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Abstract: Lysosomes in mammalian cells are recognized as key digestive organelles, con-
taining a variety of hydrolytic enzymes that enable the processing of both endogenous
and exogenous substrates. These organelles digest various macromolecules and recycle
them through the autophagy–lysosomal system. Recent research has expanded our un-
derstanding of lysosomes, identifying them not only as centers of degradation but also as
crucial regulators of nutrient sensing, immunity, secretion, and other vital cellular functions.
The lysosomal pathway plays a significant role in vascular regulation and is implicated in
diseases such as atherosclerosis. During atherosclerotic plaque formation, macrophages
initially engulf large quantities of lipoproteins, triggering pathogenic responses that include
lysosomal dysfunction, foam cell formation, and subsequent atherosclerosis development.
Lysosomal dysfunction, along with the inefficient degradation of apoptotic cells and the
accumulation of modified low-density lipoproteins, negatively impacts atherosclerotic
lesion progression. Recent studies have highlighted that lysosomal dysfunction contributes
critically to atherosclerosis in a cell- and stage-specific manner. In this review, we discuss
the mechanisms of lysosomal biogenesis and its regulatory role in atherosclerotic lesions.
Based on these lysosomal functions, we propose that targeting lysosomes could offer a
novel therapeutic approach for atherosclerosis, shedding light on the connection between
lysosomal dysfunction and disease progression while offering new insights into potential
anti-atherosclerotic strategies.

Keywords: lysosomes; autophagy; macrophages; smooth muscle cells; endothelial
cells; atherosclerosis

1. Introduction
In 1974, Christian de Duve was awarded the Nobel Prize for his discovery of an acidic

organelle, the lysosome [1,2]. His research, which involved a cholesterol-rich diet, revealed
that arterial cells can transform into foam cells due to lysosomal dysfunction, impairing
the cells’ ability to process lipoproteins [2]. Lysosomes, often referred to as the digestive
organs of cells, are essential for recycling intracellular waste products. Recent studies have
expanded our understanding of lysosomes, highlighting their roles not only in degradation
but also in secretion, immune responses, and nutrient sensing [3,4]. Lysosomes and their
associated signaling pathways are pivotal in various physiological processes and play
significant roles in the progression of diseases, including atherosclerosis [5,6].
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Atherosclerosis predominantly affects large and medium-sized arteries in inflam-
matory and metabolic disorders [7,8]. The hallmark of this disease is the formation of
atherosclerotic plaques, which result from the excessive deposition of lipids in the arterial
walls [9,10]. In the early stages of atherosclerosis, various risk factors induce vascular wall
damage, leading to endothelial dysfunction [11]. Mononuclear cells then penetrate the
endothelium, accumulating and differentiating into macrophages. Disruptions in arterial
lipid metabolism promote the transformation of macrophages into foam cells, exacerbating
the inflammatory response and triggering apoptosis [12,13]. As atherosclerosis progresses,
VSMCs undergo phenotypic changes, proliferate, and migrate, all of which contribute to
plaque formation [14]. Additionally, VSMCs can transform into foam cells by engulfing
large quantities of oxLDL in atherosclerotic plaques [15].

During the formation of atherosclerotic plaques, macrophages and VSMCs engulf
excessive lipoproteins, triggering a pathogenic response that leads to lysosomal dysfunc-
tion. As a result, these cells transform into foam cells, contributing to the development
of atherosclerosis [13,16]. Lysosomes are tasked with processing the large quantities of
lipoproteins taken up by foam cells and the increasing number of apoptotic cells. In ad-
dition, lysosomes serve as nutrient-sensing centers, playing a crucial role in regulating
cellular metabolism [13]. Functional defects in lysosomes, which lead to the accumulation
of macromolecules, can result in cellular damage [17]. Thus, lysosomal dysfunction, follow-
ing the excessive uptake of modified LDL, becomes an inevitable feature of atherosclerotic
lesions [12,13]. The factors and mechanisms underlying atherosclerosis are complex and
require further investigation. Therefore, understanding the intrinsic mechanisms of plaque
formation is essential for developing more targeted therapeutic strategies for atherosclerosis
in the future.

In this review, we explore lysosome biogenesis, the development of atherosclerotic
lesions, and the critical role of lysosomes in atherosclerosis. We also propose new thera-
peutic strategies targeting lysosomes for the treatment of atherosclerosis. These insights
offer a deeper understanding of vascular pathobiology, elucidate the relationship between
lysosomal function and atherosclerosis, and pave the way for the development of more
effective treatments for vascular diseases.

2. Lysosomal Biogenesis and Functions
Lysosomes are membrane-bound organelles composed of an acidic interior enclosed

by a phospholipid bilayer. Within the cavity, numerous acidic hydrolases catalyze hydrol-
ysis reactions, breaking down biopolymers such as carbohydrates and lipids [18]. These
hydrolases, like other proteins, are synthesized in the ER and undergo modification in the
Golgi apparatus. Hydrolases labeled with M6P are then specifically transported to the
lysosomes [13,19].

