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The research progress of endoplasmic reticulum (ER) stress in atherosclerosis
(AS) is of great concern. The ER, a critical cellular organelle, plays a role in
important biological processes including protein synthesis, folding, and
modification. Various pathological factors may cause ER stress, and sustained
or excessive ER stress triggers the unfolded protein response, ultimately
resulting in apoptosis and disease. Recently, researchers have discovered the
importance of ER stress in the onset and advancement of AS. ER stress
contributes to the occurrence of AS through different pathways such as
apoptosis, inflammatory response, oxidative stress, and autophagy. Therefore,
this review focuses on the mechanisms of ER stress in the development of AS
and related therapeutic targets, which will contribute to a deeper
understanding of the disease’s pathogenesis and provide novel strategies for
preventing and treating AS.
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1 Introduction

Atherosclerosis (AS) serves as the primary pathological foundation of cardiovascular
disease (1), encompassing complex metabolic and signaling pathways. The development
of AS entails pathological mechanisms including lipid accumulation, foam cell
formation, inflammation, endothelial dysfunction, and localized oxidative stress. Risk
factors such as dyslipidemia, hyperglycemia, hyperhomocysteinemia (HHcy), and other
metabolic disorders induced by genetic factors, dietary choices, and obesity expedite the
advancement of AS (2). These pathological processes may involve signaling pathway
activation such as inflammatory responses and apoptosis, leading to cellular dysfunction
and affecting atherosclerotic plaque initiation and stabilization (3, 4). Emerging research
indicates that endoplasmic reticulum (ER) stress plays a role in the pathogenesis of AS
through various complex pathways and in a synergistic interplay of multiple risk factors
(5). Physiological or pathological triggers, such as oxidative stress, disrupted protein
glycosylation, ischemia, hypoxia, and pathogens or their components such as
endotoxins, calcium imbalance, and abnormal protein folding, cause misfolded or
unfolded proteins to accumulate in the ER, disrupting ER homeostasis, a process called
ER stress (6, 7).

When cells encounter such stressors, the ER activates the unfolded protein response
(UPR), which initiates downstream signaling pathways. UPR is a cellular stress response
that originates from the ER. Accumulation of unfolded or misfolded proteins in the ER
lumen causes the 78 kDa glucose-regulated protein (BIP/GRP78) to dissociate from
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three sensors, namely, protein kinase RNA-like endoplasmic
reticulum kinase (PERK), inositol-requiring enzyme 1 (IREL),
and activating transcription factor 6 (ATF6), thereby initiating a
UPR signaling cascade (8). During the initial phases of ER stress,
PERK is
oligomerization. Consequently, it phosphorylates the eukaryotic

stimulated by trans-autophosphorylation and
initiation factor 20 (eIF2a)) within eukaryotic cells, thereby
reducing protein overload and subsequently attenuating ER stress
EIF2a’s
transcription factor 4 (ATF4) mRNA translation, which regulates

translation. phosphorylation modulates activating
autophagy, apoptosis, amino acid metabolism, and antioxidant
gene transcription (9). Activating the kinase/endoribonuclease
activity of IREI is achieved through its dimerization and trans-
autophosphorylation. This process regulates X-box binding
protein 1 (XBP1)-specific mRNAs, resulting in the production of
XBP1s, which can convert to active XBP1 proteins (10).
During ER stress, ATF6 is translocated to the Golgi by
interacting with the coat protein II complex. There, it is treated
by the first-site protease and the second-site protease, releasing
its cytoplasmic domain fragment (11). This fragment stimulates
the upregulation of genes associated with adaptive stress
responses. If the UPR cannot maintain normal ER function,
ongoing ER stress leads to ER-associated degradation, oxidative
stress, autophagy, mitochondrial dysfunction, inflammation,
and apoptosis (12). Previous evidence has shown that the
activation of the inflammatory reaction, apoptosis, mitochondrial
dysfunction, oxidative stress, autophagy, and other mechanistic
pathways mediated by ER stress promote AS, exacerbate
metabolic disorders and cellular dysfunction in AS, and further
affect plaque formation and stability. Therefore, this paper
further reviews the pathways of ER stress signaling pathways in
AS related to inflammatory response, apoptosis, mitochondrial
dysfunction, oxidative stress, autophagy, and relevant therapeutic
targets for AS. In this way, we can further deepen our
understanding of the pathogenesis of AS while focusing on the
relevant roles of ER stress in AS, providing potential new ways of

preventing and treating AS.

