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Atherosclerosis (AS) is a global public health concern and involves a complex
pathogenesis characterized by lipid abnormalities, oxidative stress, and
inflammatory responses at the cellular and molecular levels. The crosstalk
between the endoplasmic reticulum (ER) and mitochondria, mediated by
mitochondria-associated membranes (MAMs), plays a critical role in the
pathogenesis of atherosclerosis. As two key cellular organelles, the ER and
mitochondria interact physically and functionally through MAMs, which serve
as bridges between their close contact and interdependence. MAMs maintain
lipid homeostasis, promote calcium ion transport, the oxidative stress response,
apoptosis, and autophagy. Recent studies have highlighted the significance of
ER-mitochondria crosstalk in the progression of AS, as indicated by
mitochondrial and ER structural and functional integrity, redox homeostasis,
and calcium homeostasis. This review comprehensively explores the novel
mechanisms of ER-mitochondria crosstalk in AS and emphasizes the potential
of MAMs as therapeutic targets, aiming to provide new perspectives and
strategies for the treatment of cardiovascular diseases.
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1 Introduction

Atherosclerosis (AS), characterized by lipid accumulation, chronic inflammation, and
vascular dysfunction, is a complex pathological process and a core contributor to global
cardiovascular disease-related disability and mortality (1). With improvements in living
standards and dietary changes, its incidence has increased annually, severely threatening
human quality of life (2). According to the 2019 Global Burden of Disease (GBD) statistics,
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approximately one-third of annual deaths are attributed to
cardiovascular diseases, with AS-related complications being the
dominant factor (3). Although statins, anti-inflammatory therapies,
and vascular intervention technologies have significantly improved
clinical outcomes, acute cardiovascular events (e.g., myocardial
infarction and stroke) caused by plaque instability remain a major
challenge (4). Therefore, there is an urgent need to explore the
molecular mechanisms underlying AS.

Traditionally, AS research has focused on singular pathological
processes such as the oxidation of low-density lipoprotein (LDL),
macrophage foam cell transformation, and smooth muscle cell
proliferation; however, the dynamic interactions between
organelles that systemically facilitate disease progression have
been overlooked. Recent breakthroughs in super-resolution
microscopy, spatial transcriptomics, and protein interactionomics
have propelled the study of organelle communication networks to
the forefront of life sciences (5). Notably, the physical and
functional coupling between the endoplasmic reticulum (ER) and
mitochondria via mitochondria-associated membranes (MAMs)
has been identified as a core hub for coordinating lipid
metabolism, calcium signaling, oxidative stress, and cell fate
decisions (6-9), offering a novel perspective for AS research.

The ER, the largest membrane system in the cell, performs
fundamental functions such as protein synthesis and modification,
lipid generation, and calcium storage, while also serving as a platform
for stress sensing and signal integration (10). Mitochondria drive
energy metabolism and inflammatory responses via oxidative
phosphorylation and reactive oxygen species (ROS) generation
(11). Over the past decade, research has revealed that the ER and
mitochondria are not independent but are functionally coupled
through MAMs. MAMs are dynamic structures formed by specific
protein anchors between the ER and mitochondrial membranes,
enabling the efficient transport of lipids, calcium ions, and signaling
molecules (12). For example, calcium flux mediated by the IP3R-
GRP75-voltage-dependent anion channel (VDAC) complex (13),
mitochondrial autophagy promoted by FUN14 domain-containing
protein 1 (FUNDCI) (6), and membrane fusion events involving
Mitofusin 2 (Mfn2) (7) depend on the precise spatiotemporal
regulation of MAMs.

AS is a vascular pathology driven by metabolic and inflammatory
synergies. Pathological conditions, such as endothelial cell damage
induced by oxidized LDL (ox-LDL), macrophage inflammatory
polarization, and smooth muscle cell phenotype switching, are
accompanied by ER stress and mitochondrial dysfunction (14, 15).
Recent studies have identified multiple mechanisms by which MAMs
contribute to these processes: (1) lipid metabolism, where MAM-
enriched enzymes such as ACAT1 and phosphatidylethanolamine N-
methyltransferase 2 (PEMT2) facilitate cholesterol esterification and
phospholipid remodeling, promoting lipid droplet formation and
foam cell transformation (16); (2) inflammation regulation, where
MAMs serve as a platform for NLRP3 inflammasome assembly,
amplifying inflammatory signals through calcium overload and
mitochondrial reactive oxygen species (mtROS) bursts (17); (3)
apoptosis, where MAMs promote interactions between Bcl-2 family
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proteins and mitochondrial membrane permeability transitions,
determining cellular survival within plaques (18).

Despite significant progress, many gaps remain in our
understanding of the molecular mechanisms of MAMs in AS. For
instance, how do MAMs dynamically assemble in response to
mechanical stimuli such as blood flow shear forces? Do specific cell
types (e.g., endothelial cells and macrophages) exhibit spatial
heterogeneity in MAM function? Are there temporal heterogeneities
in the MAMs function across different disease phases? Existing drugs
(e.g. statins (19) and metformin (20)) have been shown to modulate
ER-mitochondrial crosstalk by targeting key MAM proteins (e.g.,
VDACI and Mfn2); however, their multi-target characteristics may
lead to off-target effects, highlighting the need for developing specific
MAM-targeted therapies. Addressing these questions requires the
integration of multi-omics analysis, organoid models, and gene
editing technologies to further dissect the regulatory network of
MAMs across spatiotemporal dimensions and provide a
comprehensive strategy for AS treatment.

This review aims to systematically summarize the latest research
progress on ER-mitochondria crosstalk in AS, focusing on the
structural and functional characteristics of MAMs and their
regulatory roles in lipid metabolism, inflammatory responses, and
cell death. By organizing key molecular mechanisms and evaluating
their clinical translation potential, we aim to reveal innovative
therapeutic strategies targeting MAMs and provide a theoretical
framework for the development of precision medicine based on
organelle interaction regulation.

2 The structural basis of ER-
mitochondria crosstalk

The signaling network between the ER and mitochondria
constitutes a complex and precise system within the cell. Research
on physical and functional interactions between these organelles
has primarily focused on physical connections (e.g., MAMs and
Endoplasmic Reticulum-Mitochondria Encounter Structure
[ERMES]), which provide direct channels for material exchange
(21-24). ERMES also contributes to maintaining the mitochondrial
function (25-29). Additionally, proteins on MAMs and ERMES
participate in various signaling pathways, thereby promoting
calcium signaling (22-24), cellular stress and apoptosis (30-35),
and other processes. These interactions not only facilitate material
exchange and energy metabolism coordination but also provide
essential protective mechanisms for cells to respond to
environmental changes.

2.1 mitochondria-associated membranes

MAMs, which are the membrane structures between
mitochondria and the ER, were first described by Copeland et al.
(12) and confirmed in subsequent studies. Despite the narrow
membrane gap of MAMs (10-80 nm), these structures efficiently
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support multiple critical biological processes including calcium
homeostasis, lipid metabolism, autophagy, inflammatory
responses, ER stress, and mitochondrial dynamics (36).

MAMs enable a more direct material exchange and information
communication between the ER and mitochondria, a process that
relies on diverse proteins within MAMs. Proteins in MAMs are
categorized into three types: (1) Proteins exclusively localized to
MAMs (MAMs-resident proteins), (2) Proteins localized to MAMs
but also present in other cellular regions (MAMs-enriched
proteins), (3) Proteins transiently associated with MAMs
(MAMs-associated proteins) (37). Owing to the dynamic nature
of MAMs, their exact composition remains unclear.