Lysosome biosynthesis involves the coordination of endocytosis and biosynthetic
pathways. Late endosomes and vesicles derived from the Golgi apparatus fuse to form new
lysosomes (Figure 1). Newly synthesized lysosomal hydrolases are directed to lysosomes
through two main pathways: direct transport via M6P receptor-mediated mechanisms [19]
or indirect transport via the plasma membrane followed by endocytosis [20]. For exam-
ple, hydrolases are modified by oligosaccharide transferases and GlcNAc-1-phosphate
transferases to add M6P residues [21]. At a pH of 6.7, the M6P-labeled proteins bind to
M6P receptors in the Golgi complex, and, at pH 6.0, these proteins are released into endo-
somes [22]. Vesicles containing these hydrolases bud off from the Golgi apparatus, undergo
membrane fusion and fission, and ultimately associate with late endosomes, maturing into
lysosomes [3,4]. In addition to M6P receptors, two other sorting receptors sortilins and
LIMP-2 have been identified for recognizing and directing M6P-labeled proteins [23].
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Lysosomal biogenesis is tightly regulated to maintain cellular homeostasis. Current
research indicates that their biosynthesis is regulated by the TFEB [24,25], a member of
the MiT/TFE family, which contains adjacent basic helix–loop–helix and leucine zipper
domains. TFEB was originally cloned from a B lymphocyte cDNA library [26]. Through
bioinformatics, Sardiello et al. identified common DNA sequences in the promoters of
96 lysosomal genes, known as CLEAR motifs [27]. TFEB is the key transcription factor
that controls lysosomal biosynthesis by positively regulating genes within the CLEAR net-
work [27]. TFEB can be phosphorylated by various kinases, such as mTORC1 [28], ERK [29],
MAP4K3 [30], and PKB [31]. The phosphorylation of TFEB inhibits its translocation to the
nucleus. The dephosphorylation of TFEB by calmodulin phosphatase calcineurin [32] and
PP2A [33] enables its nuclear entry, where it regulates the transcription of target genes,
including those in the CLEAR network, which are involved in lysosomal structure and
function [34]. The CLEAR motif is a cis-regulatory DNA sequence found in the promoter
regions of genes involved in lysosomal biogenesis, autophagy, and other cellular clearance
processes [27]. It is characterized by a conserved consensus sequence (GTCACGTGAC)
that serves as a binding site for the transcription factor TFEB [27]. The CLEAR network
plays a critical role in cellular homeostasis and is tightly regulated by intracellular signaling
pathways [34].

The primary function of lysosomes is to degrade and recycle extracellular substances
through endocytosis, pinocytosis, and phagocytosis [35]. They also degrade and recover
intracellular components via autophagy (Figure 1). Lysosomes eliminate foreign pathogens
through phagocytosis, prevent pathogens from entering cells via endocytosis, and utilize
hydrolytic enzymes to kill various pathogens in an oxygen-independent manner [36]. In
addition to phagocytosis, lysosomes play a critical role in the breakdown of intracellular
substrates via autophagy, thus maintaining intracellular homeostasis [24]. This autophagic
process involves the formation of autophagy–lysosome complexes [37]. Previous research
has shown that molecules like NAADP, ceramide, and cytoplasmic Ca2+ levels regulate
lysosomal transport and fusion [38–40]. Importantly, lysosomes are not only involved in
recycling cellular components but also serve as key signaling centers, capable of sensing
and integrating changes in the external environment [35]. The metabolic state of the
cell is conveyed through the MiT/TFE pathway, which governs lysosomal biogenesis,
autophagy, and exocytosis [41]. Lysosomal function requires two types of proteins: soluble
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lysosomal hydrolases and intact LMP [42]. Moreover, lysosomal exocytosis occurs in a
Ca2+/SYT7-dependent manner.

Additionally, lysosomes contribute to cell membrane repair through their phospho-
lipid bilayer, which is composed of phosphatidylcholine, phosphatidylglycerol, and sph-
ingomyelin [43]. These phospholipid molecules exhibit amphiphilic properties, enabling
the lysosomal membrane to separate the cytoplasm from the lysosomal environment [44].
Lysosomal membranes are enriched with diverse proteins, which can be categorized into
two functional groups. The first group comprises proteins involved in enzymatic activity
and ion exchange within lysosomes, such as ATPase and H+ transporters [43–46]. The
second group includes proteins associated with cell signaling and the recognition of exter-
nal molecules, such as receptor proteins and transporters [46]. These proteins enable the
lysosomal membrane to mediate material transport and signal transduction.

Decreased lipase activity in premature atherosclerosis exemplifies the close relation-
ship between lysosomal dysfunction and cardiovascular pathogenesis [47]. Zhang et al.
demonstrated that lysosomes are pivotal in atherosclerosis, particularly in regulating cell
metabolism and the inflammatory response [48]. Skeeni et al. highlighted that cholesterol
accumulation in lysosomes is strongly associated with inflammation, thereby promoting
the development of atherosclerosis [49]. In summary, lysosomal dysfunction is strongly
linked to the development of atherosclerosis.

3. The Pathogenesis of Atherosclerosis
Atherosclerosis serves as the underlying cause of various cardiovascular pathologies

and is a leading contributor to mortality [50]. The onset and progression of atheroscle-
rosis involve the interaction of multiple mechanisms. These mechanisms determine the
cytokines and cellular components (Figure 2A), such as ECs, VSMCs, and macrophages,
that participate in the process [51,52]. Atherosclerotic lesions are characterized by the accu-
mulation and transformation of lipids, inflammatory cells, VSMCs, and necrotic cell debris
in the intimal layer beneath the endothelial monolayer of the vessel lining. These lesions
typically progress through three stages: fatty streak development, early atherosclerotic
lesion formation, and advanced atherosclerotic lesion progression [52,53].

In the early stages of atherosclerosis (Figure 2B), the vascular wall is subjected to
various stimuli that result in endothelial injury and dysfunction [11]. Mononuclear cells
then penetrate the damaged endothelium, accumulate in the subendothelial space, and
differentiate into macrophages. Due to OS, lipoproteins undergo oxidation, forming oxLDL.
Monocytes penetrate the endothelium capture and modify circulating lipoprotein particles,
marking the first detectable changes in atherosclerotic lesion development [54]. During
plaque formation, macrophages become activated, upregulate scavenger receptors, and
begin to uptake modified lipoprotein particles. The phagocytosis of these cholesterol-laden
particles leads to the transformation of macrophages into foam cells. The accumulation
of foam cells is characteristic of fatty streak lesions, which gradually progress into more
advanced fibro-lipidic plaques [55]. Lipid metabolic disorders exacerbate foam cell forma-
tion and the inflammatory response [9]. Hence, the interplay between oxidative stress and
inflammation is pivotal in the development of atherosclerosis.