2 ER stress mediates the inflammatory
response in AS

Current research points to that ER stress is linked to
inflammatory pathways by multiple mechanisms and plays an
important role in atherosclerotic cardiovascular disease (13).
Previous evidence suggests that the ER stress proteins are
expressed in endothelial cells (ECs) within aortic regions prone
to AS in the early stages of AS. Inflammatory signaling pathways
also induce early endothelial dysfunction (14). ER stress is a
crucial mechanism regulating plaque progression. XBP1, which
is a molecule downstream of IRE1 and ATF6, plays a
significant role in multiple aspects of AS progression, including
macrophage apoptosis, foam cell formation, and the production
of inflammatory factors (15). Additionally, it is noted that in
advanced stages of AS, a substantial quantity of deceased
macrophages and vascular smooth muscle cells (VSMCs) is
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found within the
accompanied by the activation of C/EBP-homologous protein
(CHOP) and GRP78. It is noteworthy that the stimulation of
inflammatory pathways may result in further exacerbation of

fibrous cap and disrupted plaques,

plaque rupture (16).

ER stress is involved in the inflammatory response in AS through
nuclear factor-kB (NF-kB), c-Jun N-terminal kinase (JNK) signaling
pathway, activator protein-1 (AP-1), reactive oxygen species (ROS)
generation, and NOD-, LRR-, and pyrin domain-containing protein
3 (NLRP3) inflammasome (17). The NF-xB-IKK pathway is critical
to induce inflammatory mediators. PERK, ATF6, and IREl can
activate the NF-kB pathway and trigger particular inflammatory
reactions (18). The PERK/eIF20. pathway induces the activation of
NF-kB by mediating the translation attenuation of free IkBo,
thereby promoting the expression of tumor necrosis factor-o. (TNF-
o), IL-2, IL-6, IL-8, and other inflammatory genes (19). IRElo
kinase activation can recruit the adaptor protein TNF receptor-
associated factor-2 (TRAF2), thereby activating the JNK-IKK
signaling pathway. The IRElo-TRAF2-IKK complex induces
IxkBo. degradation, NF-«xB activation, and NLRP3 inflammasome
activation (20, 21). In addition, activated JNK promotes the
of NLRP3
inflammatory gene expression, such as caspase-1, IL-1f, and IL-18,

formation inflammatory vesicles and induces
by phosphorylating transcription factor AP-1 (22, 23). IREla
hyperactivity stabilizes thioredoxin-interacting protein (TXNIP)
mRNA by decreasing microRNA-17 levels. This usually increases
TXNIP protein expression, NLRP3 inflammasome activation,
caspase-1 dissociation, and IL-1B secretion (24, 25). The ATF6
pathway activates NF-xB by transiently phosphorylating Akt and
also triggers the expression of inflammatory genes such as TNF-o,
IL-2, IL-6, and IL-8 (26). The PERK/ATF4/CHOP transcription
pathway activates endoplasmic reticulum oxidoreductase 1 alpha
(EROla), increases ROS production, and induces inflammation
(27). Taken together, the ER stress pathway promotes inflammatory
responses via TRAF2/INK/NF-xB, JNK/AP-1/NLRP3, CHOP/
ERO1/ROS, and NLRP3 inflammatory vesicles (Figure 1).

In addition, the NLRP3 inflammasome signaling cascade is
split into three stages: transcription initiation, posttranslational
modification, and activation (28). In the transcription initiation
phase, damage-related molecular patterns or pathogen-associated
molecular patterns linked to pattern recognition receptors induce
the initial pathway. This signal then elicits the NF-xB/MAPK
signaling pathway, upregulating NLRP3, pro-IL-1B, and pro-IL-18.
Within the NLRP3 receptor, JNK-mediated ASC phosphorylation
and NLRP3 ubiquitination mediated by the linear ubiquitin chain
assembly complex are critical to posttranslational regulation. When
jon fluxes (K* efflux, Ca®" influx, and Cl~ efflux), mitochondrial
damage, ROS generation, lysosomal rupture, histone B release, and
ER stress occur in the cytoplasm, the activation initiates the
assembly of the NLRP3 inflammatory vesicle complex, thereby
promoting inflammation (29-31).