MAMs contain numerous proteins that perform diverse
functions and regulate various cellular and biological processes.
Enriched proteins in MAMs, such as glucose-regulated protein 75
(GRP75) and inositol 1,4,5-trisphosphate receptor (IP3R), contribute
to maintaining the structure and function of MAMs. IP3R
participates in ER calcium release. FUNDCI typically acts as a
mitochondrial autophagy receptor, while Sigma-1 receptor (Sig-1R)
regulates ER stress, mitochondrial function, and oxidative stress (6).
Mfn2, an important MAM-enriched protein, maintains calcium
homeostasis, and mitochondrial dynamics. Mfn2 is believed to
protect mitochondria and inhibit apoptosis by suppressing
activation of the PERK pathway (7). Increased Mfn2 expression
can also ameliorate mitochondrial calcium overload (8). MAM-
resident proteins, such as phosphatidylserine synthase 1/2 (PSS1/2),
are highly enriched in MAMs and participate in the transport of
phospholipids between the mitochondria and ER, thereby promoting
lipid synthesis. Mitofusin 1 (Mfnl) collaborates with other MAM-
enriched proteins to maintain the structure of MAMs (6, 9).

As a key site for ER-mitochondrial crosstalk, MAMs, with their
intricate structure, participate in and regulate various physiological
and pathological processes, and play a crucial role in maintaining
cellular homeostasis and responding to diverse stress reactions.
Related studies are ongoing.

2.2 Endoplasmic reticulum-mitochondria
encounter structure

The endoplasmic reticulum-mitochondrial encounter structure
(ERMES) acts as a bridge and regulatory center within the cell.
ERMES is a multi-subunit complex composed of transmembrane
anchoring components (ER membrane protein Mmml and
mitochondrial outer membrane proteins Mdm10 and Mdm34),
soluble connecting components (Mdm12 interacts with the synaptic
binding protein-like mitochondrial lipid-binding protein [SMP]
domain of Mmml and Mdm34 to stabilize ERMES conformation
(11)), and dynamic regulatory components (RhoGTPase Geml
hydrolyzes GTP to assemble and disassemble ERMES, though its
presence is condition-dependent and not all ERMES complexes
contain this subunit (10)). The SMP domains of Mdm34, Mdm12,
and Mmml specifically interact to form a stable complex that
bridges the ER and mitochondrial outer membranes. Two Mdm12
and two Mmm1 SMP domains interact in a head-to-tail manner to
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form a tetrameric hydrophobic channel (12), providing structural
support for transmembrane transport (e.g, Ca**, phospholipids)
and signal communication.

Geml, Mdm10, and Mmm1 play key roles in maintaining
mitochondrial morphology. Gem1 has two Ca**-binding EF-hand
motifs, and Ca®" from the ER can bind to these motifs to activate
Geml, promoting Ca®* transfer to mitochondria and thereby
regulating mitochondrial movement (13). Therefore, the ER can
influence mitochondrial morphology through the ERMES (38).
Rasul et al. (14) demonstrated that Mdm12 interacts with the
MAMs regulatory protein Emrl, and that in the absence of Emrl,
the number of ERMES structures decreases, leading to
abnormalities in mitochondrial morphological. This study further
confirms that ERMES mediates mitochondrial dynamics.

Various cellular processes mediated by ERMES are influenced
by ERMES regulatory proteins. In addition to Emrl, Arfl, Lameé,
and Geml help to maintain the number of ERMES foci.
Overexpression of Lamé6 causes ERMES expansion, Tom7
increases the specificity of Mdm10 binding to ERMES, preventing
excessive leakage of Mdm10 from ERMES and binding to the SAM
complex, and Sar1 regulates the area of the ERMES complex (15).

3 Biological processes of endoplasmic
reticulum-mitochondria crosstalk

3.1 Lipid synthesis

Lipid synthesis is not confined to the ER; multiple enzymes in
MAMs participate in this process. For example, in the synthesis of
phosphatidylcholine (PC) and phosphatidylethanolamine (PE),
phosphatidylserine synthase 1 (PSS1) in the ER catalyzes the
formation of phosphatidylserine (PS) from phosphatidic acid (PA).
PS enters the mitochondria via MAMs and is converted to PE by
related enzymes. PE is then transported out of the mitochondria and
converted to PC by PEMT?2 in the ER (17). PEMT?2, a key enzyme in
PC synthesis, has only been identified in MAMs (18). Studies have
explored the mechanism of PS entry into the mitochondria. In the
liver tissue of mice with non-alcoholic steatohepatitis (NASH), Mfn2
expression is significantly reduced. Mfn2 knockout in mouse
hepatocytes causes triglyceride accumulation and inflammatory
responses (19). Hernandez et al. demonstrated that Mfn2 binds to
PS and transports it to the mitochondria for subsequent reactions
(19). Enzymes involved in phospholipid biosynthesis are present in
both ER and mitochondrial membranes, and the intermediates
generated during this process are translocated to ER-mitochondria
contact sites (20).

The rate-limiting enzyme in cholesterol synthesis, 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMGCR), is inhibited by
statins, which are commonly used to treat AS. Godoy et al. (39)
found that mice treated with atorvastatin lacked ER-mitochondria
connections, but this was not proven to be based on HMGCR
inhibition. Zhong et al. (40) experimentally confirmed that in
aldehyde dehydrogenase 2 (ALDH?2)-deficient mice, serum total
cholesterol and HMGCR levels increased due to ALDH2 promotion

frontiersin.org


https://doi.org/10.3389/fendo.2025.1573499
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Li et al.

of HMGCR ubiquitination and degradation. This process relies on
ALDH?2 escaping mitochondria to promote the binding of Insigl to
HMGCR in the ER and recruit GP78, indicating that ER-
mitochondrial crosstalk is involved in HMGCR-regulated
cholesterol synthesis.

Acyl-CoA:diacylglycerol acyltransferase 2 (DGAT2) in MAMs
catalyzes the synthesis, and promotes the formation, of lipid droplets.
Acyl-CoA:cholesterol acyltransferase 1 (ACAT1/SOAT1), a key rate-
limiting enzyme in MAMs, catalyzes the esterification of free
cholesterol with long-chain fatty acids to form cholesterol esters
(CE), thereby driving CE storage within lipid droplets and directly
regulating the early stages of lipid droplet biogenesis (21). Presenilin 2
(PS2), a protein highly enriched in MAMs, corrects excessive lipid
droplet formation in Alzheimer’s disease (AD) cells (22). Zhao et al.
(23) found that the ATAD3A protein is enriched in MAMs of AD
mouse brain tissue and that ATAD3A oligomerization inhibits
CYP46A1-mediated brain cholesterol metabolism in AD mice.
Szabo et al. (24) demonstrated that abnormal TAU disrupts ER-
mitochondria coupling, reduces cholesterol transfer from the ER to
the mitochondria, and decreases pregnenolone production,
highlighting the importance of ER-mitochondria crosstalk in lipid
synthesis. Phosphofurin acidic cluster sorting protein 2 (PACS2), an
early MAM protein, regulates lipid homeostasis. Arruda et al. (25)
found that PACS2 and IP3R1/2 levels are significantly increased in
tissues from overweight mice. Reducing the expression of PACS2 and
IP3R1/2 improves mitochondrial antioxidant capacity and insulin
sensitivity in obese animals. In summary, collaboration between the
ER and mitochondria ensures the smooth progression of lipid
synthesis, thereby maintaining cellular membrane integrity and
normal cellular function.

3.2 Inflammasome formation

Inflammasomes are signaling complexes that play crucial roles
in immune and inflammatory responses. Among the various family
members, the most well characterized are NLRP3, NLRP1, NLRC4,
and AIM2 (26). ER-mitochondria crosstalk (MAMs) regulates
activation of the NLRP3 inflammasome. ER stress induces
mitochondrial damage, leading to the release of mtROS and
mitochondrial damage-associated molecular patterns (mtDAMPs)
such as mitochondrial DNA (mtDNA) and cardiolipin. These are
transmitted via MAMs to NLRP3 molecules on the ER membrane,
triggering oligomerization and inflammasome activation (27, 28).
Moreover, overexpression of RTN1A, a key MAMs protein, can
disrupt the binding of HK1 to VDACI, leading to free VDACI1
driving inflammasome assembly (29). extracellular ATP, through
the P2X7R-mediated pathway, disrupts the functional balance of
MAMs and induces the assembly of the NLRP3 inflammasome.
GRP75 can inhibit eATP-P2X7R pathway-induced NLRP3
inflammasome aggregation (30).