During the early stages of atherosclerotic plaque formation (Figure 2C), VSMCs un-
dergo phenotypic transformation, proliferation, and migration in response to vascular
injury [14]. Stimulatory signals released by inflammatory cells trigger the translocation of
VSMCs from the media to the intima of the arterial wall. Upon migration, VSMCs lose their
contractile phenotype and adopt a synthetic phenotype. These migrating VSMCs prolif-
erate and synthesize abnormal ECM proteins, thereby contributing to plaque formation
through the establishment of fibrous caps [56]. Dedifferentiated VSMCs also express and
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produce cytokines that are involved in cell adhesion and inflammation [57], and they serve
as a significant source of foam cells in atherosclerotic plaques [15].
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Figure 2. The pathological changes in atherosclerosis. (A) The progression of atherosclerosis. (B) The
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During the process of advanced atherosclerosis (Figure 2D), foam cells undergo de-
generation, resulting in the formation of a necrotic core composed of cellular debris and
cholesterol [6]. Simultaneously, calcification occurs in the intima or media of the artery.
Plaque instability and rupture, which are key events in the progression of arterial lesions,
are primarily associated with the abnormal activation of MMPs, enzymes that play a critical
role in cell migration and ECM degradation [58]. When intravascular lesions rupture
or endothelial cells collapse, these events can trigger thrombosis, potentially leading to
myocardial infarction or cerebral infarction. In the absence of significant remodeling,
atherosclerotic plaques often result in substantial arterial stenosis, restricting blood flow
and ultimately causing tissue ischemia [59].

4. Lysosome Functions in Vascular Cells of Atherosclerosis
Atherosclerosis involves multifactorial mechanisms and multiple cell types, including

immune cells, ECs, and VSMCs (Figure 2). In addition, the autophagy lysosomal pathway
plays distinct roles in different cell types during atherosclerosis.

4.1. Lysosome Functions in Endothelial Cells

ECs form a natural barrier to the vasculature, and healthy ECs are essential for vascular
structure and function [60], thus ensuring the homeostasis of the arterial intima (Figure 3).
Various factors can cause EC damage, triggering the expression of multiple effectors and
weakening the endothelial barrier, which serves as an early step in the development
of atherosclerosis [61]. During endothelial injury (Figure 3), LDL-C enters the intima,
where it accumulates and is subsequently converted into oxLDL through oxidation in the
endothelium [62].
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In ECs, oxLDL induces autophagy as a protective response [63]. Upon absorption,
oxLDL is transported to autophagolysosomes for degradation. This process is triggered by
ER stress caused by oxLDL [63]. Other atherosclerotic factors also activate autophagy in
ECs, helping prevent endothelial damage [58]. Shear stress resulting from increased blood
flow further stimulates autophagy in ECs within the vessel wall [64]. Moreover, palmitic
acid induces PINK1-Parkin-mediated mitophagy in ECs, maintaining mitochondrial quality
control and preventing endothelial damage [65]. Beyond regulating EC survival, autophagy
may play additional roles [66]. Two independent studies have demonstrated that activat-
ing endothelial autophagy limits atherosclerotic plaque formation, whereas defects in
endothelial autophagy promote plaque development [64].

These findings suggest that autophagy protects ECs from lipid oxidation, metabolic stress,
and inflammation in the early stages of atherosclerosis, thereby inhibiting its progression [67].

4.2. Lysosome Functions in Smooth Muscle Cells

In blood vessels, VSMCs are located in the inner layer of the vessel wall, which play a
crucial role in the development of atherosclerosis by promoting neointimal formation [68].
When exposed to chemokines such as CXCL10 and MMPs, VSMCs proliferate abnormally,
migrate to the intimal layer of the vessel wall, and undergo a phenotypic transformation
into a synthetic phenotype, resulting in a loss of contractile function [69]. In addition
to regulating VSMC survival, the autophagy–lysosomal pathway also influences VSMC
phenotype and function (Figure 4). Indeed, defects in autophagy in VSMCs can promote
their proliferation and migration, thereby contributing to the progression of atheroscle-
rotic plaques [70]. The autophagy–lysosomal pathway is also directly involved in VSMC
differentiation. For instance, the P2RY12 receptor inhibits autophagy and promotes the
transformation of VSMCs into foam cells by activating the PI3K/Akt/mTOR signaling path-
way [71]. This finding parallels observations in macrophages, where reduced autophagic
flux impairs lipid clearance during foam cell differentiation [72].

Atherosclerotic plaque formation and ECM deposition are the primary contributors
to the pathological thickening of the early atherosclerotic intima. Intimal VSMCs play a
critical role in maintaining collagen levels in the fibrous cap and ensuring the stability of
atherosclerotic plaques, which helps prevent plaque rupture [69]. Defective autophagy can
enhance VSMC cell death and calcification, leading to plaque instability and rupture [73].
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As atherosclerosis progresses, the fibroproliferative responses of intimal VSMCs contribute
to the healing and repair of arterial injury. However, with prolonged atherogenic stim-
ulation, this repair process becomes dominant, resulting in ECM accumulation, luminal
narrowing, reduced blood flow, and ischemia [74].
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Additionally, even in the absence of abundant lipids in the blood, VSMCs can still
internalize oxLDL which induces apoptosis and results in the release of free cholesterol [75].

