Liang, Y., Zhang, Z., Tu, J., Wang, Z., Gao, X,, Deng, K,, et al. (2021). y-Linolenic
Acid Prevents Lipid Metabolism Disorder in Palmitic Acid-Treated Alpha
Mouse Liver-12 Cells by Balancing Autophagy and Apoptosis via the LKB1-
AMPK-mTOR Pathway. J. Agric. Food Chem. 69, 8257-8267. doi:10.1021/
acs.jafc.1c02596

Liao, M., Hu, F,, Qiu, Z,, Li, J., Huang, C., Xu, Y., et al. (2021). Pim-2 Kinase Inhibits
Inflammation by Suppressing the mTORCI1 Pathway in Atherosclerosis. Aging
(Albany NY) 13, 22412-22431. doi:10.18632/aging.203547

Liao, X., Sluimer, J. C., Wang, Y., Subramanian, M., Brown, K., Pattison, J. S., et al.
(2012). Macrophage Autophagy Plays a Protective Role in Advanced
Atherosclerosis. Cel. Metab. 15, 545-553. doi:10.1016/j.cmet.2012.01.022

Lien, C.-F., Chen, S.-J., Tsai, M.-C., and Lin, C.-S. (2020). Potential Role of Protein
Kinase C in the Pathophysiology of Diabetes-Associated Atherosclerosis. Front.
Pharmacol. 12, 716332. doi:10.3389/fphar.2021.716332

Lin, X. L., Liu, M. H,, Hu, H. ], Feng, H. R, Fan, X. J., Zou, W. W,, et al. (2015).
Curcumin Enhanced Cholesterol Efflux by Upregulating ABCA1 Expression
through AMPK-SIRT1-Lxra Signaling in THP-1 Macrophage-Derived Foam
Cells. DNA. Cel. Biol. 34, 561-572. d0i:10.1089/dna.2015.2866

Lin, Y. T., Jian, D. Y., Kwok, C. F.,, Ho, L. T., and Juan, C. C. (2016). Visfatin
Promotes Foam Cell Formation by Dysregulating Cd36, Sra, Abcal, and Abcgl
Expression in Raw264.7 Macrophages. Shock 45, 460-468. doi:10.1097/
SHK.0000000000000529

Liu, N, Kataoka, M., Wang, Y., Pu, L., Dong, X,, Fu, X,, et al. (2021). LncRNA
LncHrt Preserves Cardiac Metabolic Homeostasis and Heart Function by
Modulating the LKB1-AMPK Signaling Pathway. Basic Res. Cardiol. 116, 48.
doi:10.1007/s00395-021-00887-3

Liu, W, Bai, F., Wang, H,, Liang, Y., Du, X,, Liu, C,, et al. (2019). Tim-4 Inhibits
NLRP3 Inflammasome via the LKBI/AMPKa Pathway in Macrophages.
J. Immunol. 203, 990-1000. doi:10.4049/jimmunol.1900117

Liu, X, Wu, J,, Tian, R,, Su, S., Deng, S., and Meng, X. (2020). Targeting Foam Cell
Formation and Macrophage Polarization in Atherosclerosis: The Therapeutic