The inflammatory response induced by ER stress promotes AS
progression. It was found that NF-xB stimulation produces an
increase in inflammatory mediators (e.g., IL-6 and TNF-o),
which further induces endothelial dysfunction (14). Endothelial
dysfunction is an initial factor in the formation of early
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FIGURE 1

ER stress mediates the inflammatory response in AS. PERK induces NF-kB activation primarily through translational attenuation of free IkBa. mediated
by phosphorylation of elF2a. The IREla-TRAF2-IKK complex induces IkBo degradation, NF-xB activation, and NLRP3 inflammasome activation. In
addition, activated JNK promotes the formation of NLRP3 inflammasome by phosphorylating the transcription factor AP-1 and induces the
expression of caspase-1, IL-1B, IL-18, and other inflammatory genes. IREla increases the expression of TXNIP protein, which activates the NLRP3
inflammasome, leading to caspase-1 dissociation and IL-1B secretion. The ATF6 branch activates the expression of NF-kB and inflammatory genes
such as TNF-¢, IL-2, IL-6, and IL-8 through the transient phosphorylation of Akt. PERK/ATF4/CHOP transcription activates EROla, increases ROS
production, and induces inflammation. (By Figdraw.) TRAF2, tumor necrosis factor (TNF) receptor-associated factor-2; JNK, c-Jun N-terminal
kinase; ASK1, apoptotic signaling kinase-1; IKK, 1B kinase; kB, inhibitor of NF-xB; NF-kB, nuclear factor-xB; AP-1, activator protein-1; NLRP3,
NOD-, LRR-, and pyrin domain-containing protein 3; CHOP, C/EBP-homologous protein; EROla, endoplasmic reticulum oxidoreductase 1 alpha;
IP3R1, inositol 1,4,5-trisphosphate receptor type 1; PRRs, pattern recognition receptors; TXNIP, thioredoxin-interacting protein; ROS, reactive

oxygen species.

atherosclerotic lesions, and proliferative ECs generate substantial
NO and exacerbate the inflammatory reaction in AS, which leads
to plaque formation (21). Current research shows that multiple
risk factors in AS induce inflammatory responses in vascular
endothelial cells (VECs). Among these factors, oxidized low-
density (ox-LDL)
response of NLRP3 via ROS mechanisms, activates caspase-1,
and induces VEC stress (32). Nicotine stimulates the NLRP3

inflammasome

lipoprotein promotes the inflammatory

and promotes inflammatory response and
apoptosis in VECs, thereby accelerating the development of
AS (33). During the initial stages of AS, macrophage-derived
NLRP3

anti-injury response and facilitate plaque stabilization (34).

inflammasomes  participate in the inflammatory
VSMC phenotypic switching mediated by NF-xB enhances the
synthesis and reduces the contractility of VSMCs, which is
extracellular

related to matrix accumulation and plaque

Frontiers in Cardiovascular Medicine

progression during AS development (35, 36). NF-xB is also
involved in the production of adhesion molecules in the
endothelium, including E-selectin, vascular cell adhesion
molecule-1, and intercellular adhesion molecule-1, which promote
monocyte recruitment (37). Phosphorylation of scavenger receptor
type A (SR-A), dependent on JNK2, facilitates lipid uptake by
macrophages, thereby modulating the formation of foam cells, a
critical stage in atherogenesis (38). IL-1p and other members of
the IL-1 cytokine family are important mediators of vascular and
systemic inflammation that contribute to atherogenesis. The
NLRP3 inflaimmasome, which is an innate immune signaling
complex, serves as a vital mediator for the production of IL-1
family cytokines in AS. NLRP3 can be activated upon exposure to
many endogenous danger signals, including ox-LDL and
cholesterol crystals, which abound in atheroma lesions (39). Thus,
of NF-xB, JNK, NLRP3,

ER  stress-induced activation
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inflammatory vesicles, and inflammatory factors participate in the
vascular inflammatory response which promotes the onset of AS.
In the late stages of AS, the NLRP3 inflammasome induces
death lipid
increasing plaque vulnerability (34). Studies have demonstrated
that NLRP3, ASC, caspase-1, IL-1B, and IL-18 levels are
higher in unstable plaques in comparison to stable plaques (40).

premature macrophage and massive release,

ER stress-induced activation of the NLRP3 inflammasome is
regulated by the receptor-interacting protein 1 (RIP1) kinase.
Pharmacological inhibitors of RIP1 phosphorylation and RIP1
activity reduce caspase-1 cleavage and IL-1B secretion mediated
by ER stress in macrophages (41). Therefore, blocking NLRP3
signaling reduces pro-inflammatory cytokine production in
apolipoprotein E (ApoE) knockout mice and promotes stable
plaque through a decrease in macrophages, lipids, and
upregulation of SMCs and collagen (42). Specific inhibition of
NLRP3 by MCC950 prevents the development of AS through

attenuation of inflammation and pyroptosis in macrophages (43).