4.3. Lysosome Functions in Macrophage

Macrophages play a critical role in the development of atherosclerosis. In the early
stages of the disease, adhesion factors and chemokines trigger the adhesion and migra-
tion of monocytes into the subendothelial layer of the vessel wall [76]. Once there, they
differentiate into macrophages in response to M-CSF and GM-CSF stimulation [77]. M1
macrophages secrete pro-inflammatory cytokines [78], while M2 macrophages release
anti-atherosclerotic cytokines [79].

Macrophages are not only a primary source of oxidative stress in atherosclerosis,
but they can also regulate or be influenced by extracellular oxidative stress [4]. Nox is
the main source of oxidative stress in macrophages, and Nox-derived ROS play a critical
role in monocyte differentiation [80]. Additionally, mitochondria significantly contribute
to oxidative stress in macrophages [81]. Both Nox-derived and mitochondrial ROS are
involved in vascular inflammation and the formation of atherosclerotic plaques [82,83].
Macrophage-related inflammation persists throughout the progression of atherosclero-
sis [84]. Key signaling pathways, including inflammasome, MAPK, PI3K/AKT, TLR, and
NF-κB, are heavily involved in this process [53,85]. Recent studies have shown that the
autophagy–lysosomal pathway in macrophages can mitigate oxidative stress and inflam-
mation [86].

During the development of atherosclerosis, macrophage scavenger receptors (SRs)
recognize and internalize oxLDL through endocytosis, leading to the formation of lipid-rich
foam cells (Figure 5). Functional lysosomes in macrophages are essential for the efficient
clearance of endocytic substances and preventing atherosclerotic plaque formation. Foam
cells, which are a major component of plaques, exhibit impaired autophagy–lysosomal
pathways, which are linked to increased oxidative stress and ER stress [87]. Deficiencies
in lysosome-dependent endocytic signaling in macrophages inhibit the reverse transport
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of intracellular cholesterol, leading to cholesterol retention within the cells [88,89]. Under
appropriate conditions, macrophages can perform reverse cholesterol transport [58,90,91].
CD36 has been shown to regulate lysosomal Ca2+ signaling and the trafficking and fusion
of autophagosomes with lysosomes [92].
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Additionally, impaired endocytosis can lead to the release of intracellular contents,
such as thrombotic factors, that destabilize plaques, stimulate angiogenesis, and ultimately
exacerbate atherosclerosis [93].

4.4. Lysosome Functions in Stem/Progenitor Cells

Stem/progenitor cells in vascular tissues possess the ability to differentiate into various
vascular cell types [94,95], offering therapeutic potential for atherosclerosis treatment [96].
Oxidative stress plays a critical role in the development of atherosclerosis, and ROS are
involved in promoting stem cell differentiation into SMCs. This process is particularly
significant for neointimal formation and plaque stability after angioplasty [97–99]. Xiao
et al. demonstrated that H2O2, derived from Nox4, promotes the differentiation of stem
cells into SMCs, while silencing Nox4 inhibits this differentiation. The prolonged activation
of Nox4 enhances SMC differentiation and upregulates SMC markers [97]. Nox4-derived
H2O2 also triggers the phosphorylation and nuclear translocation of SRF [98]. SRF binds to
the CArG element and recruits myocardin, forming the SRF/myocardin complex (Figure 6),
which regulates Nox4-mediated differentiation [99].

Furthermore, Nrf3 is a crucial factor in regulating SMC differentiation by controlling
ROS production. Pepe et al. demonstrated that Nrf3 is essential for the differentiation of
stem cells into SMCs [100]. During the early stages of differentiation, Nrf3 in the ER may
directly participate in the formation of the SRF/myocardin complex [100]. Simultaneously,
cytoplasmic Nrf3 can induce Nox4-mediated ROS production, further triggering differenti-
ation (Figure 6). Therefore, the Nox4/Nrf3-mediated signaling pathway jointly regulates
stem cell differentiation into SMCs and influences neointima formation and plaque stability.
In addition to oxidative stress, growth factors and cytokines also play a role in regulat-
ing SMC differentiation [101,102]. Previous studies have indicated that activation of the
autophagy–lysosomal pathway enhances the proliferative capacity of stem cells, and an
efficient autophagy–lysosomal pathway is crucial for mitigating stem cell exhaustion and
promoting tissue repair [103,104].
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The relationship between progenitor/stem cells and lysosomal function in atheroscle-
rosis represents a complex area of study, encompassing diverse biological processes and
their intricate interactions. Bautch and Tao et al. demonstrated that progenitor/stem cells
are crucial for vascular repair after injury and play a vital role in maintaining arterial
homeostasis and functionality. These cells not only contribute to vascular regeneration and
repair but also modulate immune-related cellular functions [105]. Bonacina et al. identified
immune metabolic reprogramming in atherosclerosis and explored the role of lysosomes in
regulating immune responses and stem cell functionality [106]. Seijkens et al. highlighted
the therapeutic potential of endothelial progenitor cells, a subpopulation of stem cells,
for cardiovascular diseases owing to their self-renewal and differentiation capabilities.
These cells are pivotal in vascular regeneration and repair, particularly in the context of
atherosclerosis [107].

4.5. Lysosome Functions in Lymphocyte Cells

Lymphocytes are intricately involved in the pathogenesis of atherosclerosis [108]. A
comprehensive understanding of these cells offers insights into the fundamental mecha-
nisms of atherosclerosis and suggests novel therapeutic approaches. Razeghian-Jahromi
et al. demonstrated that macrophages play a dominant role in atherosclerosis, while other
immune cells, including T and B lymphocytes, significantly contribute to the regulation of
lesions [109].

T lymphocytes recognize and respond to oxLDL, accumulating within atheroscle-
rotic plaques [110,111]. At various stages of atherosclerosis, T cell subsets such as Th1,
Th2, and regulatory T cells exert distinct effects on disease progression [112]. Campbell
et al. demonstrated that T lymphocytes contribute to both the onset and progression of
atherosclerosis [110]. Similarly, Engelen et al. found that T lymphocytes from human
atherosclerotic plaques can recognize oxLDL, highlighting their potential involvement in
lipid metabolism [111].