et al Sustained Focal Vascular Inflammation Accelerates

Frontiers in Pharmacology | www.frontiersin.org

December 2021 | Volume 12 | Article 810224


https://doi.org/10.1039/c7fo01406f
https://doi.org/10.1039/c7fo01406f
https://doi.org/10.1186/s13578-021-00661-x
https://doi.org/10.1186/s13578-021-00661-x
https://doi.org/10.1007/s11883-020-00841-z
https://doi.org/10.1007/s11883-020-00841-z
https://doi.org/10.1007/s00109-017-1575-8
https://doi.org/10.1007/s00109-017-1575-8
https://doi.org/10.1007/s00424-017-1941-y
https://doi.org/10.1111/imr.12218
https://doi.org/10.3389/fphys.2021.659211
https://doi.org/10.3389/fphys.2021.659211
https://doi.org/10.1111/jcmm.15710
https://doi.org/10.1111/jcmm.15710
https://doi.org/10.3389/fcell.2020.608388
https://doi.org/10.1194/jlr.M035212
https://doi.org/10.3892/etm.2021.10022
https://doi.org/10.1007/s10753-019-01094-y
https://doi.org/10.1007/s10753-019-01094-y
https://doi.org/10.1158/2159-8290.CD-18-1261
https://doi.org/10.1016/j.jacc.2021.05.011
https://doi.org/10.1016/j.jacc.2021.05.011
https://doi.org/10.1161/CIRCULATIONAHA.120.046907
https://doi.org/10.1016/j.immuni.2015.02.005
https://doi.org/10.1111/acel.12774
https://doi.org/10.3892/ijmm.2019.4263
https://doi.org/10.1007/s00018-019-03371-3
https://doi.org/10.1016/j.redox.2021.102029
https://doi.org/10.7554/eLife.62377
https://doi.org/10.1096/fj.202000764R
https://doi.org/10.1016/j.bbalip.2020.158809
https://doi.org/10.1016/j.bbalip.2020.158809
https://doi.org/10.3390/ijms22136711
https://doi.org/10.3390/ijms22136711
https://doi.org/10.1080/15548627.2020.1822088
https://doi.org/10.1161/ATVBAHA.120.314387
https://doi.org/10.1002/ptr.6902
https://doi.org/10.1007/s00253-020-11018-8
https://doi.org/10.1016/j.phrs.2015.05.012
https://doi.org/10.1016/j.phrs.2015.05.012
https://doi.org/10.1515/hsz-2018-0461
https://doi.org/10.1021/acs.jafc.1c02596
https://doi.org/10.1021/acs.jafc.1c02596
https://doi.org/10.18632/aging.203547
https://doi.org/10.1016/j.cmet.2012.01.022
https://doi.org/10.3389/fphar.2021.716332
https://doi.org/10.1089/dna.2015.2866
https://doi.org/10.1097/SHK.0000000000000529
https://doi.org/10.1097/SHK.0000000000000529
https://doi.org/10.1007/s00395-021-00887-3
https://doi.org/10.4049/jimmunol.1900117
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Wang et al.

Potential of Rhubarb. Biomed. Pharmacother. 129, 110433. doi:10.1016/
j.biopha.2020.110433

Liu, Z., Zhu, H,, Dai, X., Wang, C,, Ding, Y., Song, P., et al. (2017). Macrophage
Liver Kinase B1 Inhibits Foam Cell Formation and Atherosclerosis. Circ. Res.
121, 1047-1057. doi:10.1161/CIRCRESAHA.117.311546

Malekmohammad, K., Bezsonov, E. E., and Rafieian-Kopaei, M. (2021). Role of
Lipid Accumulation and Inflammation in Atherosclerosis: Focus on Molecular
and Cellular Mechanisms. Front. Cardiovasc. Med. 8, 707529. doi:10.3389/
fcvm.2021.707529

Meares, G. P., Hughes, K. J., Naatz, A, Papa, F. R,, Urano, F., Hansen, P. A,, et al.
(2011). IRE1-dependent Activation of AMPK in Response to Nitric Oxide. Mol.
Cel Biol 31, 4286-4297. doi:10.1128/MCB.05668-11

Molina, E., Hong, L., and Chefetz, I. (2021). Ampka-Like Proteins as LKB1
Downstream Targets in Cell Physiology and Cancer. J. Mol. Med. (Berl) 99,
651-662. doi:10.1007/s00109-021-02040-y

Moreira, D., Rodrigues, V., Abengozar, M., Rivas, L., Rial, E., Laforge, M., et al.
(2015). Leishmania Infantum Modulates Host Macrophage Mitochondrial
Metabolism by Hijacking the SIRT1-AMPK axis. Plos. Pathog. 11, e1004684.
doi:10.1371/journal.ppat.1004684

Mouton, A. J,, Li, X,, Hall, M. E., and Hall, J. E. (2020). Obesity, Hypertension, and
Cardiac Dysfunction: Novel Roles of Immunometabolism in Macrophage
Activation and Inflammation. Circ. Res. 126, 789-806. doi:10.1161/
CIRCRESAHA.119.312321

