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Abstract

Atherosclerosis represents a leading cause of cardiovascular disease. Its onset and progression
involve complex mechanisms, including inflammation, dysregulation of lipid metabolism, lysosomal
dysfunction, and other contributing factors. As intracellular organelles responsible for degradation,
lysosomes not only participate in lipid metabolism but also play a pivotal role in foam cell formation
and the stabilization of arterial plaques. In recent years, various animal models have been employed
to investigate the relationship between lysosomal dysfunction and atherosclerosis, offering novel
insights into its pathogenesis and potential therapeutic strategies. This review systematically
examines the types of atherosclerosis animal models, the lysosomal mechanisms underlying
atherosclerosis, and the prospects and challenges associated with these models. These insights aim to
facilitate a deeper understanding of the molecular pathological mechanisms of atherosclerosis and
offer novel directions and a robust theoretical foundation for the prevention and treatment of
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cardiovascular diseases.

Introduction

Atherosclerosis is characterized by the gradual formation of athero-
sclerotic plaques on arterial walls. These plaques comprise fat, cholesterol,
cellular debris, and calcium!™?. This pathological process results in
arterial stenosis, thereby elevating the risk of cardiovascular conditions
such as heart disease and strokel*l. Cardiovascular disease is the leading
cause of mortality worldwide, with atherosclerosis serving as a major
contributing factor. Approximately 50% of deaths attributed to
circulatory system diseases are linked to atherosclerosis, a condition that
has become increasingly prevalent in modern society!*l.

Atherosclerosis is a global health problem with epidemiological
characteristics varying significantly across regions and populations(®l.
Global epidemiological studies indicate that its incidence and mortal-
ity rates are increasing, with cardiovascular deaths constituting a
substantial proportion of the total mortality!®l. The clinical manifesta-
tions of atherosclerosis include ischemic heart disease (IHD), ischemic
stroke, and peripheral arterial disease (PAD), which are primary
contributors to the global cardiovascular disease burden!’¢7l. The
pathological mechanism of atherosclerosis is complex and is closely
associated with environmental and genetic risk factors, including
hypercholesterolemia, hypertension, smoking, diabetes, and obesity.
These factors induce damage and repair responses in the arterial wall,
leading to lesion formation!®9l.

Lysosomes, as critical organelles for cellular degradation and
metabolism, are crucial to the onset and progression of atherosclerosis
through their regulation of autophagy, inflammatory signaling, and
lipid metabolism['9-121. Research indicates that lysosomal dysfunction
is closely associated with atherosclerosis, resulting in a reduced capa-
city to process lipids and inflammatory factors!!3-16l. Moreover, lyso-
somal activity influences the stability of atherosclerotic plaques, with
stable plaques typically linked to intact lysosomal function!!7-191,

Lysosomes are membrane-bound organelles within cells,
characterized by spherical or vesicular structures with diameters
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typically ranging from 0.1 to 1 micrometer. Their appearance varies
depending on the cell type and functional requirements/?l. Lysosomes
are enclosed by a phospholipid bilayer membrane, resembling other
cellular membranes but containing distinct protein and lipid compo-
nents?!l. The internal cavity of lysosomes is filled with hydrolytic
enzymes and degradative molecules, and its pH is typically acidic
(approximately pH 4.5 to 5.0). This acidic environment is essential for
the optimal activity of hydrolytic enzymes, enabling efficient substrate
degradation?2l. Lysosomes perform diverse physiological roles, includ-
ing the degradation and recycling of cellular components, participa-
tion in immune responses, regulation of metabolism, signal transduc-
tion, and modulation of aging processes!!12223. A comprehensive
understanding of lysosomal functions is critical for studying
atherosclerosis and other diseases, as lysosomal dysfunction is closely
associated with the progression of various pathological conditions.

Atherosclerosis is the primary pathological foundation of cardiovas-
cular disease. The study of its pathogenesis and intervention strategies
relies heavily on the development and use of animal models!67]. In
atherosclerosis animal models, lysosomes play a key role, particularly
in modulating inflammatory responses. Lysosomes serve as cellular
degradation centers and play a pivotal role in regulating immune
responses and inflammatory processes!!9-12. Recent technological
advancements have led to the development and optimization of vari-
ous atherosclerosis animal models, offering valuable tools for advanc-
ing atherosclerosis research?4-27l. Commonly utilized animal models
include mice, rabbits, and pigs. These models effectively mimic the
progression of human atherosclerosis, serving as critical experimental
platforms for research.