The NLRP3 inflammasome is the only inflammasome currently
confirmed to be associated with MAMs and exerts unique functions
by sensing damage-associated molecular patterns (DAMPs) in the
MAMs microenvironment. DAMPs (e.g., Ca®* signaling, mtROS)
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can be produced by damaged cells, with Ca®" signaling activating
the NLRP3 inflammasome through calcium flux between the ER
and mitochondria (31). Ye et al. (32) further investigated the
relationship between Ca®' and inflammation and finding that
IP3R-mediated excessive Ca®" release could induce mitochondrial
dysfunction and promote NLRP3 inflammasome activation. Based
on the above studies, it is evident that ER-mitochondrial crosstalk
can activate NLRP3. However, inhibition of NLRP3 is also related to
MAMs. Missiroli et al. found that PML, located in MAMs, inhibits
NLRP3 activation by tightly binding to NLRP3 and P2X7R (33).

3.3 Calcium flux and signal transduction

One of the key roles of MAMs is to maintain calcium
homeostasis between the ER and mitochondria. Arruda et al. (25)
demonstrated that an increase in MAMs under obese conditions
exacerbates mitochondrial calcium accumulation and disrupts
mitochondrial function. Moreover, when subjected to external
stimuli, changes in various components of MAMSs can lead to
MAMs dysfunction, thereby disrupting Ca** transport between
the ER and mitochondria (36).

MAMs regulates calcium ion flux through several key proteins.
FUNDCI, by binding to IP3R2 and localizing to MAMs, increases
mitochondrial and cytosolic Ca** levels while decreasing ER Ca**
levels when overexpressed. Conversely, in the absence of FUNDCI,
mitochondrial and cytosolic Ca?* levels decreased, while ER Ca®*
levels increase (37). In addition, the IP3R-GRP75-VDAC complex is
a classic structure in MAMs involved in calcium homeostasis,
facilitating Ca®" transfer from the ER to the mitochondria (41).
IP3R mediates Ca’" release from the ER, whereas VDAC is
responsible for Ca®' transfer into the mitochondrial
intermembrane space. PTEN and Akt, which are localized in
MAMs, promote ER calcium release by phosphorylating IP3R.
PTEN knockout inhibits ER Ca* release, thereby maintaining
mitochondrial Ca®** homeostasis and negatively regulating
apoptosis (42, 43). The Sig-1R-BiP complex in MAMs can rapidly
respond to decreases in Ca®" concentration, thereby regulating ER-
mitochondria Ca*" signaling (44). Additionally, SERCA2b, enriched
in MAMs, exhibits high Ca** affinity. Its activity is enhanced through
interaction with CANX (calnexin) and inhibited via interaction with
TMXI1 (thioredoxin-related transmembrane protein 1), thereby
regulating Ca** influx into either the endoplasmic reticulum (ER)
or mitochondria. (45). Beyond ER Ca’* release and ER-
mitochondrial Ca®" transfer, MAM-associated proteins also inhibit
mitochondrial Ca*" release. For example, Bcl-2 can reduce
mitochondrial calcium release, thereby inhibiting apoptosis (38).

3.4 Mitochondrial dynamics and
homeostasis

Mitochondria undergo dynamic changes in shape, size, and
number via fusion and fission. Previous studies have hypothesized
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that ER plays a significant role in important mitochondrial
functions, including mitochondrial dynamics (46). Under
the action of certain mitochondrial dynamic proteins, including
MFF, dynamin-related protein 1(Drpl) accumulates on the
mitochondrial outer membrane and is arranged in a helical
pattern, causing mitochondrial fission (47). However, in the
experiments by Friedman et al. (48), MAMs exhibited abnormal
mitochondrial contractions in the absence of MFF. Arasaki et al.
(49) further elaborated on this view, indicating that the SNARE
protein Synl7 on MAMs activates Drpl and determines its
localization, thereby promoting mitochondrial fission. Under
conditions of energy stress, AMPK accumulates extensively and
interacts with Mfn2 in MAMs, promoting mitochondrial fission
(50). Under hypoxic conditions, FUNDCI accumulates in MAMs
and binds to Drpl, promoting Drpl-mediated mitochondrial
fission. Inhibition of FUNDCI disrupts MAMs integrity, leading
to decreased cytoplasmic and mitochondrial Ca** concentrations
and the suppression of mitochondrial fission (24, 51).

The ERMES is often associated with mitochondrial dynamics.
During cell division, Mmm1l, Mdm10, and Mdm12 connect
mitochondria to the actin cytoskeleton and participate in polarized
mitochondrial movement (38). ERMES plays a widespread role in the
regulation of mitochondrial homeostasis in fungi. Garrido-Bazan
et al. (39) found that downregulation of MdmB expression in yeast
ERMES leads to mitochondrial fission defects. Experiments also
showed that ER-mitochondrial crosstalk is indispensable for H,O,-
induced mitochondrial contraction. In an earlier study, Sogo et al.
(40) observed changes in mitochondrial networks and aggregation in
yeast Mdm10 mutants. Similarly, giant spherical mitochondria have
been discovered after Mdm12 knockout in cells (52). Regarding the
specific mechanism, Esposito et al. (53) demonstrated that the
absence of Mdm10 or Mdm12 in ERMES leads to an increase in
peroxisomes, causing mitochondrial dysfunction. Their experiments
provide further evidence for the role of ERMES in maintaining
mitochondrial homeostasis.

3.5 Autophagy and apoptosis

Autophagy, a universal cellular metabolic process, is
characterized by the formation of autophagosomes. Hamasaki
et al. found that the autophagy-related protein ATG14 is located
in MAMs, where autophagosome formation begins (54). During
mitophagy induction, PINKI and Beclin 1 are expressed in MAMs,
promoting the formation of autophagosomes and MAMs (55). The
autophagy-related proteins Atg8 and Atgll co-localize with
Mdm12 and Mdm34 in ERMES, facilitating mitophagy (56).

ER-mitochondrial crosstalk provides the structural basis for
autophagy. Kohle et al. (28) suggested that the contact between the
ER and mitochondria is central to autophagy. In cases of myocardial
ischemia-reperfusion injury, Mfn2 can promote the transfer of
phospholipids from the ER to the mitochondria, facilitating
autophagosome membrane formation, and thereby activating
protective mitophagy processes (25). Ikeda et al. (26)
experimentally demonstrated that downregulation of Drpl
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expression in mouse cells leads to mitochondrial dysfunction,
indicating a positive correlation between Drpl expression and the
intensity of Mitophagy. Additionally, the STX17-Fis axis is involved
in inducing mitochondrial autophagy; Fisl inhibits the transfer of
STX17 from MAMs to the mitochondria, thereby suppressing
mitochondrial phagocytosis during autophagy (27). In summary,
ER-mitochondria contact determines mitochondrial fission points,
which are a prerequisite for subsequent engulfment by
autophagosomes or lysosomes. Bockler et al. (29) further confirmed
that ERMES co-localizes with phagophore sites and promotes
phagophore membrane formation, possibly by facilitating lipid
transfer to phagophores. Bockler et al. suggested that ERMES
functions only in mitochondrial autophagy and not in the broader
autophagy processes (57). Garofalo et al. indicated that GD3, a core
protein that initiates autophagy, is strongly associated with MAMs.
They speculated that GD3 may be enriched in MAMs lipid rafts
under autophagy stimulation, promoting autophagosome formation,
and playing a role in early autophagy (58).