10.3389/fcvm.2024.1413441

3 ER stress mediates apoptosis in AS
3.1 Endothelial cell apoptosis

ER stress is present at all stages of AS, even before free cholesterol
accumulation (5). Endothelial dysfunction in areas prone to arterial
vascular disease is essential for the pathobiology of atherosclerotic
cardiovascular disease (44). In recent years, low shear stress
disturbance has emerged as a primary atherosclerotic determinant of
EC dysfunction. It may be a direct inducer of ER stress in ECs,
which is critically important for AS progression (45). Canham et al.
(46) found increased eva-1 homolog A mRNA and protein
expression in areas of disturbed EC blood flow, promoting EC
dysfunction through
modulating autophagic fluxes in ECs exposed to disturbed flow
(Figure 2).

During AS, the oxidation, glycosylation, or phospholipid digestion
of LDL, which may disrupt ER calcium metabolism, induces the UPR

and inflammatory marker expression
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to macrophage apoptosis. In addition,
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ER stress mediates apoptosis in AS. PERK/elF20/ATF4, IRE10/INK/MAPK, and ATF6 signaling pathways activate CHOP, which transcribes EROlo,
enhances IP3R1 calcium channel activity, and activates CaMKIl. CaMKIl activates many pro-apoptotic pathways (Fas, STAT1, NADPH, ROS), leading
atherosclerosis-related stressors
homocysteine, nicotine, and angiotensin) can activate PERK, IRE1, ATF6, and CHOP/ERO1la signaling pathways and promote cell apoptosis and
vascular endothelial dysfunction. Exposure of smooth muscle cells to cholesterol activates the PERK/elF20/ATF4 pathway, promoting apoptosis
(By Figdraw.) TRAF2, tumor necrosis factor (TNF) receptor-associated factor-2; JNK, c-Jun N-terminal kinase; ASK1, apoptotic signaling kinase-1;
IKK, 1xB kinase; CHOP, C/EBP-homologous protein; EROla, endoplasmic reticulum oxidoreductase 1 alpha; IP3R1, inositol 1,4,5-trisphosphate
receptor type 1; CaMKIl, calcium/calmodulin-dependent protein kinase Il; Hcy, homocysteine.

l CaMKII

in endothelial cells (such as oxidized low-density lipoprotein,

Frontiers in Cardiovascular Medicine

frontiersin.org


https://doi.org/10.3389/fcvm.2024.1413441
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Ni et al.

and oxidative stress in the endothelium by inhibiting sarcoplasmic/ER
Ca®*-ATPase (47). Among these processes, ox-LDL induces VEC
apoptosis primarily via the PERK/eIF20/CHOP pathway (48).
Moreover, ox-LDL inhibits the proliferation of ECs through the ER
stress/ASK1 axis and induces apoptosis, ROS production, and
inflammatory responses (49). Knockdown of ADAMDEC] (a
disintegrin and metalloproteinase domain-like protein decysin 1)
ameliorates ox-LDL-induced EC injury and AS progression (50).
Moreover, the accumulation of the active dicarbonyl metabolite
methylglyoxal (MG) is also an important factor in EC dysfunction.
In ECs exposed to high glucose levels, the increased formation
of MG, decreased glyoxalase 1 activity, and the synergistic
combination of these two metabolic changes result in “dicarbonyl
activating URP,
atherogenic, and pro-thrombotic (51). In human umbilical vein

stress,” and further pro-inflammatory, pro-
ECs, Hcy-induced ER stress has been shown to induce definite
modifications in gene expression and programmed cell death (52).
Recently, it has been shown that Hcy induces endothelial
dysfunction by inhibiting calcium-activated potassium channels,
mediated by ER stress (53). Angiotensin 1-7 prevents angiotensin
II-mediated ER stress and endothelial dysfunction by Mas receptors
(54). Angiotensin 1-9 inhibits apoptosis in EC through suppression
of CNPY2/PERK-mediated calcium/calmodulin-dependent protein
kinase (CaMK) II/Drpl-dependent mitochondrial fission and
elF20/CHOP signaling (55). Hydrogen sulfide inhibits endothelin-1
production stimulated by angiotensin II and following cytotoxic-
mediated ER stress in ECs through NF-xB (56). Other relevant
stressors such as IREla and PERK phosphorylation and increased
expression of ATF6 and GRP78 in nicotine-treated ECs aggravated
glucose-induced ER stress and apoptosis (8). Thus, AS-associated
stressors induce endothelial dysfunction via the ER stress pathway,
which further promotes AS formation.