Animal model of atherosclerosis

In atherosclerosis research, various animal models are widely employed
to elucidate the disease's mechanisms and its effects on human health.
Atherosclerosis animal models are classified based on animal type,
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induction methods, severity, and clinical relevance (Table 1). Each model
has distinct advantages and limitations, making them suitable for specific
research objectives (Table 2)P**~3!1, This section focuses on commonly
used animal models, including hereditary, induced, compound, and other
types of atherosclerosis models.

Hereditary atherosclerosis model

ApoE knockout mice

ApoE-deficient mice are among the most widely used models for
studying atherosclerosis. Kotsovilis et al. demonstrated that the absence of
ApoE results in dysregulated cholesterol metabolism, thereby exacer-
bating the onset and progression of atherosclerosis®?). Similarly, Getz &
Reardon revealed that ApoE-deficient mice exhibited pronounced athero-
sclerotic features, particularly in the accumulation and impaired clearance
of plasma lipoproteins®’!. Furthermore, Mulder et al. performed a com-
parative behavioral analysis of ApoE-deficient and C57Bl/6 mice,
showing that ApoE~~ mice exhibited reduced spatial learning and
memory efficiency, potentially linked to their heightened susceptibility to
neurodegenerative diseases. This study highlights that ApoE is crucial for
lipid metabolism and also influences cognitive function®®". Due to the
similarity in plaque distribution to humans, these mice are extensively
utilized to investigate the molecular mechanisms of atherosclerosis and

receptor in these mice results in elevated levels of LDL in the
bloodstream, which further promotes the development of atherosclerosis.
Ngai et al. found that LDLR knockout mice fed a standard rodent diet
exhibited significantly decreased food intake and energy expenditure,
suggesting that LDLR plays a critical role in regulating energy balancel*”!.
Henninger et al. demonstrated that LDLR knockout mice developed
chronic, severe hypercholesterolemia when fed a high-cholesterol diet,
with a marked increase in LDL, providing a crucial experimental basis for
atherosclerosis research®®). Bieghs et al. discussed how LDLR deletion
affects the inflammatory response of the liver, revealing its potential role
in atherosclerosis and related diseases!®”. Recently, Chaix et al. found that
time-restricted feeding combined with a low-cholesterol diet inhibited the
progression of atherosclerosis in LDLR knockout mice, offering new
insights into dietary interventions, particularly in the prevention and
management of cardiovascular diseases®*. This model is particularly
suitable for studying cholesterol accumulation and the related
pathological mechanisms.

ApoE3-Leiden mice

ApoE3-Leiden transgenic mice are generated by introducing the human
ApoE3-Leiden gene into C57BL/6 mice. The expression of the human
ApoE3 variant, which has a low affinity for LDLR, results in

evaluate therapeutic interventions.
LDLR knockout mice

Low-density lipoprotein (LDL) receptor (LDLR)-deficient mice are
valuable models for studying atherosclerosis. The lack of the LDL

Table 1.

atherosclerosis. Paalvast et al. found that the ApoE3-Leiden transgenic
mice markedly impair the clearance of triglyceride-rich lipoproteins,
offering valuable insights into lipid metabolism disorders?®”.. Emini Veseli
et al. observed that ApoE3-Leiden mice develop atherosclerosis in the
aorta and large blood vessels when fed a Western diet, which is significant

Classification of atherosclerosis animal models.

Classification criteria

Animal model name

Characteristics of animal models

Classification based
on animal species

Classification based
on the induction
model method

Classification based
on the severity of the
model

Classification based
on clinical relevance

Mouse model

Rat model

Pig model

Other large animal
models

Genetic engineering
model

Dietary induction
model

Chemical induction
model

Mechanical damage
model

Mild atherosclerosis
model

Moderate
atherosclerosis model

Severe atherosclerosis
model

Human disease model

Non-human disease
models

The most commonly used animal models in atherosclerotic research.

A variety of missing genes or transgenic mice created by genetic engineering technology.
Different physiological characteristics in atherosclerotic studies, such as LDLR™~ mice.
The commonly used animal models in atherosclerotic research.

The unique advantages for surgery and observation.

The structure of porcine coronary artery is similar to that of human, which is of great significance in
atherosclerotic research.

Pig models can better simulate human physiological and pathological characteristics, especially in drug testing and
interventional therapy.

The other large animals also used for atherosclerotic research, such as monkeys.

These animal models pose ethical and cost challenges.

These models induce atherosclerosis through gene manipulation, such as gene knockout or transgene.

LDLR ™~ and ApoE~'~ models are constructed by genetic engineering, which can simulate the pathogenesis of
human atherosclerosis.

Atherosclerosis can be induced by changing the diet of animals, especially the diet with high fat and cholesterol.
This model is relatively simple and does not require complex genetic manipulation.