Research on the role of B lymphocytes in atherosclerosis remains limited. These cells
influence atherosclerosis through antibody production and cytokine secretion [108]. Vari-
ous B lymphocyte subsets have distinct roles in regulating inflammatory responses and
lipid metabolism, which is crucial for understanding the immune mechanisms underlying
atherosclerosis [112]. Hedrick et al. identified the role of B lymphocytes in atheroscle-
rosis [108] while Pattarabanjird et al. highlighted B lymphocytes as key regulators of
atherosclerosis [112].



Cells 2025, 14, 183 10 of 26

During atherosclerotic lesions, immune cell interactions are pivotal (Figure 7). Lym-
phocytes interact with other immune cells, including macrophages, to establish a complex
immune milieu [109,111]. These interactions influence plaque stability and progression
and modulate systemic inflammation, ultimately impacting cardiovascular health [57].
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The multiple functions of lymphocytes in atherosclerosis rely on proper lysosomal
function, which significantly impacts the disease by regulating immune cell metabolism
and inflammatory responses [106]. Vellasamy et al. reported that lymphocyte impairment is
influenced not only by intrinsic cellular activity but also by lysosomal integrity. Lysosomal
dysfunction can disrupt lymphocyte balance in atherosclerosis pathology [113]. Zhang
et al. demonstrated that lysosomal dysfunction partially mediates cytokine secretion in
macrophages via the inflammasome, subsequently altering lymphocyte activity and func-
tion, and contributing to abnormal immune responses in both atherosclerosis and Gaucher
disease [48]. Marques et al. highlighted that lymphocytes rely on intact lysosomal function
during atherosclerosis progression, particularly for damaged cell clearance and inflamma-
tory response regulation [114]. Skeyni et al. found that lymphocyte lipid metabolism is
intricately linked to lysosomal function, influencing their adaptation to the pathological
environment in atherosclerosis [49].

5. Impact of Lysosome Functions on the Development of Atherosclerosis
Lysosomes, as lipid-degrading organelles, play a pivotal role in the initiation and

progression of atherosclerotic disease. Hence, an in-depth understanding of lysosome-
related mechanisms could facilitate the development of novel lysosome-targeted therapies
for atherosclerosis.

5.1. Endothelial Injury

Lysosomes regulate EC functions through crosstalk with LR redox signaling in the
cell membrane, potentially leading to EC damage under pathological conditions [115]. LRs
are sphingolipid- and cholesterol-enriched membrane microdomains that act as signaling
platforms to transmit redox signals (Figure 8). Various agonists, such as FasL, promote
LR clustering, which facilitates the formation and activation of redox signaling complexes
within LR clusters in ECs [116]. The aggregation of Nox subunits is a critical step in
activating redox signaling complexes in ECs [115,116]. Many receptors facilitate signaling
complex formation by binding to agonists, thereby promoting the development of LR
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signaling platforms. For instance, polychlorinated biphenyls induce Nox/JAK/EGFR
signaling, enhancing immune cell adhesion to the EC layer [117]. In contrast, HDL inhibits
Nox by preventing the assembly of Nox subunits in LRs, demonstrating its protective role
in the vascular system [118].
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Figure 8. Contribution of ASMase to the LR signalosome and endothelial injury. P47phox is a
protein that helps activate the NADPH oxidase enzyme system. Nox: NADPH oxidase. Created
with BioRender.com.

Lysosomal dysfunction is harmful and constitutes a hallmark of numerous CVDs [119].
Under pathological stimuli, lysosomes rapidly traffic to and fuse with the cell membrane,
triggering localized secretion of ASMase [120]. ASMase hydrolyzes membrane sphin-
gomyelin into ceramide, facilitating LR clustering and the formation of LR redox signaling
platforms [121]. The activation of the lysosomal ASMase–ceramide pathway contributes to
LR redox signaling induced by agonists, such as FasL-stimulated O2·- [122]. Nox-derived
O2·- plays a role in vascular regulation, but its excessive production damages ECs and
promotes atherosclerosis [123]. An increase in lysosomal ASMase activation, driven by
ROS, is a pivotal factor in LR-Nox signaling. The formation of ASMase dimers, mediated
by modifications to free C-terminal cysteine residues, is essential for enhancing ASMase
activity and promoting LR platform formation [27]. The selective activation of lysosomal
ASMase enhances lysosomal trafficking and fusion within the LR regions of the endothelial
cytoplasmic membrane [124]. Peng et al. indicated that during hypercholesterolemia,
the ASMase–ceramide pathway is critical for LR signalosome assembly and activation,
contributing to endothelial NLRP3 inflammasome formation, endothelial dysfunction,
inflammation, and subsequent atherosclerosis [125].

Additionally, lysosomal membrane destruction is critical in atherosclerotic develop-
ment, potentially triggered by excessive ROS, leading to lysosomal compartment alter-
ations [43,46].

5.2. Inflammasome Activation

Atherosclerosis is characterized by the delicate balance between inflammation and
regression. The activation of the innate immune system triggers inflammation under
pathological conditions and facilitates cardiovascular system remodeling [126]. The NLRP3
inflammasome plays a critical role in the release of mature IL-1β, a key factor in the
progression of atherosclerosis (Figure 9). Silencing the NLRP3 inflammasome contributes
to the stabilization of atherosclerotic plaques [127].
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The NLRP3 inflammasome is predominantly activated in atherosclerosis by oxLDL [128].
Macrophages ingest oxLDL via scavenger receptor CD36, inducing TLR4/TLR6 heterodimer
formation and enhancing NF-κB signaling [129,130]. ROS, derived from Nox activity and
mitochondrial dysfunction, also activate NLRP3 inflammasomes [131]. Early atherosclerosis
is initiated by vascular endothelial injury, where endothelial NO plays a crucial role in
maintaining vascular integrity. Subsequently, ROS negate the anti-atherosclerotic and anti-
inflammatory effects mediated by NO [132].