3.2 Macrophage apoptosis

Macrophage apoptosis, induced by ER stress, plays an essential
role in the formation of necrotic and inflamed cores. This process
thereby
establishing a foundation for potential plaque rupture (3, 57).

significantly contributes to plaque destabilization,

Studies have shown that atherogenic lipids, such as oxidized
phospholipids, ox-LDL, saturated fatty acids, and lipoprotein (a),
upregulate scavenger receptors such as SR-A, CD36, and lectin-like
ox-LDL receptor-1 by activating ER stress (58-60). CD36 activates
Src family kinases, MAP kinases, and Vav family guanine
nucleotide exchange factors, resulting in ligand formation in vivo
and the formation of foam cells (60). SR-A1 and CD36 activation
leads to increased free cholesterol deposition in the ER, induces
ER stress,

atherosclerotic plaque necrosis and instability (61, 62). Toll-like

accelerates macrophage apoptosis, and causes
receptor 4 mediates macrophage cholesterol accumulation and
activation of ER stress via IRE1 and ATF6 pathways (63). Reduced
expression of the genes for ATP-binding cassette transporter
Gl (ABCGI1) and ATP-binding cassette transporter Al (ABCA1)
is another significant characteristic of foam cell formation and the

downregulation of class B type I scavenger receptor upon
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activation of the UPR pathway, thereby interfering with cholesterol
efflux (64). Methyl dihydrogen phosphate can downregulate Cavl.2
channels to prevent extracellular Ca?" influx, reduce intracellular
Ca?* levels, inhibit calcium-activated calpain activity, and reduce
the strength of the calpain-ABCAL interaction, increasing ABCA1
stability and stimulating cellular cholesterol efflux (65).

Research conducted on cultured macrophages has found that
CHOP expression increases as ER stress develops, under
atherosclerotic conditions. It is a commonly used pathway for ER
stress-mediated macrophage apoptosis (66). A complete apoptotic
response requires initiation of the upstream CHOP pathway in
addition to the downstream apoptotic Fas and mitochondrial
pathways (67, 68). CHOP induces EROI, leading to ER lumen
overoxidation. This process activates the inositol 1,4,5-trisphosphate
receptor type 1 (IP3R1) and forms disulfide bonds in the luminal
loop of IP3R1. This process ultimately enhances the activity of the
IP3R1 calcium channel, leading to an increase in calcium release
(69). Sustained increases in cytoplasmic calcium activate CaMKII,
thereby activating multiple pro-apoptotic pathways, involving Fas,
mitochondrial apoptotic factors, signal transducer and trigger of
transcription 1, and NADPH-mediated ROS (70, 71). In addition,
pathways such as IRE10/JNK/MAPK, ATF6, and PERK/eIF4o0/

ATF4 can all activate CHOP, thereby leading to apoptosis (71, 72).

3.3 Smooth muscle cell apoptosis

The protection of VSMCs from apoptosis is a latent critical
therapeutic target for stabilizing atherosclerotic plaques. ER stress-
induced apoptosis in VSMCs leads to thinning of the protective
collagen cap, which may contribute to the transition from stable
(73).
Furthermore, apoptosis of VSMCs accelerates AS, promotes plaque

to fragile forms of advanced atherosclerotic plaques

calcification, and leads to medial degeneration. It also prevents
dilated remodeling and promotes stenosis within AS (74).
Exposure to cholesterol activates UPR pathways, increasing KLF4
(Kruppel-like factor 4) expression via the PERK/elF20/ATF4
pathway (75). It was found that targeted knockdown of KLF4
reduced Lgals3 in VSMCs and enhanced contractile markers in
VSMCs, thereby promoting plaque stabilization (76, 77). VSMC
phenotypic switching also is essential in AS. Knockdown of Hcy-
inducible ER protein attenuates AS mediated by HHcy through
the inhibition of VSMC phenotypic switching (78). Intimal
hyperplasia is a common complication in restenosis and
atherosclerotic plaques. Proliferation, migration, and inflammatory
phenotype switching of VSMCs are key factors underlying intimal
hyperplasia (79). Knockdown of the SMYD3-PARP16 signaling
axis inhibits ER stress, subsequently reducing VSMC proliferation
and migration, which ultimately decreases intimal hyperplasia (80).