During acute nutrient deficiency, ERMCS can alter its structure
to dynamically enhance the transfer of calcium ions (Ca**) and
lipids from the ER to the mitochondria, stimulate apoptosis, and
promote oxidative phosphorylation (30, 31). Mitochondrial Ca**
overload is a key trigger of apoptosis, with MAMs protein
complexes (e.g., IP3Rs, VDACI) directly involved by promoting
Ca®* transmembrane transport. Studies also indicate that Bcl-2
family protein Bok amplifies Ca** signaling by binding to IP3Rs (33,
34), while PACS-2 deficiency reduces Ca?" flux and inhibits
apoptosis by disrupting ER-mitochondria connections (35).
Notably, neuronal apoptosis is closely linked to ER-mitochondria
crosstalk dysfunction, marked by disorders of proteins, such as
Grp75 and SigmalR, and excessive release of ROS and pro-
inflammatory factors. Interventions in calcium homeostasis or the
suppression of inflammatory responses can significantly restore
neuronal function (59). In summary, ER-mitochondrial crosstalk,
which integrates calcium homeostasis, lipid metabolism, and
inflammatory responses, serves as a central regulator of cell
autophagy and apoptosis (Figure 1; Table 1).

4 ER-mitochondria crosstalk in
atherosclerosis

In the pathological environment of AS, the ER and
mitochondria form a dynamic signaling network through
multiple mechanisms. This network involves various biological
processes, including calcium homeostasis, lipid transport
homeostasis, and enrichment and activation of key MAMs
proteins, thereby accelerating the progression of AS. Elucidating
these mechanisms is crucial for understanding AS pathogenesis and
developing new diagnostic and therapeutic targets. Herein, we
summarize and critically analyze the basic forms of ER-
mitochondrial crosstalk in the context of AS (Figure 2; Table 2),
highlighting the potential key role of the Mfn2 family of proteins in
this process. However, the specific underlying mechanisms remain
to be explored.
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Biological Processes of ER-Mitochondria Crosstalk. This figure is a schematic diagram of the biological processes of interaction between the
endoplasmic reticulum and mitochondria within a cell. It shows a variety of molecules and signaling pathways, including mitochondrial fission and
fusion-related proteins (e.g., Mfn2, Drpl), autophagy-related proteins (e.g., PINK1, PARKIN), calcium ion signaling, and ER-related proteins (e.g.,
ERMES, VDAC1). These molecules and signaling pathways interact to regulate cellular metabolism, energy balance, and autophagy processes.
Additionally, the figure illustrates the impact of external factors such as obesity and stimulation on these processes. The structures and molecules in
the figure represent the biological processes of ER-mitochondria crosstalk (MAMs). The main structural molecules are described as follows: AMPK:
AMP-activated protein kinase; MAMs: Mitochondria-associated membranes; PINK1: PTEN-induced putative kinase 1; ATG14: Autophagy-related
protein 14; GD3: Disialyl ganglioside; ERMES: Endoplasmic reticulum-mitochondria contact site complex; STX17-Fis: Synaptophysin 17-mitochondrial
fission protein 1 complex; PACS2: Phosphorylated protein sorting and transport protein 2; TAU: Microtubule-associated protein Tau; CE: Cholesterol
ester; PS2: Presenilin 2; ATAD3A: ATPase family AAA domain-containing protein 3A; NLRP3: NOD-like receptor pyrin domain-containing protein 3;
RTN1A: Reticulon 1A; FUNDCL1: FUN14 domain-containing protein 1; VDACI: Voltage-dependent anion channel 1; Mfn2: Mitofusin 2. The image is

created with Figdraw.

4.1 Crosstalk between organelles based on
calcium ion flux

Calcium ion flux between the endoplasmic reticulum (ER) and
mitochondria is a key signaling pathway mediating organelle
communication. The ER, acting as a cellular calcium reservoir,
releases Ca®* into the cytosol upon cellular demand, thereby
dynamically regulating mitochondrial Ca’** homeostasis.
However, mitochondrial calcium overload directly inhibits basic
mitochondrial function, leading to reduced ATP production and
increased ROS generation, and can even trigger mitochondrial
apoptosis (60). Within the cell, Ca®*
through IP3R and is transferred to the mitochondria via voltage-
dependent anion channels (VDAC) on the outer mitochondrial
membrane (OMM). VDACI physically connects to IP3R1 through

is released from the ER
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GRP75, a MAM-associated protein, allowing GRP75 to directly
promote calcium transfer from the ER to the mitochondria (61).
During early ER stress, MAM proteins accumulate, increasing the
ER-mitochondrial contact sites and accelerating mitochondrial
calcium uptake to mitigate ER stress. This highlights the close
collaborative relationship between the ER and mitochondria, with

" flux serving as the fundamental pathway for communication.

ER-mitochondrial interactions based on Ca** flux also play a
crucial role in the progression of AS. Early AS lesions involve ox-
LDL-induced endothelial cell apoptosis, a process linked to
mitochondrial Ca?" overload. PACS-2, enriched in MAM regions,
promotes the formation of more ER-mitochondria contact sites
under ox-LDL induction. This accelerates Ca®" flux between the two
organelles, leading to mitochondrial membrane potential loss and
increased ROS production. These changes promote cytochrome ¢
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TABLE 1 Biological Processes of ER-Mitochondria Crosstalk.

10.3389/fendo.2025.1573499

E?cf‘?le%e/ Function Author References
PSS1 catalyze PS synthesis and participate in lipid synthesis Vance JE et al. (48)
PEMT2 the key enzyme of PC synthesis and involve in lipid synthesis Vance JE et al. (48, 118)
Mifn2 transport PS and activate protective mitophagy Hernandez-Alvarez et al. (25, 78)
DGAT2 catalytic synthesis of triacylglycerol and associate with abnormal lipid metabolism Sironi L et al. (16)
ACAT1/ catalyze the formation of cholesterol esters and relate to lipid droplet formation and abnormal L
SOATI lipid metabolism Sironi L et al. (16)
PS2 correct lipid droplet overdose in familial Alzheimer ‘s disease Rossini M et al. (119)
ATAD3A inhibition of CYP46A1-mediated brain cholesterol metabolism Zhao Y et al. (120)
CYP46A1 mediate brain cholesterol metabolism Zhao Y et al. (120)
TAU mediate endoplasmic reticulum-mitochondrial coupling and cholesterol transfer Szabo L et al. (121)
PACS2 regulate lipid homeostasis and affect anti-mitochondrial oxidation and affect insulin sensitivity Arruda AP et al. (21)
NLRP3 inflammasome,mediate immune response and inflammatory response Christgen S et al. (122, 123)
RTNIA knockdown of HK1-VDACI interaction and trigger NLRP3 inflammasome activation Xie Y et al. (124)
GRP75 impact on the aggregation of NLRP3 inflammasome induced by the EATP-P2X7R pathway Zhang JR et al. (125)
Iy dondd sl eyl e sy
PML inhibit the NLRP3 inflammasome activation and affect the inflammatory response Missiroli S et al. (127)
OPTN overexpression inhibits NLRP3 inflammasome expression and enhances mitophagy Chen K et al. (128)
FUNDC1 regulate Ca®* content and affect mitochondrial fission Wu S et al. (24, 51)
VDAC :fie;riﬁi Ci:ﬂeummasome activation and effect the transfer of Ca®* to the mitochondrial Xie Y et al. (13, 124)
PTEN :fzctc ;l;i_:nelee;is:t eodf aC::;tions iesndoplasmic reticulum and regulate mitochondrial Ca** homeostasis Bononi A et al. (129)
Akt phosphorylated IP3R and inhibit its - mediated endoplasmic reticulum Ca®* release Marchi S et al. (130)
Sig-1R- . . . . 24 . . ;
BiP Complex regulate endoplasmic reticulum-mitochondrial Ca™" signal transduction Hayashi T et al. (44)
SERCA2b promote the influx of Ca*" into endoplasmic reticulum and mitochondria Gutiérrez T et al. (45)
Bcl-2 reduce mitochondrial Ca** release and inhibit apoptosis Foyouzi-YoussefiR et al. (18)
PDZD8 mediates the transformation of Ca®* from endoplasmic reticulum to mitochondria Hirabayashi Y et al. (22)
Drpl mediates mitochondrial fission and autophagy Kalia R et al. (26, 47)
MFF affect mitochondrial division and lack of mitochondrial contraction site changes Kalia R et al. (47, 131)
Synl7 regulate the activity and localization of Drp1 to promote mitochondrial division Arasaki K et al. (49)
AMPK interact with Mfn2 to promote mitochondrial division Hu Y et al. (50)
MdmB relate to mitochondrial division, down-regulation lead to mitochondrial division disorder Garrido-Bazan V et al. (132)
Mmml involve in mitochondrial polarization movement and mediate Ca®* transport Nguyen TT et al. (22, 38)
Mdm10 participate in rr.litochondrial polarization movement and maintain mitochondrial function Nguyen TT et al. (38, 53, 133)
and homeostasis
Mdm12 szc*lti}clga;foisr:a:rilsitochondrial polarization movement and maintain mitochondrial function Nguyen TT et al. (38, 52, 53)
Mdm34 participate in mitophagy Mao K et al. (56)
ATGl14 participate in autophagosome formation Hamasaki M et al. (54)
(Continued)
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TABLE 1 Continued