The levels of NLRP3, caspase-1, and ASC are significantly elevated in atherosclerotic
lesions [133]. The expression of NLRP3 in aortic tissues of atherosclerotic patients corre-
lates with disease severity [134]. ApoE/caspase-1 double knockout models demonstrate a
slower progression of atherosclerosis [135]. ASC and caspase-1, as key adaptor proteins
of the NLRP3 inflammasome, exhibit sharply increased levels during the progression of
atherosclerosis [136]. Although the precise role of the NLRP3 inflammasome in atheroscle-
rotic pathogenesis remains unclear, evidence suggests that NLRP3 regulates IL-1β release
through caspase-1 activity, thereby contributing to atherosclerotic progression [137].

5.3. Foam Cell Formation

Foam cells play a critical role at all stages of atherosclerosis, from the initial lesion
to the advanced plaque formation. Macrophages that accumulate in the intimal layer of
the artery are the primary source of foam cells, with a smaller contribution from ECs and
VSMCs [138]. The excessive uptake of oxLDL triggers the transformation of vascular cells
into foam cells [139].

The initial lesion in atherosclerosis is typically caused by localized increases in lipopro-
teins within the arterial intima. LDL can penetrate the endothelium or adhere to ECM
components, beginning to accumulate in the arterial intima [6], thus promoting the forma-
tion of fatty streaks [140]. First, lipoproteins are captured at the lesion site. LDL-C cannot
penetrate the endothelial junctions directly but instead enters ECs via endocytosis, leading
to an increase in LDL concentration within the intima [140]. Second, the activation of ECs
occurs. Oxidized lipids play a critical role in activating ECs, facilitating the migration of
leukocytes across the arterial intima [141]. Adhesion and uptake molecules generated by
LDL oxidation also play an important role [142]. Monocyte-differentiated macrophages
facilitate the uptake of oxidized lipids, such as oxLDL [143]. The third stage involves the
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activation of leukocytes. At the early stages of atherosclerosis, monocytes and T lympho-
cytes traverse the endothelial barrier under the influence of chemokines and adhesion
molecules. Chemokines are small proteins that play a crucial role in leukocyte activation
and migration [144]. Macrophages express large amounts of the chemokine MCP-1 at this
stage [145]. Finally, foam cell formation occurs. Mononuclear phagocytes enter the intima,
where they differentiate into macrophages. These macrophages absorb and accumulate
oxLDL via their scavenger receptors, subsequently transforming into foam cells [146]. As
these yellow cells accumulate in large numbers, lipid streaks appear [147].

Additionally, cholesterol esters are crucial in foam cell formation. ACAT1 is an enzyme
that converts free cholesterol into cholesterol esters [148], whereas NCEH hydrolyzes
cholesterol esters to release free cholesterol [149]. Free cholesterol can be transported out
of cells via membrane cholesterol transport systems or passive membrane diffusion [150].
Thus, cholesterol homeostasis, involving both etherification and de-etherification, is crucial
during this transformation.

5.4. Plaque Development

During the development of atherosclerotic plaques, lysosomes are under significant
strain as they must handle the large quantities of lipoproteins absorbed by foam cells and the
increasing number of apoptotic bodies engulfed by phagocytes. Therefore, understanding
the molecular mechanisms underlying arterial plaque formation is crucial for developing
more accurate and effective treatments for atherosclerosis in the future.

Atherosclerotic lesions predominantly occur in the artery intima, particularly in areas
of branching and high curvature [9,151], where the endothelium is more permeable and
LDL tends to accumulate [152]. In response to atherogenic stimuli, VSMCs begin to secrete
large quantities of modified ECM components. This process serves as the foundation for
diffuse intimal thickening, commonly referred to as “fat streaks” [153].

The ECM further promotes lipid accumulation in the vascular intima, leading to patho-
logical intimal thickening during the early stages of atherosclerosis LDL, which undergoes
modification into pro-inflammatory oxLDL through mechanisms such as oxidation and
enzyme cleavage. These modified lipoproteins not only damage the endothelium and
increase its permeability but also activate ECs, triggering a pro-inflammatory cascade.
Activated ECs secrete chemical attractants and adhesion molecules, such as MCP-1 and
ICAM-1 [154], which recruit leukocytes to the vascular wall. Within the intima, monocytes
predominantly differentiate into M1 macrophages and phagocytose-modified lipoproteins
via SR [155].

Macrophage infiltration and proliferation are characteristic features of pathological
intimal thickening, which develops into fibrous atherosclerotic plaques. Macrophages
recruit T and B lymphocytes by secreting pro-inflammatory cytokines [156]. VSMCs can
differentiate into macrophage-like cells and uptake modified oxLDL [157]. The excessive
uptake of oxLDL ultimately damages the lysosomes responsible for degrading lipopro-
teins. The saturation of lysosomal degradation capacity leads to the accumulation of lipid
droplets, promoting the transformation of foam cells [158]. The apoptosis of these foam
cells can result in the formation of lipid-rich necrotic cores within fibrous atherosclerotic
plaques [159].