4 ER stress mediates mitochondrial
dysfunction and oxidative stress in AS

ER stress and its induced mitochondrial dysfunction trigger
progressive cell death, cellular stress, and ROS accumulation.
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Increased mitochondrial ROS production, accumulation of
mitochondrial DNA damage, and progressive dysfunction of the
respiratory chain are all associated with AS (81, 82).

Alterations in ER redox homeostasis are adequate to induce
ER stress, which can subsequently lead to ROS production in
both mitochondria and ER. Excess ROS-induced oxidative
stress is now recognized as an indispensable part of the
progression of AS (83). The oxidative stress promotes critical
lesions in AS including oxidative modification of lipoproteins
and phospholipids, EC activation, and macrophage infiltration
(84). Mitochondria, which form tight complexes with the ER via
ER-associated mitochondrial membranes (MAMs), are a primary
source of ROS (85). Under ER stress, the accumulation of ROS
can disrupt the transfer of Ca®* and protein folding. ER stress
worsens mitochondrial dysfunction, resulting in a significant
reduction in mitochondrial membrane potential, impairment of
oxidative phosphorylation, and additional pathological situations
(86). ER stress induces the production of ROS in the ER and
Under ER activated JNK
associates with the MAM connexin Sab, resulting in the release

mitochondria. stress, abundant
of ROS alongside mitochondria (87). Prevention of protein
translation through the PERK/elF2a/ATF4 pathway causes
increased production of ROS and reduced antioxidants (88).
Moreover, NADPH oxidases, particularly NOX2 and NOZX4,
increase the generation of ROS during ER stress (89). Activation
of NOX4 occurs primarily through the PERK/elF20/ATF4 and
IRE1/XBP1 pathways. Additionally, ROS can enhance inflammasome
formation on MAMs, inducing IL-1B and IL-18 production, and
downstream  inflammatory  responses  (27).  Similarly, the
accumulation of ROS induced by TNF-o. causes ER stress (90).

In addition to being a significant pro-apoptotic factor in
response to unfolded proteins, CHOP also induces oxidative
stress through various mechanisms. In mammalian cells, CHOP
EROlo, which ROS
production during ER stress. CaMKII also triggers the activation

transcriptionally  activates increases
of the NOX subunit NOX2, resulting in oxidative stress. During
ER stress, oxidative stress further induces CHOP induction
dependent on PKR and creates a positive feedforward cycle.
CHOP enhances cell death via the restoration of global mRNA
translation, which results in protein misfolding and induces
mitochondria-dependent oxidative stress (91).

Mitochondrial dysfunction enhances endothelial oxidative
stress, perturbs endothelial nitric oxide metabolism and cytosolic
calcium cycling, triggers an inflammatory response, accelerates
senescence, inhibits proliferation, and promotes apoptosis. It is
closely associated with endothelial dysfunction (92). Cholesterol
efflux is regulated by ATP-dependent transporter proteins, namely,
ABCAl and ABCGI. when ATP

compromised—a condition often associated with mitochondrial

However, synthesis s

dysfunction—it disrupts lipid metabolism and consequently leads
to the efflux  (93).
mitochondrial oxidative stress signaling in macrophages by

inhibition of cholesterol Inhibiting
overexpressing mitochondrial catalase has been shown to reduce
lesion area, inflammatory signaling, and immune cell infiltration
~/~ mice (94). In addition,

degradation of endothelial nitric oxide synthase (eNOS) induced

into the aortic root of Western-fed Ldlr
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by ROS-mediated oxidative stress leads to decreased NO formation
and promotes the development of endothelial dysfunction in early
AS. Dysfunctional eNOS uncoupling generates more ROS, further
impairing endothelial function and promoting the development of
AS (95). Excessive ROS can induce endothelial dysfunction,
vascular inflammation, and accumulation of ox-LDL in the arterial
wall. These processes contribute to the initial formation of
lesions and the maturation of advanced plaques, which may
eventually progress to plaque rupture (96). ROS also stimulates the
release of matrix metalloproteinases, which degrade the fibrous
wall of atherosclerotic plaques and the basement membrane of
ECs, thereby impacting plaque stability (97). NOX2ds-tat, an
inhibitor of NOX2 oxidase, reduces atherosclerotic plaque
formation by inhibiting oxidative stress and angiogenic mediator
production and reducing plaque neovascularization associated with
vulnerability to atherosclerotic lesions (98). Thus, ER stress-induced
mitochondrial dysfunction and oxidative stress contribute to the
progression of AS.