Enzyme/

protein

Function

Author

10.3389/fendo.2025.1573499

References

PINK1 promote the formation of autophagosomes and MAMs

Yao RQ et al.

(55)

Beclinl promote the formation of autophagosomes and MAMs

Yao RQ et al.

(55)

Atg8 participate in mitophagy

Atgll participate in mitophagy

Fisl inhibit STX17 metastasis and mitophagy

Mao K et al.
Mao K et al.

Jetto CT et al.

(56)
(56)

(27)

STX17 participate in inducing mitophagy

Jetto CT et al.

(27)

GD3 associate with MAMs and promote the formation of autophagic vacuoles Bockler S et al. (57)

bind IP3Rs promote Ca?* transport from endoplasmic reticulum to mitochondria and

Bok .
affect apoptosis

Giorgi C et al. (33, 34)

PACS-2 mediate endoplasmic reticulum-mitochondrial interference and promote apoptosis Simmen T et al. (35)
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FIGURE 2

ER-Mitochondria Crosstalk in Atherosclerosis. This figure provides a detailed illustration of the complex mechanisms by which the endoplasmic
reticulum (ER) and mitochondria interact through mitochondria-associated membranes (MAMs) and their associated proteins during atherosclerosis.
It highlights key molecules and signaling pathways, including calcium ion flux and lipid transfer. Mfn2 serves as a central hub for communication
between the ER and mitochondria. The figure also shows the roles of various proteins (such as ORP5/8, IP3R, GRP75, PERK, PAC5-2, VDAC, and
Mfn2) in these interactions. Additionally, it illustrates abnormal biological processes such as ER stress (ERS), mitochondrial autophagy (mitophagy),
and apoptosis, which collectively impact the progression of atherosclerosis. Through the interplay of these molecules and signaling pathways, ER-
mitochondria crosstalk plays a critical role in the development of atherosclerosis. Structures and Molecules in the Figure: White rectangular areas:
Mitochondria-associated membranes (MAMs); Yellow structure (upper left): Endoplasmic reticulum (ER); Yellow structures (upper right and lower
right): Mitochondria; Yellow arrow (center): Calcium ion flow between the ER and mitochondria. The main structural molecules are described as
follows: PINK1: PTEN-induced putative kinase 1; Parkin: Parkin protein; Mfn2: Mitofusin 2; Nogo-B: Reticulon 4B; Bax: Bcl-2-associated X protein;
Bcl-2: B-cell lymphoma-2; Fisl: Mitochondrial fission protein 1; OX-LDL: Oxidized low-density lipoprotein; Seipin: Fat differentiation-related protein;
ACAT: Acyl-CoA:cholesterol acyltransferase; ORP5/8: Oxysterol-binding protein-related proteins 5/8; GRP75: Glucose-regulated protein 75; CAMK1:
Calcium/calmodulin-dependent protein kinase 1; NLRP3: NOD-like receptor pyrin domain-containing protein 3; LDs: Lipid droplets; PERK: RNA-
dependent protein kinase-like ER kinase. The image is created with Figdraw.
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TABLE 2 Mechanisms of ER-Mitochondria Signaling Crosstalk in Atherosclerosis.

10.3389/fendo.2025.1573499

Mechanism Function Author References
Ca”* overload impairs mitochondria, reducing ATP and increasing ROS, triggering apoptosis. Marchi S et al. (60)
GRP75 mediates the physical interaction between VDACI and IP3R1. Danese A et al. (61)
Ox-LDL ‘induces PACS-Z enrichment, mediating cytochrome c release and YuS et al ©2)
endothelial apoptosis.
LPL L5 subjrype affects .mitochondrial permeability, causing endothelial Chen WY et al. ©3)
Inter-organelle Ca? mitochondrial dysfunction.
flux changes PTV activates CAMK1 and recruits PARK2, enhancing mitophagy for ROS clearance and .
. . . Jie Yang et al. (57)
mitochondrial homeostasis.
Nogo-B/Mfn2 interaction boosts ER-mitochondrial Ca®" transport, promoting AS. Zhang et al. (64)
Epsinl degrades IP3R1, causing Ca** imbalance and promoting inflammation and AS. Dong et al. (66)
'HK2 dissociation activ.ates IP3R, releases Ca**, and oligomerizes VDAC, aiding NLRP3 Baik SH et al. )
inflammasome formation.
The ER and mitochondria regulate lipid transport, influencing cholesterol, lipid droplet Santos NC et al ©7)
formation, and autophagy.
ORP5 complex interacts with seipin at MAMs-LD to regulate LD biogenesis. Galmes R et al. (70, 71)
. ORP8 regulates interactions with LC3 and GABARAPs via the AMPK pathway, affecting
Lipid transport autophagy recognition and LD degradation. PuMetal 72)
and metabolism phagy recog g '
High ‘cholestertfl boosts MAMS in macrophages; pravastatin upregulates MAMs proteins, Assis LEP et al. 74)
reducing ER-mitochondria contact.
PEMT downregulation reduces plasma cholesterol and triglycerides, preventing diet- .
. LiJ etal (76)
induced AS.
MfT12 c.ol'labora'tes with QPAl on t'he inner membrane to mediate mitochondrial fusion, Chandhok G et al. 7
maintaining mitochondrial dynamics.
Mfn2 interacts with PERK, activating the PERK/eIF20/ATF4 pathway and linking
. . . Cao Y et al. (6)
mitochondrial autophagy with ER stress.
Mfn2 protein acts as
a potential link for PINKI and Parkin affect ER-mitochondria contact and signaling. Gelmetti V, Hu Y et al. (56, 78)
signaling crosstalk
Nogo-B/Mfn2 interaction reduces ER-mitochondria contacts and Ca®* flux, inhibiting
. . . . o Zhang Y et al. (64)
mitochondrial ROS generation under inflammatory conditions.
-AIB-P- enhances PARK2 bénding to Mfn1/Mfn2, promoting ubiquitination and mitophagy to Choi SH et al. (134)
inhibit ROS and apoptosis.
PEG@mTa205 downregulates Bcl-2 and Bax levels. Jiao et al. (79)
Hey enhanc‘es ER-mitochondria coupling, regulates ROS production, and promotes Feng J et al. (80)
AS progression.
Zn** treatmfent of cardiomyocytes upregulates PML, GRP78, etc., with unique effects on Dabravolski SA et al. 1)
AS progression.
HHCy upregulates DNMT1 and methylates Mfn2, promoting vascular smooth muscle
_ K Xu et al. (82)
cell proliferation.
Other MAMs-r‘esidel?t pfoteins amplify ROS signals via Ca®* flux and redox reactions, exacerbating Xie H, Zhao ] et al. (83, 84)
endothelial oxidative damage.
Under stress, ER stress sensors dissociate from BiP/GRP78, activating downstream
R Guo W et al. (85)
apoptotic pathways.
TMAO upregulates GRP78 to induce ER stress, promoting apoptosis in endothelial and Mohammadi A et al. (6)
smooth muscle cells.
PACS-2 knockout reduces ER-mitochondria contact sites, increasing VSMC apoptosis and Moulis et al. @7)