Murray, P. ], Allen, J. E., Biswas, S. K., Fisher, E. A., Gilroy, D. W., Goerdt, S., et al.
(2014). Macrophage Activation and Polarization: Nomenclature and
Experimental ~ Guidelines.  Immunity 41,  14-20.  doi:10.1016/
jimmuni.2014.06.008

Murray, P. J. (2016). Macrophage Polarization. Annu. Rev. Physiol. 79, 541-566.
doi:10.1146/annurev-physiol-022516-034339

Nakagawa, K., Tanaka, M., Hahm, T. H., Nguyen, H. N., Matsui, T., Chen, Y. X,,
et al. (2021). Accumulation of Plasma-Derived Lipids in the Lipid Core and
Necrotic Core of Human Atheroma: Imaging Mass Spectrometry and
Histopathological Analyses. Arterioscler Thromb. Vasc. Biol. 41, e498-e511.
doi:10.1161/ATVBAHA.121.316154

Poznyak, A. V., Bharadwaj, D., Prasad, G., Grechko, A. V., Sazonova, M. A, and
Orekhov, A. N. (2021). Anti-Inflammatory Therapy for Atherosclerosis:
Focusing on Cytokines. Int. J. Mol. Sci. 22, 7061. doi:10.3390/ijms22137061

Poznyak, A. V., Nikiforov, N. G., Markin, A. M., Kashirskikh, D. A., Myasoedova,
V. A, Gerasimova, E. V., et al. (2020a). Overview of OxLDL and its Impact on
Cardiovascular Health: Focus on Atherosclerosis. Front. Pharmacol. 11, 613780.
doi:10.3389/fphar.2020.613780

Poznyak, A. V., Zhang, D., Orekhova, V., Grechko, A. V., Wetzker, R,, and
Orekhov, A. N. (2020b). A Brief Overview of Currently Used
Atherosclerosis  Treatment Approaches Targeting Lipid Metabolism
Alterations. Am. J. Cardiovasc. Dis. 10, 62-71.

Qiao, D., Zhang, Z., Zhang, Y., Chen, Q., Chen, Y., Tang, Y., et al. (2021).
Regulation of Endoplasmic Reticulum Stress-Autophagy: A Potential
Therapeutic Target for Ulcerative Colitis. Front. Pharmacol. 12, 697360.
doi:10.3389/fphar.2021.697360

Qiuy, J., Fu, Y., Chen, Z., Zhang, L, Li, L., Liang, D., et al. (2021). BTK Promotes
Atherosclerosis by Regulating Oxidative Stress, Mitochondrial Injury, and ER
Stress of Macrophages. Oxid. Med. Cel. Longev. 2021, 9972413. doi:10.1155/
2021/9972413

Ramachandran, S., Anandan, V., Kutty, V. R, Mullasari, A., Pillai, M. R., and
Kartha, C. C. (2018). Metformin Attenuates Effects of Cyclophilin A on
Macrophages, Reduces Lipid Uptake and Secretion of Cytokines by
Repressing Decreased AMPK Activity. Clin. Sci. (Lond) 132, 719-738.
doi:10.1042/CS20171523

Rao, Y., Lu, Y. T, Li, C, Song, Q. Q.,, Xu, Y. H,, Xu, Z,, et al. (2019). Bouchardatine
Analogue Alleviates Non-alcoholic Hepatic Fatty Liver Disease/non-Alcoholic
Steatohepatitis in High-Fat Fed Mice by Inhibiting ATP Synthase Activity. Br.
J. Pharmacol. 176, 2877-2893. doi:10.1111/bph.14713

Razani, B., Feng, C., Coleman, T., Emanuel, R., Wen, H., Hwang, S., et al. (2012).
Autophagy Links Inflammasomes to Atherosclerotic Progression. Cel. Metab.
15, 534-544. doi:10.1016/j.cmet.2012.02.011

Ren, ., Bi, Y., Sowers, J. R, Hetz, C., and Zhang, Y. (2021). Endoplasmic Reticulum
Stress and Unfolded Protein Response in Cardiovascular Diseases. Nat. Rev.
Cardiol. 18, 499-521. doi:10.1038/s41569-021-00511-w