5 ER stress mediates autophagy in AS

Autophagy genes (e.g, ATG4, ATG5, and ATGI2) are
increased by PERK-phosphorylated elF2a activation when ER
stress occurs (99). Additionally, elF2a-induced CHOP reduces
Beclinl-Bcl2 complex formation, upregulates free Beclinl, and
increases ER autophagy (100). CHOP also increases LC3
expression through the localization of more autophagosomes to
damaged ER regions and the subsequent degradation of ER
fragments, while decreasing phosphorylation of mTOR (100).
Inhibition of mTOR can increase macrophage cholesterol efflux
protein by promoting the translocation of
transcription factor EB to the nucleus (101). The UPR leads to
the activation of IRE1, which complexes with ASK1-TRAF2 and
activates the JNK pathway, increasing free Beclinl and inducing
(100). In addition, the
upregulation of the expression of death-associated protein kinase
1 (DAPK1). DAPK1 mediates autophagy by phosphorylating
Beclinl (102) (Figure 3).

There are many triggers of autophagy in atherosclerotic

expression

autophagy ATF6 pathway causes

plaques, such as LDL, ROS, inflammatory cytokines, and TNF-o
(103). Low levels of cellular stress, such as oxidative stress, ox-
LDL, and ER stress, can stimulate low levels of adaptive
autophagy in vascular cells, promoting cell survival through the
degradation of injured organelles and proteins, thereby defending
the vascular tissue against oxidative stress or inflammation (104).
Research has demonstrated that autophagy reduces the area of
atherosclerotic plaques and maintains a stable phenotype of
plaques. This includes reducing lipid deposition and pro-
inflammatory macrophages, while simultaneously increasing anti-
and VSMCs.
Additionally, it minimizes cell death within the plaque (105).

inflammatory macrophages, collagen content,
D4F, a primary anti-atherogenic component of high-density
lipoprotein (HDL), attenuates CHOP-mediated apoptosis in
macrophages exposed to glycated HDL through the promotion of
autophagy (106).
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ER stress mediates mitochondrial dysfunction, oxidative stress, and autophagy in AS. CHOP activates the EROlo/CaMKIl signaling pathway by
transcription and increases the production of NOX2, NOX4, and ROS, thereby inducing oxidative stress and mitochondrial dysfunction. PERK/
elF2a/ATF4 activates upregulation of autophagy genes such as ATG4, ATG5, and ATG12. The PERK/elF20/ATF4 and IRE1a/INK signaling pathways
also induce autophagy by increasing free Beclinl. ATF6 regulates autophagy by upregulating the expression of DAPK1, which phosphorylates
Beclinl (By Figdraw.) TRAF2, tumor necrosis factor (TNF) receptor-associated factor-2; JNK, c-Jun N-terminal kinase; ASK1, apoptotic signaling
kinase-1; IKK, IkB kinase; CHOP, C/EBP-homologous protein; EROla, endoplasmic reticulum oxidoreductase 1 alpha; IP3R1, inositol 1,4,5-
trisphosphate receptor type 1; CaMKIl, calcium/calmodulin-dependent protein kinase II; DAPK1, death-associated protein kinase 1; ROS, reactive

oxygen species.

Serious oxidative stress or inflammation can provoke excessive
autophagy, resulting in autophagy-dependent cell death, reduced
collagen synthesis, a thinned fibrous cap, plaque instability, and
acute vascular events (107). Recent studies have revealed that
defects in autophagy due to specific VSMC knockdown of
human antigen R trigger plaque formation and plaque instability
(108). Overexpression of
autophagy, which can inhibit apoptosis, reduce the formation of

sirtuin 6 activates macrophage
foam cells, and stabilize atherosclerotic plaques (109). Therefore,
early resistance to excessive autophagy is essential to prevent AS
and avoid serious cardiovascular complications.