accelerating late AS plaque destabilization.
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release and endothelial cell apoptosis (62). Additionally, the L5
subtype of LDL containing Apolipoprotein E (ApoE) interacts with
VDAC, increasing mitochondrial permeability and causing
mitochondrial dysfunction in endothelial cells (63). Yang et al.
(57) demonstrated that pitavastatin (PTV) promotes calcium
release from mitochondria to activate CAMKI, increasing the
phosphorylation of PINKI1. PINKI, in turn, recruits and
phosphorylates PARK2 on the mitochondrial membrane, thereby
activating mitophagy. This process is beneficial for ROS clearance
and mitochondrial homeostasis in endothelial cells. Additionally,
Zhang et al. (64) found that in ApoE—/— mice lacking Reticulon 4B
(Nogo-B), Mfn2 protein levels decrease, and the development of AS
lesions is inhibited. Further research indicated that Nogo-B
interacts with Mfn2 in endothelial cells, increasing ER-
mitochondria Ca®" transport via ER-mitochondrial crosstalk. This
process promotes ROS generation and activates the ROS-p38-p65
signaling pathway, enhancing inflammatory responses and
promoting AS development. Collectively, these studies show that
the Ca®" flux between the ER and mitochondria in AS regulates
mitochondrial homeostasis, ROS clearance, and apoptosis in
endothelial cells, representing a specific mechanism by which ER-
mitochondria crosstalk promotes AS progression.

Activation of the NLRP3 inflammasome in macrophages within
plaques has also been linked to Ca®" flux homeostasis in MAMs. A
previous study revealed that NLRP3 inflammasome formation occurs
as follows: hexokinase 2 (HK2) dissociates from VDAC on the outer
mitochondrial membrane, activating IP3R signaling and causing Ca*"
release from the ER into the mitochondria. Increased mitochondrial
calcium concentrations induce VDAC oligomerization, setting the
stage for NLRP3 inflammasome formation (65). Furthermore, Dong
et al. (66) found that epsinl accelerates the ubiquitin-dependent
degradation of IP3RI, leading to abnormal ER-mitochondrial
calcium signaling and cytosolic free calcium imbalance, thereby
promoting inflammation and AS. Thus, Ca*" flux between the ER
and MAMs also regulates inflammatory responses within AS plaques.

4.2 Lipid transport and metabolism as a
crosstalk pathway

AS, a lipid metabolism-related disease, involves ER
mitochondrial lipid transport via MAMs contact sites, including
cholesterol esterification, lipid droplet formation, and autophagy
(67). ORP5/8 proteins, key members of the oxysterol-binding
protein-related protein (Osh/ORP) family, are the only proteins
of the ORP family that are anchored to the ER membrane via their
C-terminal transmembrane domains (68, 69). Studies have revealed
that ORP5/8 proteins are critically involved in ER-mitochondria
lipid trafficking (70). Specifically, the ORP5 complex localizes to
MAMs subdomains and interacts with seipin to recruit it to MAMs-
lipid droplet (LD) contact sites, thereby promoting LD biogenesis
(71). In contrast, ORPS8 regulates the interactions between LC3 and
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GABARAPs through the AMP-activated protein kinase (AMPK)
pathway, thereby facilitating autophagic recognition and LD
degradation (72). Although the homeostatic mechanisms of lipid
transport homeostasis have been well studied, their molecular-level
realization remains unclear. Scholars have determined the ORP8
domain crystal structure when bound to “cargo” lipids, using
computer simulations to identify PS and PI4P binding to ORP8
(73), highlighting the unique importance of the “lid” structure for
ORPS8 function.

Hypercholesterolemia, a key risk factor of atherosclerosis,
increases the number of MAMs contact sites in macrophages.
Statins such as pravastatin upregulate MAM-related proteins such
as Mfn2 and Fisl, also reducing ER-mitochondrial interactions and
hinting at the link between ER-mitochondrial crosstalk and lipid
metabolism/transport (74). Moreover, MAMs host key enzymes for
cholesterol metabolism balance, such as acyl-CoA cholesterol
acyltransferase (ACAT), which esterifies free cholesterol for storage
in lipid droplets. ACAT dysfunction can also facilitate the
development of AS (75). Downregulation of the MAMs protein
PEMT also lowers plasma cholesterol and triglyceride levels,
thereby preventing diet-induced AS (76). In summary, ER-
mitochondrial lipid transport plays multiple roles in AS
development, from cholesterol esterification and transport to
triglyceride synthesis and lipid metabolism-protein regulation. The
dysfunction of these processes may promote the formation of AS.
Understanding these molecular mechanisms can help to clarify AS’s
pathophysiology of AS and underpin new therapeutic approaches.

4.3 Mfn2 protein: a potential link for ER-
mitochondria crosstalk

From the existing literature, we found that Mfn2 is a key link in
the ER-mitochondrial crosstalk in AS pathology. The process of
mitochondrial fission and fusion necessitates the recruitment of
Drpl, Optic atrophy 1 (OPAl) and Mfn2 (77).Mfn2 on the
mitochondrial outer membrane interacts with OPA1 on the inner
membrane to promote mitochondrial fusion and maintain
mitochondrial dynamics (77). Moreover, Mfn2 interacts with PERK
protein, activating the PERK/eIF20,/ATF4 pathway upstream of UPR,
thus linking mitochondrial autophagy and ER stress (6). Recent
studies have expanded our understanding of the role of the PINK1/
Parkin pathway, which mediates mitophagy. PINK1 and Parkin
proteins, found in MAMs (56), interact with ER-mitochondrial
communication proteins such as Mfn2 (78), promoting ER-
mitochondrial contact and crosstalk. Furthermore, Nogo-B protein
expression is upregulated in carotid/coronary atherosclerotic plaques.
The Nogo-B protein stabilize Mfn2 to underpin ER-mitochondrial
connections and Ca®" flux homeostasis, thereby suppressing
mitochondrial ROS generation during inflammatory responses (64).
Thus, Mfn2, which intersects with multiple pathways, is a central hub
protein in the ER-mitochondrial interaction network in AS.
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4.4 Other factors

Advances in nanotechnology have enabled the use of various
nanoparticles in disease diagnosis, bioimaging, and drug delivery.
However, long-term exposure to nanoparticles can damage
endothelial cells and exacerbate AS. Jiao et al. (79) found that the
mesoporous tantalum oxide nanomaterial PEG@mTa,05
downregulates Bcl-2 and Bax expression. While Bcl-2 family
proteins are linked to ER-mitochondria crosstalk in apoptosis,
whether PEG@mTa,Os5 worsens AS via this crosstalk remains unclear.

Hyperhomocysteinemia (HHCy) contributes to AS progression.
Homocysteine (Hcy) increases ER-mitochondrial coupling and
promotes mitochondrial ROS production, which can disrupt Ca*"
homeostasis and alter membrane potential. This reprograms
mitochondrial metabolism and activates T cells, driving AS
progression through cytokine/chemokine release, immune
responses, and Treg regulation (80). Zn®* homeostasis also
promotes AS progression via ER-mitochondria crosstalk. Treating
cardiomyocytes with Zn>" upregulates ER-mitochondria contact
proteins like PML, ER stress proteins such as GRP78, and
calmodulin (81). Epigenetic regulation studies further suggest that
HHCy promotes AS via ER-mitochondrial crosstalk. Xu et al. (82)
found that HHCy upregulates DNMT1 and increases Mfn2
methylation. Downregulation of Mfn2 in AS plaques drives
abnormal vascular smooth muscle cell proliferation (82).