LKB1 Regulates Atherosclerosis Macrophage Functions

Robichaud, S., Fairman, G., Vijithakumar, V., Mak, E., Cook, D. P., Pelletier, A. R,,
et al. (2021). Identification of Novel Lipid Droplet Factors that Regulate
Lipophagy and Cholesterol Efflux in Macrophage Foam Cells. Autophagy
17, 3671-3689. doi:10.1080/15548627.2021.1886839

Romanenko, A. V., Amelina, I. P, and Solovyeva, E. Y. (2021). Vascular
Inflammation Underlies the Development of Atherothrombotic Stroke. Zh
Nevrol  Psikhiatr Im S S Korsakova 121, 22-29. doi:10.17116/
jnevro202112108222

Saha, S., Shalova, I. N., and Biswas, S. K. (2017). Metabolic Regulation of
Macrophage Phenotype and Function. Immunol. Rev. 280, 102-111.
doi:10.1111/imr.12603

Shan, R, Liu, N, Yan, Y, and Liu, B. (2021). Apoptosis, Autophagy and
Atherosclerosis: Relationships and the Role of Hsp27. Pharmacol. Res. 166,
105169. doi:10.1016/j.phrs.2020.105169

Shea, S., Navas-Acien, A., Shimbo, D., Brown, E. R., Budoff, M., Bancks, M. P., et al.
(2021). Spatially Weighted Coronary Artery Calcium Score and Coronary
Heart Disease Events in the Multi-Ethnic Study of Atherosclerosis. Circ.
Cardiovasc. Imaging 14, e011981. doi:10.1161/CIRCIMAGING.120.011981

Shen, C. Y., Wang, T. X,, Jiang, J. G., Huang, C. L., and Zhu, W. (2020). Bergaptol
from Blossoms of Citrus Aurantium L. Var. Amara Engl Inhibits LPS-Induced
Inflammatory Responses and Ox-LDL-Induced Lipid Deposition. Food Funct.
11, 4915-4926. doi:10.1039/c9f000255¢

Song, C., Chen, J, Li, X, Yang, R, Cao, X., Zhou, L, et al. (2021). Limonin
Ameliorates Dextran Sulfate Sodium-Induced Chronic Colitis in Mice by
Inhibiting PERK-ATF4-CHOP Pathway of ER Stress and NF-Kb Signaling.
Int. Immunopharmacol. 90, 107161. doi:10.1016/j.intimp.2020.107161

Sukhorukov, V. N,, Khotina, V. A., Bagheri Ekta, M., Ivanova, E. A., Sobenin, I. A.,
and Orekhov, A. N. (2020a). Endoplasmic Reticulum Stress in Macrophages:
The Vicious Circle of Lipid Accumulation and Pro-inflammatory Response.
Biomedicines 8, 210. doi:10.3390/biomedicines8070210

Sukhorukov, V. N,, Khotina, V. A., Chegodaev, Y. S., Ivanova, E., Sobenin, I. A,,
and Orekhov, A. N. (2020b). Lipid Metabolism in Macrophages: Focus on
Atherosclerosis. Biomedicines 8, 262. doi:10.3390/biomedicines8080262

Takahama, M., Akira, S., and Saitoh, T. (2018). Autophagy Limits Activation of the
Inflammasomes. Immunol. Rev. 281, 62-73. doi:10.1111/imr.12613

Tao, H., Yancey, P. G., Blakemore, J. L., Zhang, Y., Ding, L., Jerome, W. G., et al.
(2021). Macrophage SR-BI Modulates Autophagy via VPS34 Complex and
PPARa Transcription of Tfeb in Atherosclerosis. J. Clin. Invest. 131, €94229.
doi:10.1172/JC194229

Tian, H., Li, Y., Kang, P., Wang, Z., Yue, F,, Jiao, P., et al. (2019). Endoplasmic
Reticulum  Stress-dependent Autophagy Inhibits Glycated High-Density
Lipoprotein-Induced Macrophage Apoptosis by Inhibiting CHOP Pathway.
J. Cel. Mol. Med. 23, 2954-2969. doi:10.1111/jcmm.14203

Valanti, E. K., Dalakoura-Karagkouni, K., Siasos, G., Kardassis, D., Eliopoulos, A.
G., and Sanoudou, D. (2021). Advances in Biological Therapies for
Dyslipidemias and Atherosclerosis. Metabolism 116, 154461. doi:10.1016/
j.metabol.2020.154461