Atherosclerosis can be induced by injecting chemicals, such as vitamin D3, carbon tetrachloride, etc.

These chemicals can cause endothelial damage and inflammatory reaction, thus promoting the formation of
atherosclerosis.

The atherosclerotic progression can be observed by applying mechanical damage to the blood vessels, such as the
damage to the intima of the arteries.

This model can be used to study the repair of vascular intima and the follow-up progress of atherosclerosis.

These models generally exhibit early lesions and are commonly used to study the early mechanisms and
prevention strategies of diseases.

The characteristics of mild lesions are less lipid deposition and less obvious endometrial hyperplasia.

In these models, lipid deposition is evident within the arteries, accompanied by a certain degree of intimal
hyperplasia.

Thehmgderate model is suitable for studying the progression of diseases and the effectiveness of related treatment
methods.

Severe models with obvious plaque formation and vascular lumen stenosis are usually used to study the
complications and clinical manifestations of atherosclerosis.

This type of model is very important for drug development and efficacy evaluation.

These models are designed to simulate the characteristics of human atherosclerosis, including plaque formation,
rupture and the resulting clinical consequences.

Through these models, researchers can better understand the mechanisms of human diseases.

These models may not fully reflect the pathological characteristics of humans, but they provide useful information
in certain aspects such as physiological responses, drug metabolism, etc.

This type of model is equally important in basic research and drug development.
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Table2. Comparison of advantages and limitations of atherosclerosis animal models.

Animal model

Advantages and limitations of atherosclerosis animal models

Convenience of genetic engineering: specific gene deletion/mutation mice can be created by gene editing to study the role of

Fast reproductive speed: mice have a short reproductive cycle and can quickly obtain experimental samples for long-term and

Relatively low cost: compared with other large animals, the feeding and management costs of mice are lower, making large-

Physiological differences with humans: although mice can be manipulated at the genetic level, their physiological structure and

Apparent characteristics of atherosclerosis: the symptoms of atherosclerosis may not be as obvious in some mouse models as

Larger body size: rats have a larger body size compared to mice, making them easier for surgery and organ sampling.

More complex physiological characteristics: rats are closer to humans in terms of physiology and biochemistry, and can better

Long reproductive cycle: the reproductive cycle of rats is relatively long, and the speed of obtaining experimental samples is

Higher cost: the feeding cost of rats is higher compared to mice, which may limit the conduct of large-scale experiments.

Spontaneous occurrence of atherosclerosis: rabbits are prone to spontaneously develop atherosclerosis under a high-fat diet,

Similarity of cardiovascular system: the cardiovascular system of rabbits is similar to that of humans, providing more relevant

High feeding costs: the cost of raising and managing rabbits is high, which limits the expansion of experimental scale.

Anatomical similarity with humans: the cardiovascular anatomical structure of pigs is relatively similar to that of humans and is

Spontaneous atherosclerosis: pigs can spontaneously develop atherosclerosis under appropriate diet conditions, providing an

Mouse model Advantages
these genes in atherosclerosis.
large-scale research.
scale experiments more feasible.
Limitations
metabolic processes differ significantly from humans.
that of human beings, especially in the intervention of high-fat diet.
Rat model Advantages
simulate human pathological states.
Limitations
slower.
Rabbit model Advantages
which is a good model for observing natural pathological process.
physiological data.
Limitations
Ethical issues of research: as rabbits are larger mammals, the ethical issues involved may be more complex.
Pig model Advantages
an important model for studying cardiovascular diseases.
opportunity to observe the progress of disease.
Limitations

The extremely high cost of raising and managing pigs: the cost of raising and managing pigs is very high due to their large size,

which limits their application in certain research.
The longer reproductive cycle: pigs have a longer reproductive cycle, and the speed of obtaining experimental samples is slower

than that of mice and rats.

for understanding the pathogenesis of human cardiovascular disease*°l.

Groot et al. demonstrated that ApoE3-Leiden mice exhibited hyperlipi-
demia and developed pronounced atherosclerosis when fed a high-fat
diet™). Lutgens et al. found that the duration of a high-fat cholesterol diet
correlates with the gradual progression of atherosclerosis, highlighting the
critical role of diet in arterial health*!). A distinctive feature of these mice
is their ability to develop atherosclerosis when fed a high-cholesterol diet,
making them valuable for studying various aspects of lipid metabolism.