Excessive ROS generation is associated with several
cardiovascular diseases, including AS. MAMs serve as key hubs
for ROS production. Mitochondrial cytochrome b5, a target of
cytochrome ¢, activates the CYP-dependent monooxygenase
system, thereby increasing ROS production. MAM-resident
proteins (e.g., GRP75, ERO1, SIG-1R, and VDAC) amplify ROS
signals by promoting Ca®* flux and redox reactions, and
exacerbating endothelial cell oxidative damage (83, 84).

ER stress integrates with mitochondrial apoptotic signals via
MAMs and is directly involved in AS pathology. Under stress, ER
stress sensors (PERK and IRE1) dissociate from the chaperone BiP/
GRP78, activating downstream apoptotic pathways (85).
Trimethylamine N-oxide (TMAO), an AS risk factor, induces ER
stress by upregulating GRP78 and promoting the apoptosis of
endothelial and smooth muscle cells (86). MAM dysfunction has
also been linked to the loss of AS plaque stability. Moulis et al. found
that PACS-2 knockout reduces ER-mitochondrial contact sites,
which increased vascular smooth muscle cell (VSMC) apoptosis,
and accelerated late-stage AS plaque instability (87).

Research indicates that age-related cardiovascular diseases,
including AS, are closely related to mitochondrial dysfunction and
abnormal ER-mitochondrial interactions. Specifically, the MAM
protein PACS-2 inhibits apoptosis in vascular endothelial and
smooth muscle cells, promoting age-related AS pathology (87, 88).
Additionally, mtDNA mutations in Mfn2 can impair MAMs
functions such as phospholipid synthesis/transport and calcium
homeostasis, thereby reducing ER-mitochondria contact sites (89).
Similarly, Granatiero et al. (90) observed that the 13514A>G mtDNA
mutation decreased ER-mitochondrial contact sites in MELAS cells
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(primary skin fibroblasts derived from MELAS or Leigh syndrome
patients), accompanied by blocked calcium ion flow and reduced
mitochondrial calcium uptake. However, these mtDNA mutations
have not been confirmed in AS. Given that mitochondrial
dysfunction and mitochondrial DNA mutations are characteristics
of mitochondrial aging, combined with the aforementioned research
findings, does mitochondrial aging promote age-related
atherosclerotic (AS) progression by disrupting ER-mitochondria
crosstalk? This represents a promising avenue for future research.

5 Targeting ER-mitochondria crosstalk
in AS: promising drugs

A number of pharmaceutical reagents target ER-mitochondrial
crosstalk through distinct mechanisms (Figure 3; Table 3),
demonstrating their potential for treating cardiovascular diseases,
including AS.

Some drugs improve AS by inhibiting the Ca** flow between the
ER and mitochondria. Pravastatin reduces ER-mitochondria
interaction sites, inhibiting Ca*" transfer and decreasing foam cell
formation by reducing macrophage uptake of ox-LDL (81).
Noradrenaline downregulates mitochondrial Ca** uptake and ER-
mitochondrial coupling sites in cardiomyocytes (74). The chemical
4-Phenylbutyric acid (4-PBA) reduces ER stress levels, suppresses
PERK activation to maintain Ca®>" homeostasis (91), and prevents
adverse effects caused by excessive Ca?* influx, such as
mitochondrial membrane potential depolarization and increased
ROS production (91-93). Metformin upregulates the expression of
VDACI protein in MAMs (94), thereby preserving mitochondrial
Ca®* homeostasis and reducing ROS generation (95).

Several agents target lipid synthesis to ameliorate AS. Statins
exert their therapeutic effects by inhibiting key enzymes involved in
cholesterol synthesis, such as HMG-CoA reductase, thereby
reducing cholesterol biosynthesis and indirectly suppressing lipid
transport and signaling crosstalk between the ER and mitochondria
(74). This mechanism stabilizes vascular endothelial cell function,
attenuates foam cell formation, and ultimately slows AS progression
(96). Ezetimibe reduces systemic cholesterol levels by inhibiting
intestinal cholesterol absorption, thereby mitigating excessive
cholesterol-induced ER stress and its detrimental effects on
mitochondrial function (97, 98). Yimai granules improve AS by
activating the Pinkl-Mfn2-Parkin pathway via miRNA-125a-5p,
which enhances mitophagy, suppresses proinflammatory factor
release, inhibits vasoconstrictor production (99).

Moreover, emerging data indicate that certain agents can
directly target MAMs to suppress inflammatory responses and are
a platform for NLRP3 inflammasome activation, since reducing ER
stress or MAM formation can inhibit NLRP3 (100). Ferulic acid and
protocatechuic acid upregulate UCP1 in adipose tissue to inhibit the
NLRP3-IL-1f pathway and foam cell formation (101). Atorvastatin
inhibits the activation of the NLRP3 inflammasome, reduces the
release of inflammatory factors, mitigates vascular inflammatory
responses, and thereby suppresses the progression of atherosclerosis
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FIGURE 3

Drugs Targeting ER-Mitochondria Crosstalk in AS. This figure illustrates the signaling exchange between the ER and mitochondria via MAMs contact
sites in an atherosclerotic environment. The ER transfers Ca®* to mitochondria to maintain their function, but Ca®* overload can inhibit
mitochondrial function, reducing ATP and increasing ROS, which triggers apoptosis. Statins stabilize endothelial function by inhibiting a key enzyme
in cholesterol synthesis. Various drugs (e.g., pravastatin, atorvastatin, 4-PBA) target ER-mitochondria crosstalk to improve calcium ion flow, maintain
mitochondrial function, reduce inflammation, and decrease foam cell formation, thereby improving AS. Traditional Chinese medicine components,
such as curcumin and resveratrol, modulate key proteins (e.g., OPA1, MFN2) to influence mitochondrial function and show therapeutic potential. The
structures and molecules in the figure represent the targets of AS drugs that act on ER-mitochondria crosstalk. The gray structure at the top
represents the ER, the pink structure at the bottom represents the mitochondrion, and the gray-pink area between them represents the MAMs. The
meanings of the various arrows are labeled in the legend in the top right corner of the figure. The main structural molecules are described as
follows: UCP1: Uncoupling protein 1; ROS: Reactive oxygen species; OPAL: Optic atrophy protein 1; NLRP3: NOD-like receptor pyrin domain-
containing protein 3; VDAC: Voltage-dependent anion channel; HK1: Hexokinase 1; PERK: Protein kinase R-like ER kinase; PKA: Protein kinase A;
RSV: Resveratrol; ERS: Endoplasmic reticulum stress; GRP75: Glucose-regulated protein 75; IP3R: Inositol 1,4,5-trisphosphate receptor; 4-PBA: 4-

phenylbutyric acid. The image is created with Figdraw.

(102, 103). Clopidogrel delays the progression of atherosclerotic
lesions by inhibiting the activation of the NLRP3-IL-1f
inflammatory pathway (104, 105).

Specific herbal formulas and active components of traditional
Chinese medicine (TCM) can also ameliorate AS by targeting the
ER-mitochondrial crosstalk. Curcumin improves AS by modulating
the expression OPAI1, bidirectionally regulating mitochondrial
function, thereby influencing the proliferation and migration of
vascular endothelial cells (106). Additionally, curcumin acts on the
NF-kB signaling pathway (107) by inhibiting the propagation of
inflammatory signals to the mitochondria, reducing oxidative stress
damage, stabilizing intracellular homeostasis, and lowering the risk
of cardiovascular diseases and AS (108). Cordycepin (CE)-
WIB801C suppresses AS progression via cAMP-dependent
protein kinase (PKA)-mediated phosphorylation of the inositol
trisphosphate receptor (IP3R) on MAMs, thereby inhibiting
intracellular calcium mobilization ([Ca®*]i) (109). Resveratrol
(RSV) upregulates the expression of Mfnl and Mfn2 in MAMs
(110), stabilizing mitochondrial dynamics and improving
mitochondrial function. Mfn2, a key protein promoting ER-
mitochondrial communication, modulates inter-organelle
signaling crosstalk through its expression levels (6). Taken
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together, it appears that these TCM components target key MAM
proteins such as OPAI, IP3R, Mfnl, and Mfn2.