Vasamsetti, S. B., Karnewar, S., Kanugula, A. K., Thatipalli, A. R., Kumar, J. M., and
Kotamraju, S. (2015). Metformin Inhibits Monocyte-To-Macrophage
Differentiation via AMPK-Mediated Inhibition of STAT3 Activation:
Potential Role in Atherosclerosis. Diabetes 64, 2028-2041. doi:10.2337/db14-
1225

Wang, T., Zhao, Y., You, Z,, Li, X,, Xiong, M., Li, H,, et al. (2020a). Endoplasmic
Reticulum  Stress Affects Cholesterol Homeostasis by Inhibiting LXRa
Expression in Hepatocytes and Macrophages. Nutrients 12, 3088.
d0i:10.3390/nu12103088

Wang, X, and Ge, J. (2021). Hypertension Aggravates Atherosclerosis: A Matter of
Pressure Remodeling of Myofibroblasts or LDL Accumulation? J. Am. Coll.
Cardiol. 77, 2619-2620. doi:10.1016/j.jacc.2021.03.305

Wang, Y., Du, X,, Wei, J,, Long, L, Tan, H., Guy, C, et al. (2019). LKB1
Orchestrates Dendritic Cell Metabolic Quiescence and Anti-tumor
Immunity. Cell. Res. 29, 391-405. doi:10.1038/s41422-019-0157-4

Wang, Z., Sequeira, R. C., Zabalawi, M., Madenspacher, J., Boudyguina, E., Ou, T.,
et al. (2020b). Myeloid Atg5 Deletion Impairs N-3 PUFA-Mediated
Atheroprotection. Atherosclerosis 295, 8-17. doi:10.1016/
j.atherosclerosis.2020.01.004

Wu, W, Wang, S., Liu, Q., Wang, X,, Shan, T., and Wang, Y. (2018). Cathelicidin-
WA Attenuates LPS-Induced Inflammation and Redox Imbalance through

Frontiers in Pharmacology | www.frontiersin.org

December 2021 | Volume 12 | Article 810224


https://doi.org/10.1016/j.biopha.2020.110433
https://doi.org/10.1016/j.biopha.2020.110433
https://doi.org/10.1161/CIRCRESAHA.117.311546
https://doi.org/10.3389/fcvm.2021.707529
https://doi.org/10.3389/fcvm.2021.707529
https://doi.org/10.1128/MCB.05668-11
https://doi.org/10.1007/s00109-021-02040-y
https://doi.org/10.1371/journal.ppat.1004684
https://doi.org/10.1161/CIRCRESAHA.119.312321
https://doi.org/10.1161/CIRCRESAHA.119.312321
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1146/annurev-physiol-022516-034339
https://doi.org/10.1161/ATVBAHA.121.316154
https://doi.org/10.3390/ijms22137061
https://doi.org/10.3389/fphar.2020.613780
https://doi.org/10.3389/fphar.2021.697360
https://doi.org/10.1155/2021/9972413
https://doi.org/10.1155/2021/9972413
https://doi.org/10.1042/CS20171523
https://doi.org/10.1111/bph.14713
https://doi.org/10.1016/j.cmet.2012.02.011
https://doi.org/10.1038/s41569-021-00511-w
https://doi.org/10.1080/15548627.2021.1886839
https://doi.org/10.17116/jnevro202112108222
https://doi.org/10.17116/jnevro202112108222
https://doi.org/10.1111/imr.12603
https://doi.org/10.1016/j.phrs.2020.105169
https://doi.org/10.1161/CIRCIMAGING.120.011981
https://doi.org/10.1039/c9fo00255c
https://doi.org/10.1016/j.intimp.2020.107161
https://doi.org/10.3390/biomedicines8070210
https://doi.org/10.3390/biomedicines8080262
https://doi.org/10.1111/imr.12613
https://doi.org/10.1172/JCI94229
https://doi.org/10.1111/jcmm.14203
https://doi.org/10.1016/j.metabol.2020.154461
https://doi.org/10.1016/j.metabol.2020.154461
https://doi.org/10.2337/db14-1225
https://doi.org/10.2337/db14-1225
https://doi.org/10.3390/nu12103088
https://doi.org/10.1016/j.jacc.2021.03.305
https://doi.org/10.1038/s41422-019-0157-4
https://doi.org/10.1016/j.atherosclerosis.2020.01.004
https://doi.org/10.1016/j.atherosclerosis.2020.01.004
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Wang et al.