6 ER stress therapy for AS-related
targets

These micromolecular “chemical chaperones” can mitigate ER
protein burden upon stress by the non-selectively stabilization of

unfolded proteins and promotion of normal folding.
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Tauroursodeoxycholic acid (TUDCA) and 4-phenylbutyric acid
(4-PBA) are two “chemical partners” authorized for use in
humans by the FDA (110). 4-PBA has been approved as an
ammonia scavenger for the clinical management of urea cycle
disorders (111). It is also utilized in the treatment of other
diseases associated with protein misfolding. The current study
found that inhibition of ER stress by 4-PBA alleviated
endothelial dysfunction and attenuated the effects of ox-LDL on
cholesterol efflux, apoptosis, ROS production, and inflammation
(49). 4-PBA attenuates atherosclerotic lesion progression through
increased circulation of HSP25 in macrophages and ApoE™"~
mice (112). In addition, 4-PBA has demonstrated inhibition of
the upregulation of CD36, GRP78, and IRE1 phosphorylation in
macrophage-rich atherosclerotic lesions (58). Recent research
that inhibiting ER with  4-PBA
atherosclerotic plaque stability through upregulation of circadian

shows stress enhances
locomotor output cycles kaput expression (113). TUDCA, a
derivative of endogenous bile acids, is used as a hepatoprotective

agent in patients with cholestatic liver disease (110). Previous
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studies have found that TUDCA attenuates atherosclerotic lesion
progression in LDL receptor-deficient mice by reducing ER stress
(114). TUDCA attenuates atherosclerotic lesions by inhibiting ER
stress-mediated apoptosis by reducing calcium efflux, inhibiting
cysteine-12, and activating phosphatidylinositol 3-kinase (115).
TUDCA further alleviates AS by inhibiting PERK/eIF2a/ATF4
and AIM2 inflammatory vesicles in macrophages to abrogate
ox-LDL-induced foam cell formation and enhance cholesterol
efflux from macrophages (116). UDCA reduced XBP-1 and
CHOP expression, thereby attenuating perturbed flow-induced
EC apoptosis, which was induced by inhibiting ER stress in ECs
under perturbed flow (45).

Moreover, attenuating the ER stress by inhibiting the UPR
signaling cascade is also an important approach for treating AS
(8). Furthermore, the blockade of IRE1
messenger ribonucleoprotein signaling enhanced cholesterol

kinase-fragile X

efflux and exocytosis, thereby reducing AS in mice (117). Sirtuin
1, a deacetylase dependent on NAD, reduces apoptosis mediated
by ER stress via inhibition of the PERK/elF2a signaling pathway
(118). Additionally, irisin has been shown to attenuate ox-LDL-
induced macrophage apoptosis through inhibition of the PERK/
eIF20/CHOP and ATF6/CHOP signaling pathways (119).

In addition to physiological inhibitors of ER stress aiming at
adenosine monophosphate-activated protein kinase (AMPK),
regulating ER calcium homeostasis, removing AS-related ER
stress inducers, and some natural compounds (8), we can explore
new therapeutic directions for AS treatment by targeting ER
stress-mediated pathways such as inflammation, apoptosis,
mitochondrial dysfunction, oxidative stress, and autophagy. For
instance, Bruton’s tyrosine kinase knockdown inhibits ox-LDL-
mediated activation of NK-«xB signaling and suppresses M1
polarization in macrophages. It also inhibits ER stress, oxidative
stress, and inflammatory responses in macrophages. Therefore, it
emerges as a potential target for the treatment of AS (120).
Furthermore, HCP1, a novel coumarin pyrazoline derivative,
attenuates ox-LDL-mediated VEC autophagy, reduces apoptosis,
and promotes atherosclerotic plaque stabilization in ApoE™'~
mice through the Grp94-AMPK-mTORCI pathway (121). The
GLP-1 analog, exendin-4, ameliorates HHcy-induced endothelial
dysfunction by activating AMPK and upregulating EROla to
inhibit the ER stress induced by HHcy and subsequent ROS
production (122). Moreover, currently prescribed medications for
hypertension, obesity, and diabetes—such as enalapril, valsartan,
atorvastatin, and metformin—and natural compounds, such as
mangosteen, black tea, and Panax ginseng, are recognized for
their protective effects on cardiovascular function by inhibiting
ER stress (123-126). In summary, targeting the ER stress
pathway provides a potential therapeutic strategy for the
treatment of AS.
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