In addition, the hybrid model of ApoE~~ and diabetic mice
(ApoE~/~/db/db) showed that lysosomal metabolic dysfunction was espe-
cially pronounced in atherosclerosis associated with metabolic
syndrome, highlighting the interaction between metabolic distur-
bances and lysosomal dysfunction!2. Oppi et al.*3] and Galkina et
al.[*4l found that ApoE~/~/db/db mice at 20 weeks of age exhibited acce-
lerated atherosclerosis progression, along with obesity, insulin resis-
tance, and dysregulated lipid metabolism. Kawashima et al. demon-
strated that the combination of ApoE~~ mice and db/db mice signifi-
cantly enhanced blood glucose control, glucose tolerance, and insulin
sensitivity, which was attributed to the absence of ApoE, highlighting
its critical role in diabetes pathology!*’l. Zhang et al.l*?! and Hinder
et al.[7l found that the combination of ApoE~/~ mice and db/db mice
exacerbate lipid metabolism disorders. These mice exhibit significant
lipid abnormalities, particularly a marked increase in triglyceride
levels, simulating the lipid profile of human patients. Additionally,
LDLR/ApoA-I double knockout mice exhibited a marked suscepti-
bility to atherosclerosis!*8], and Akt2/LDLR double-knockout mice
displayed impaired glucose tolerance and reduced atherosclerotic
plaque stability!*°].

Induced atherosclerosis model

Diet induction model

The diet induction model simulates the development of atherosclerosis by
altering the animals' diet. These models commonly involve high-fat or
high-cholesterol diets. For instance, feeding mice a high-fat diet can

Wang et al. Animal Advances 2025, 2: e005

induce lipid metabolism disorders, leading to pathological changes
associated with atherosclerosis. A key advantage of this model is its
50551]

simplicity and the ability to rapidly observe pathological changes®®*>l,

Drug induction model

The drug induction model induces atherosclerosis through drug treat-
ments to evaluate their impact on disease progression, using substances
such as oleic acid, cholesterol, and others. Research using these models
typically investigates the impact of drugs on atherosclerosis progression,
focusing on mechanisms such as the regulation of cholesterol meta-
bolism, inflammatory responses, and angiogenesis. These studies offer
valuable theoretical insights for the development of novel therapeutic
agents?>%0],

Among these, high-fat diet and vitamin D3-induced AS rabbit
models have been employed to investigate the role of lysosomes in
lipid metabolism and inflammation regulation. Funes et al. found that
rabbits exhibit heightened sensitivity to dietary cholesterol, and a high-
fat diet promotes liver fat deposition, contributing to atherosclerosis
development[>2. Li et al. demonstrated that inducing obesity in rabbits
via a high-fat diet led to significant increases in blood glucose (GLU),
total cholesterol (TC), triglycerides (TG), and LDL cholesterol concen-
trations, which serve as important biomarkers and provide a patho-
logical basis for atherosclerosis researchl>’l. Mikitaipalee et al. found
that vitamin D3 induces arterial wall thickening, plaque formation,
and endothelial dysfunction in rabbits, all of which are typical charac-
teristics of atherosclerosis(>*l.

Compound atherosclerosis model

Arterial ligation model

The arterial ligation model is widely used to study various physiological
and pathological conditions, including cardiovascular diseases, repro-
ductive system disorders, and drug development. Local ligation or injury
of arteries to simulate vascular stenosis is useful for studying the
mechanisms of lesion formation; however, the morphology and stability



Animal
Advances

Animal models and atherosclerotic pathogenesis

of the resulting plaques are typically suboptimal. In 2004, Myers & Liaw
conducted an extensive analysis of the vascular remodeling response
following carotid artery ligation using a multivariate approach. The study
emphasized the role of arterial ligation in inducing vascular remodeling,
which is crucial for understanding arteriosclerosis and other vascular
pathologies. This study offers new insights into the application of arterial
ligation models in vascular biology*’l.

Arteriovenous fistula model

The arteriovenous fistula (AVF) model creates abnormal channels
between arteries and veins to simulate the exacerbating effect of disrupted
blood flow on atherosclerosis. The AVF model established by Croatt et al.
observed alterations in the vascular endothelium and their impact on
hemodynamics®®!. Bozzetto et al. demonstrated that the autologous AVF
is the preferred vascular access for hemodialysis!®”). Li et al. explored the
foundational research and clinical significance of AVF models, highlight-
ing the use of experimental mouse AVF models in studying vascular
biology and complications related to hemodialysis®®!.

Other atherosclerosis models

In addition to mice, other animal species have also been employed in
atherosclerosis research. For example, rabbits are particularly sensitive to
high-cholesterol diets and are frequently used in studies evaluating the
efficacy of drugs in treating atherosclerosis. The physiology and anato-
mical structure of porcine blood vessels closely resemble those of
humans, making pigs a common model in cardiovascular disease studies.