Activation of AMPK Signaling. Free Radic. Biol. Med. 129, 338-353.
doi:10.1016/j.freeradbiomed.2018.09.045

Wu, Z, Xi, P, Zhang, Y., Wang, H., Xue, J., Sun, X,, et al. (2021). LKB1 Up-
Regulation Inhibits Hypothalamic Inflammation and Attenuates Diet-Induced
Obesity in Mice. Metabolism 116, 154694. doi:10.1016/j.metabol.2020.154694

Xi, P, Du, J,, Liang, H., Han, J., Wu, Z., Wang, H., et al. (2018). Intraventricular
Injection of LKB1 Inhibits the Formation of Diet-Induced Obesity in Rats by
Activating the AMPK-POMC Neurons-Sympathetic Nervous System Axis. Cell
Physiol Biochem 47, 54-66. doi:10.1159/000489746

Xia, X., Xu, Q., Liu, M., Chen, X, Liu, X,, He, ], et al. (2020). Deubiquitination of
CD36 by UCHL1 Promotes Foam Cell Formation. Cell. Death Dis. 11, 636.
doi:10.1038/541419-020-02888-x

Yang, B., Qin, Q,, Xu, L., Lv, X, Liu, Z,, Song, E., et al. (2020a). Polychlorinated
Biphenyl Quinone Promotes Atherosclerosis through Lipid Accumulation and
Endoplasmic Reticulum Stress via CD36. Chem. Res. Toxicol. 33, 1497-1507.
doi:10.1021/acs.chemrestox.0c00123

Yang, S., Ma, C., Wu, H,, Zhang, H., Yuan, F., Yang, G., et al. (2020b). Tectorigenin
Attenuates Diabetic Nephropathy by Improving Vascular Endothelium
Dysfunction through Activating AdipoR1/2 Pathway. Pharmacol. Res. 153,
104678. doi:10.1016/j.phrs.2020.104678

Yang, S., Wu, M,, Li, X,, Zhao, R., Zhao, Y., Liu, L., et al. (2020c). Role of
Endoplasmic Reticulum Stress in Atherosclerosis and its Potential as a
Therapeutic Target. Oxid. Med. Cel. Longev. 2020, 9270107. doi:10.1155/
2020/9270107

Zahid, M. D. K., Rogowski, M., Ponce, C., Choudhury, M., Moustaid-Moussa, N.,
and Rahman, S. M. (2020). CCAAT/enhancer-binding Protein Beta (C/EBPf)
Knockdown Reduces Inflammation, ER Stress, and Apoptosis, and Promotes
Autophagy in oxLDL-Treated RAW264.7 Macrophage Cells. Mol. Cel.
Biochem. 463, 211-223. d0i:10.1007/s11010-019-03642-4

Zahid, M. K., Sufian, H. B., Choudhury, M., Yamasaki, M., Al-Harrasi, A.,
Moustaid-Moussa, N., et al. (2021). Role of Macrophage Autophagy in
Atherosclerosis: Modulation by Bioactive Compounds. Biochem. ]. 478,
1359-1375. doi:10.1042/BCJ20200894

Zhang, J., Ma, C. R, Hua, Y. Q, Li, L, Ni, J. Y., Huang, Y. T,, et al. (2021).
Contradictory Regulation of Macrophages on Atherosclerosis Based on
Polarization, Death and Autophagy. Life Sci. 276, 118957. do0i:10.1016/
j1fs.2020.118957

Zhang, Q., Hu, J., Wu, Y., Luo, H., Meng, W., Xiao, B., et al. (2019). Rheb (Ras
Homolog Enriched in Brain 1) Deficiency in Mature Macrophages Prevents
Atherosclerosis by Repressing Macrophage Proliferation, Inflammation, and
Lipid Uptake. Arterioscler. Thromb. Vasc. Biol. 39, 1787-1801. doi:10.1161/
ATVBAHA.119.312870