Necrotic cores are protected by VSMCs through the formation of a fibrous cap [160],
but cytokines produced during inflammation can induce VSMC apoptosis or differentiation,
promoting mineral deposition [161]. Ultimately, VSMC death, collagen degradation, and
fibrous cap invasion compromise plaque stability, leading to plaque rupture and thrombosis.
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5.5. Endocytosis and Exocytosis

The lysosomal membrane not only participates in phagocytosis and digestion but
also plays a role in cell secretion and the clearance of intracellular waste [162,163]. When
cells engulf and digest foreign substances, the lysosomal membrane fuses with the cell
membrane, forming phagosomes [162]. These phagosomes then merge with lysosomes to
create digestive vesicles containing digestive enzymes, thereby facilitating the digestion of
foreign substances [163].

Endocytosis is a crucial process by which cells acquire large molecules from the
extracellular environment [164]. In this process, extracellular molecules are enveloped
and invaginated by the plasma membrane to form vesicles [165], which then detach and
are internalized to participate in various physiological processes. In the early stages of
atherosclerosis, monocyte-derived macrophages exhibit rapid and efficient endocytosis of
apoptotic cells, which helps limit plaque progression [166]. Disruption of autophagy can
impair macrophage clearance of apoptotic cells, promoting plaque necrosis [167]. Damaged
lysosomal acidification and reduced hydrolytic enzyme activity affect the macrophage’s
ability to process phagocytosed materials [168]. In advanced stages of atherosclerosis,
defects in phagocytic clearance exacerbate secondary necrosis, ultimately leading to plaque
rupture [169,170].

Exocytosis is the reverse of endocytosis, a process in which substances surrounded
by a membrane within the cell are packaged into vesicles that gradually move to the cell
surface [162,171]. The vesicle membrane fuses with the plasma membrane, opening out-
ward to release its contents; this process is called exocytosis [162]. Although lysosomes
are not typically secretory organelles, they can still release their contents via an uncon-
ventional pathway known as lysosomal exocytosis [171]. In this process, the lysosomal
contents are secreted after fusion, a crucial step for cellular clearance and maintaining cell
health [172]. However, increased lysosomal exocytosis can result in the release of undi-
gested substances into the extracellular space, which may then be engulfed by macrophages,
thereby exacerbating atherosclerosis [173]. In atherosclerotic plaques, the levels of various
hydrolases are significantly elevated including LAL, cathepsin B, and cathepsin D [174].
For instance, elevated LAL and cathepsin D levels contribute to LDL modification [175].
Additionally, extracellular cathepsin B can degrade the ECM, further increasing plaque
vulnerability [176].

5.6. Autophagy–Lysosomal Biogenesis

The autophagy–lysosome system is crucial in cardiovascular cells [45]. In atheroscle-
rosis, autophagy can serve as a protective mechanism, while it can also have detrimental
effects [177]. For example, damaged mitochondria may be engulfed, preventing the release
of pro-apoptotic factors and interfering with apoptosis [178].

Many studies have demonstrated that autophagy can have both positive and negative
effects in a cell-specific and stage-specific manner during atherosclerotic development
(Figure 10). For instance, macrophage autophagy not only facilitates the degradation of ex-
ogenous and endogenous atherogenic substances in plaques but also reduces macrophage
apoptosis and inflammatory IL-1β levels, thereby mitigating atherosclerotic damage [178].
The specific knockout of the autophagy protein ATG5 in macrophages leads to dysfunc-
tional autophagy and exacerbates atherosclerosis [86,167,179]. Endothelial autophagy is
critical for lipid homeostasis, but its over-activation can lead to EC damage, thereby enhanc-
ing atherosclerotic progression [180]. In SMCs, autophagy can promote SMC differentiation
and quiescence, reduce proliferation, and prevent fibrosis. However, excessive autophagy
may lead to cell death and increase the instability of atherosclerotic plaques [181]. Au-
tophagy is active in various cardiovascular cells, which helps degrade cellular components
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through lysosomal pathways, recovers essential catabolites, and ensures cell quality and
energy balance [182]. All of these functions are crucial for maintaining vascular system
stability, coping with lipid challenges, and preventing atherosclerosis [183].
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The cooperation between autophagosomes and lysosomes is essential for the processes
of autophagy and catabolism, as their coordinated interaction prevents the accumulation
of excessive cargo-filled autophagosomes, thereby maintaining the degradation capacity
of lysosomes [45,46]. Furthermore, a mismatch in the quantity of these organelles can
have detrimental consequences for cells. Numerous studies have shown that trehalose
is an effective autophagy inducer, which not only stimulates autophagy and lysosomal
biosynthesis but also provides protection against atherosclerosis [184–186].

6. Therapeutic Potential of Lysosome in Atherosclerosis
Lysosomal dysfunction is closely associated with the pathological progression of

atherosclerosis. Marques et al. reported that declining lysosomal function accelerates
atherosclerosis progression [114]. Emanuel et al. suggested that restoring lysosomal
function or promoting its biogenesis may lead to novel therapeutic strategies for atheroscle-
rosis [187]. Various methods and strategies developed in the field of LSDs can be employed
to target lysosomes for treating atherosclerosis (Figure 11). These methods can directly
correct protein defects, mitigate side effects, and enhance lysosomal function, which is
highly significant for the ongoing improvement of atherosclerotic therapy.

Enzyme replacement therapy (ERT) continues to be the standard treatment for most
LSDs (Figure 11). Lysosomal enzyme synthesis, similar to other proteins, occurs through
the ER–Golgi complex; however, some exogenous enzymes are still absorbed and trans-
ported to the lysosome, making ERT a viable therapeutic option. The inhibition of LAL in
macrophages reduces cholesterol efflux via ABCA1, impairing oxidative sterol production
and the phagocytosis of dead cells [188]. Enhanced LAL activity can reduce atherosclero-
sis in LDL receptor knockout mice [189]. Considering the role of LAL in atherosclerosis,
supplementing recombinant LAL enzymes may represent an effective strategy to prevent
disease progression [190]. However, the ERT strategy still faces significant limitations
regarding the cost and delivery efficiency of recombinant enzymes [191].
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Substrate reduction therapy (SRT) is a widely used alternative treatment for LSDs
when ERT is contraindicated. SRT involves the inhibition of GSL synthesis, a primary
or secondary storage product of LSD (Figure 11). Similar to LSD, GSL accumulates in
atherosclerotic lesions in both humans and mice due to impaired lysosomal degradation
and is associated with inflammation and plaque instability [192]. Drugs that inhibit glu-
cosylceramide synthase and block GSL synthesis can improve atherosclerosis in mouse
models, but further confirmation is required to establish GSL as a therapeutic target for
atherosclerosis [193].