6 Discussion

The ER and mitochondria exert profound effects on various
physiological processes within cells through complex molecular
mechanisms. However, crosstalk between the two organelles plays
an even more critical role in maintaining lipid and calcium
homeostasis, promoting inflammatory responses, and apoptosis.
Exploring the ER-mitochondria crosstalk in the context of AS not
only deepens our understanding of the pathophysiology of the
disease, but also shifts the research focus from isolated organelles to
their dynamic interactions, providing new insights for
future studies.

Although research on ERMES-related proteins as biomarkers for
AS remains limited, mtDNA abnormalities have been established as
effective molecular markers for AS (111). Studies indicate that
dysfunctional ERMES can induce excessive mitochondrial fission
(e.g., Drpl-dependent fission), compromising mitochondrial
membrane integrity and significantly increasing the risk of mtDNA
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TABLE 3 Drugs Targeting ER-Mitochondria Crosstalk in AS.

Therapeutic Mechanism

10.3389/fendo.2025.1573499

Category

References

Pravastatin reverses changes in ER-mitochondria contact points, restoring ER-mitochondria

Pravastatin interactions. It also reduces the uptake of oxidized low-density lipoprotein (ox-LDL), decreases foam Statins (74)
cell formation, and alleviates AS progression by reducing oxidative stress and inflammatory responses.
LPBA 4-PBA enhances pllaque stability, inhibits oxidati-ve stress and apoptosis, 1?edAuces -the expression of ER ER Stress Inhibitor | (91, 92, 135)
stress-related proteins, and enhances the expression of the CLOCK protein in mice.
. When used in combination with magnesium hydroxide, it enhances lipid-lowering effects and is used .
Atorvastatin L. X K Statins (102)
as a high-intensity statin to reduce LDL-C.
Cholesterol
. Inhibits Niemann-Pick C1-like 1 protein, blocking the mammalian target of rapamycin pathway and o'es e}ro
Ezetimibe inducing apoptosis Absorption (97)
ucing apoptosis. Inhibitor
Binds to the VDACI target, i i diti h as diabetes, COVID-19, , e
Metformin inds to the PACI arge 1mpr071mg conditions such as diabetes. cancer, Antidiabetic Agent | (94)
neurodegenerative diseases, and aging.
Nonsteroidal Anti-
Ferulic Acid, Upregulates UCP1 in adipose tissue, inhibiting the NLRP3-IL-1f inflammatory pathway and foam cell | onsteroidal Antt
. . . inflammatory (101)
Protocatechuic Acid formation in AS plaques.
Drugs
Reduces the activation of the NLRP3-IL-1B inflammatory pathway, thereby delaying the progression of .
Clopidogrel W i V, ! Bi Ty pathway, Y ying progresst Antiplatelet Drug (104, 105)
atherosclerotic lesions.
Regulates OPA1 protein expression to modulate mitochondrial function, affecting the proliferation and
. migration of vascular endothelial cells. It also acts on the NF-kB signaling pathway, inhibiting the Polyphenolic
Curcumin . X i i K . o . (106-108)
transmission of inflammatory signals to mitochondria, reducing oxidative stress, and stabilizing Compound
intracellular homeostasis to improve cardiovascular diseases and atherosclerosis.
Antiplatelet,
N tective,

. Phosphorylates IP3R proteins on MAMs in a cAMP/A-kinase-dependent manner, inhibiting the euAropro ective
Cordycepin-WIB801C L R ) pers . Anti- (109)
mobilization of intracellular calcium levels ([Ca®*]i) to treat and prevent atherosclerosis. i

inflammatory,
Immunomodulator
Resveratrol Alleviates oxidative stress and inflammation, enhances metabolic capacity, increases NO production, Polyphenolic ©, 110)
Vv >
inhibits VSMC proliferation, and promotes autophagy to reduce atherosclerosis. Compound
. Clears reactive oxygen species (ROS), alleviates ER stress and mitochondrial damage, and improves L
N-Acetylcyst: Antioxidant 136
cetyleysteine the function of vascular smooth muscle cells (VSMCs). ntioxidan (136)
Mitochondrial Calci
alcium
Calcium Inhibits mitochondrial calcium uptake, reducing mitochondrial dysfunction and cell proliferation. (136)
. . Ton Regulator
Uniporter Inhibitor
. A mitochondrial-derived peptide that protects cells from oxidative stress and ER stress-induced Mitochondrial
Humanin (137)
cell death. Protectant
. . . . . . . . . . Small
. Inhibits the mitochondrial fission protein DRP1, regulating mitochondrial dynamics and preventing
mdivi-1 K . i i > Molecule (139)
phenotypic transitions in VSMCs to alleviate atherosclerosis.
Regulator
. SIRT1, a deacetylase, modulates mitochondrial function and antioxidant responses, alleviating ER and = Metabolic
SIRT1 Activator i K (138)
mitochondrial stress. Regulator
T ds holi Chemical
Ai;lgourso COXYROUE 1 Alleviates ER stress, providing potential protection against atherosclerosis. Ch:;:rc(?ne (135)

leakage into the cytoplasm (112). Moreover, mitochondrial dynamic
disorders reduce oxidative phosphorylation efficiency, leading to
decreased ATP synthesis and reactive oxygen species (ROS)
accumulation, further increasing the risk of mtDNA leakage (113).
In clinical translation, the peripheral blood cell mitochondrial DNA
copy number, owing to its high sensitivity and accessibility, has
emerged as a promising indicator for early screening and risk
assessment of AS (114). Whole-genome sequencing technology can
precisely quantify fluctuations in mtDNA-CN, and its abnormal
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reduction has been linked to plaque instability and increased risk
of cardiovascular events (111). Thus, molecules downstream of
MAMs (e.g., mtDNA) show promise for transitioning from basic
research to clinical applications. Future studies should investigate the
potential of MAM-related proteins as biomarkers and explore the
dynamic regulatory strategies targeting MAMs to disrupt the
AS cycle.

The current clinical management of AS primarily relies on
pharmacological and interventional therapies. Statins are commonly
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used lipid-lowering drugs that reduce blood cholesterol levels, stabilize
plaques, and reduce the risk of cardiovascular events. Other
medications, such as metformin and ezetimibe, also act through
distinct mechanisms. Interventional therapies such as coronary
artery stenting (115) and carotid endarterectomy (116), directly
address vascular stenosis or occlusion and restore blood flow.
However, these approaches carry risks including drug resistance,
intolerance, side effects, and post-procedural complications such as
restenosis and thrombosis (117).

Given these challenges, there is an urgent need to address the
limitations of the existing therapies and explore novel approaches.
The precise regulation of the ER-mitochondrial crosstalk in AS
offers a new perspective. Key questions include ensuring therapeutic
efficacy, enhancing safety, and identifying more effective and safer
treatment strategies. To achieve this, further elucidation of the
molecular mechanisms underlying the ER-mitochondrial crosstalk
in AS, as well as the functions and interactions of specific MAMs
proteins, is required. Identifying potential drug targets within
MAMs and understanding the precise regulation of calcium
signaling and lipid transport-related molecules will provide a
robust foundation for drug design. Additionally, exploring the
unique advantages and targets of TCM and its active components
in modulating ER-mitochondrial crosstalk, combined with modern
biotechnology, may unlock novel therapeutic potential. This may
lead to the development of multi-target and highly efficacious anti-
AS drugs. Moreover, the development of nanotechnology-based
drug delivery systems could further enhance the targeted drug
delivery to AS lesions. In summary, in-depth research on ER-
mitochondria crosstalk in AS holds promise for revolutionizing
cardiovascular disease prevention and treatment, addressing
current diagnostic and therapeutic gaps, and offering safer and
more effective strategies for patients with AS.
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