LKB1 Regulates Atherosclerosis Macrophage Functions

Zhang, Y., Meng, Q., Sun, Q., Xu, Z. X,, Zhou, H., and Wang, Y. (2021).
LKB1 Deficiency-Induced Metabolic Reprogramming in Tumorigenesis and
Non-neoplastic ~ Diseases. Mol. Metab. 44, 101131. doi:10.1016/
j.molmet.2020.101131

Zhang, Y. X,, Qu, S. S., Zhang, L. H,, Gu, Y. Y., Chen, Y. H,, Huang, Z. Y., et al.
(2021). The Role of Ophiopogonin D in Atherosclerosis: Impact on Lipid
Metabolism and Gut Microbiota. Am. J. Chin. Med. 49, 1449-1471.
doi:10.1142/S0192415X21500683

Zhao, Z., Wang, X., Zhang, R,, Ma, B., Niu, S., Di, X,, et al. (2021). Melatonin
Attenuates Smoking-Induced Atherosclerosis by Activating the Nrf2 Pathway
via NLRP3 Inflammasomes in Endothelial Cells. Aging (Albany NY) 13,
11363-11380. doi:10.18632/aging.202829

Zhou, Y., Murugan, D. D., Khan, H., Huang, Y., and Cheang, W. S. (2021). Roles
and Therapeutic Implications of Endoplasmic Reticulum Stress and Oxidative
Stress in Cardiovascular Diseases. Antioxidants 10, 1167. doi:10.3390/
antiox10081167

Zhu, X,, Lee, J. Y., Timmins, J. M., Brown, J. M., Boudyguina, E., Mulya, A,, et al.
(2008). Increased Cellular Free Cholesterol in Macrophage-specific
Abcal Knock-Out Mice Enhances Pro-inflammatory Response of
Macrophages. J. Biol. Chem. 283, 22930-22941. doi:10.1074/jbc.M801408200

Zuo, A., Zhao, X,, Li, T., Li, J., Lei, S., Chen, J., et al. (2020). CTRP9 Knockout
Exaggerates Lipotoxicity in Cardiac Myocytes and High-Fat Diet-Induced
Cardiac Hypertrophy through Inhibiting the LKBI/AMPK Pathway. J. Cel.
Mol. Med. 24, 2635-2647. doi:10.1111/jcmm.14982

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Wang, Liang, Xiang, Li, Chen and Lu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org

10

December 2021 | Volume 12 | Article 810224


https://doi.org/10.1016/j.freeradbiomed.2018.09.045
https://doi.org/10.1016/j.metabol.2020.154694
https://doi.org/10.1159/000489746
https://doi.org/10.1038/s41419-020-02888-x
https://doi.org/10.1021/acs.chemrestox.0c00123
https://doi.org/10.1016/j.phrs.2020.104678
https://doi.org/10.1155/2020/9270107
https://doi.org/10.1155/2020/9270107
https://doi.org/10.1007/s11010-019-03642-4
https://doi.org/10.1042/BCJ20200894
https://doi.org/10.1016/j.lfs.2020.118957
https://doi.org/10.1016/j.lfs.2020.118957
https://doi.org/10.1161/ATVBAHA.119.312870
https://doi.org/10.1161/ATVBAHA.119.312870
https://doi.org/10.1016/j.molmet.2020.101131
https://doi.org/10.1016/j.molmet.2020.101131
https://doi.org/10.1142/S0192415X21500683
https://doi.org/10.18632/aging.202829
https://doi.org/10.3390/antiox10081167
https://doi.org/10.3390/antiox10081167
https://doi.org/10.1074/jbc.M801408200
https://doi.org/10.1111/jcmm.14982
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	LKB1 Regulates Vascular Macrophage Functions in Atherosclerosis
	Introduction
	Functional Plasticity of Macrophages in Atherosclerosis
	LKB1 and Lipid Metabolism Reprogramming of Macrophages in Atherosclerosis
	LKB1 and Maintenance of Macrophage Inflammatory Response in Atherosclerosis
	LKB1 and Macrophage ER Stress in Atherosclerosis
	LKB1 and Macrophage Autophagy in Atherosclerosis

	Conclusion
	Author Contributions
	Funding
	References