Lysosomal cathepsins play a crucial role in maintaining cell homeostasis (Figure 11).
Their lysosomal activity in vitro mediates various atherosclerotic processes, such as oxLDL
degradation and ECM remodeling [174,194]. Furthermore, their ablation impairs the
formation of atherosclerotic plaques [195–197]. Therefore, cathepsins may represent a novel
therapeutic target for treating atherosclerosis. However, due to their non-specific inhibitory
effects, the side effects and efficacy of cathepsin inhibitors require further investigation.

mTOR inhibitors have been extensively studied and shown to regulate the activity of
the autophagy–lysosomal system (Figure 11). These inhibitors have demonstrated anti-
atherosclerotic effects in numerous studies by promoting plaque clearance and inhibiting
inflammation [198,199]. However, a major disadvantage of this approach is dyslipidemia.

Trehalose is not only an effective autophagy inducer but also promotes lysosomal
biogenesis [200–202], providing protection against atherosclerosis (Figure 11). TFEB is the
primary regulatory factor for autophagy and lysosomal biosynthesis, and its overexpres-
sion increases lysosome numbers while enhancing their degradative capacity [203,204].
In vitro studies demonstrate that the overexpression of TFEB induces lysosomal biogenesis,
rescues lysosomal function, inhibits inflammasome activation, and reduces atherosclerotic
progression [187]. In vivo studies further confirm that macrophage overexpression of TFEB
reduces atherosclerosis in mouse models [205]. These findings suggest that enhancing the
autophagy–lysosome system in macrophages may improve atherosclerosis [187,203,204].

Furthermore, cyclodextrins can facilitate the release of cholesterol from late endosomes
and lysosomes into the cytoplasm (Figure 11). Cyclodextrins modulate the production of
oxysterols by macrophages, promote LXR-mediated cholesterol efflux, and contribute to
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the regression of atherosclerosis in ApoE−/− mice [206]. Cyclodextrins not only reduce
the cholesterol content in VSMCs and ECs but also influence the expression of ABC trans-
porters [207]. Although cyclodextrins show potential therapeutic effects on atherosclerosis,
they are known to cause cyototoxicity and should be used with caution.

In summary, although numerous methods and strategies targeting lysosomes have
been developed and show promising therapeutic effects in preclinical studies, many of
these compounds still demonstrate limited lysosomal targeting in clinical trials.

7. Summary and Prospects
With advancements in lysosomal research, growing evidence suggests that lysosomal

dysfunction is pivotal in atherosclerotic development. During vascular disease progression,
elevated lipid concentrations generate free radicals, which target the arterial endothelial
wall. This activates the endothelium, increases vascular permeability, and initiates the
recruitment of inflammatory cells. Monocytes migrating into the intima differentiate into
macrophages. These macrophages ingest large amounts of oxLDL, becoming foam cells that
form fatty streaks and contribute to the progression of atherosclerosis and atherosclerotic
plaque formation. In the early stages of atherosclerotic plaque formation, lysosomal cat-
alytic function in vascular cells remains intact, processing captured lipoproteins effectively.
However, excessive substrate intake eventually disrupts lysosomal function.

Furthermore, due to the complexity of atherosclerosis, effective therapeutic drugs
have remained scarce for decades. Lysosomal dysfunction could represent a novel target
for future therapeutic drug development, given its impact on atherosclerotic pathogenesis.
Although significant progress has been made in understanding lysosomal dysfunction
in arterial plaque cells, several key issues remain to be addressed, such as lipoprotein
modification and the role of oxLDL components. Notably, research on LSDs offers valuable
insights and potential research directions. For instance, lysosomal biogenesis, a critical
factor in atherosclerotic development, is regulated by TFEB. Additionally, several biomark-
ers, such as p62 aggregates, extracellular LAL levels, and circulating cathepsin levels, can
be utilized for atherosclerotic prognosis. Finally, interventions that address individual
lysosomal protein defects or enhance the overall autophagy–lysosomal mechanism hold
significant potential for treating atherosclerosis.

In this review, we have summarized the role of lysosomal dysfunction in atheroscle-
rotic formation, which will enhance our understanding of lysosome-related diseases and
their mechanisms within the cardiovascular system. Furthermore, building on LSD re-
search, various methods and strategies targeting lysosomes for treating atherosclerosis will
emerge as key research directions in the future, carrying significant implications.
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scription factor; MMP, matrix metalloproteinase; mTOR, mammalian target of rapamycin; mTORC1,
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NCEH, neutral cholesterol ester hydrolase; NF-κB, nuclear factors κB; NO, nitric oxide; Nox, NADPH

oxidase; OS, oxidative stress; oxLDL, oxidized low-density lipoprotein; PI3K, phosphoinositide3

kinase; PKB/Akt, protein kinase B; PP2A, protein phosphatase 2; ROS, reactive oxygen species; SMA,
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protein 7; TFEB, transcription factor EB; TFEC, transcription factor EC; TFE3, transcription factor

binding to IGHM enhancer 3; TLR, toll-like receptor; TNF-α, tumor necrosis factor-α; VSMC, vascular
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