Rat model

Rats are also used in atherosclerosis research, particularly in models
induced by high-cholesterol diets. For example, Zhao et al.® Wu et
all® and Lee et all®l demonstrated that the progression of human
atherosclerosis can be simulated in rats through dietary and lifestyle
modifications, thus aiding in the understanding of the disease
mechanism. In addition, Lee et al. developed ApoE knockout rats to
investigate the initiation mechanisms of human atherosclerosis(®!l.

Rabbit model

The rabbit is one of the earliest animal models used in atherosclerosis
research(®?), Rabbits can rapidly form arterial plaques after being fed high-
cholesterol or Western diets, making them widely employed in basic
research and drug development©>*!]. A key advantage of this model is
that its physiological characteristics closely resemble those of humans,

particularly in cholesterol metabolism (],

Pig model

The cardiovascular system of pigs closely resembles that of humans. Pigs
are commonly used to evaluate the efficacy of drugs in the treatment of
atherosclerosis, making them an ideal model for studying human
atherosclerosis®!. Kim et al. and Hoogendoorn et al. showed that
coronary atherosclerotic lesions in pigs are similar to those in humans,
providing a valuable model for studying the role of inflammation in
atherosclerosis(®’:%],

Non-human primate model

In the study of atherosclerosis, non-human primates, such as macaques
and rhesus monkeys, are regarded as the most clinically relevant model
due to their similar physiological structure and pathological characte-
ristics to humans!®). Cox et al. showed that these animals can develop
atherosclerotic plaques similar to those in humans under diet induction,
which is highly valuable for studying the clinical manifestations and
therapeutic effects of the diseasel”"l.

Fish model

Zebrafish have emerged as a promising atherosclerosis model, gaining
significant attention in recent years. Compared to mice, zebrafish have a
smaller body size, and their embryonic and juvenile stages are trans-
parent, allowing for the direct observation of physiological changes. This
model has demonstrated potential in drug screening and gene function
studies!”72],

4

Lysosomal mechanism of atherosclerosis

Patients with atherosclerosis frequently exhibit lysosomal dysfunction,
leading to the excessive accumulation of intracellular lipids, which in turn
promotes the progression of the diseasel’*l. Bhat et al.l'¥) and Zhang
et al.'”! suggested that atherosclerosis can be considered, to some extent,
an acquired lysosomal storage disorder.

The role of lysosomes in the formation of foam cells

Foam cells serve as key markers of early atherosclerosis, with their
formation reliant on the uptake and degradation of LDL by macrophages.
LDL cholesterol penetrates the vessel wall via endothelial cell disruptions,
where macrophages internalize it through phagocytosis. These LDL
particles are then transported into lysosomes for degradation. Under
normal conditions, lysosomes effectively degrade these lipids, but in
atherosclerosis, macrophage lysosomal function is impaired, resulting in
lipid metabolism dysregulation(!>1573],

Macrophages exhibit a dual role at various stages of atherosclerosis.
During the early stages of atherosclerosis, they protect blood vessels by
engulfing LDL and clearing cellular debris. However, during disease
progression, lysosomal function in macrophages is compromised,
driving their transformation into foam cells. These foam cells not only
damage surrounding endothelial cells but also promote the migration
and proliferation of smooth muscle cells, leading to fiber cap forma-
tion and further exacerbating plaque instability(74].

Disruption of the lysosomal acidic environment impairs the degra-
dation of cholesterol esters, promoting the accumulation of undi-
gested lipids within cells. The disruption of the acidic environment
within atherosclerotic plaques may hinder lipid and protein degrada-
tion, accelerating foam cell formation. For example, an increase in
lysosomal pH is considered a key factor in foam cell formation!”s].

Lysosomes and inflammation regulation

Atherosclerosis is an inflammation-driven disease. Upon stimulation by
oxidized LDL, endothelial cells release pro-inflammatory cytokines,
which recruit monocytes and lymphocytes to the site of injury. Once
monocytes differentiate into macrophages, they further engulf lipids and
release inflammatory mediators, processes closely linked to changes in
lysosomal function(”l,

Inflammation is crucial in the onset and progression of atheroscle-
rosis, primarily involving macrophage infiltration, cytokine secretion,
and endothelial inflammation’677l. A large accumulation of
macrophages in the arterial wall not only engulfs lipids but also
secretes various cytokines, further promoting local inflammatory
responses. Macrophages and other immune cells release inflammatory
mediators, such as tumor necrosis factor and interleukins, which exac-
erbate endothelial damage and plaque formation!”8]. In the inflamma-
tory state, endothelial cells express increased adhesion molecules,
promoting leukocyte adhesion and infiltration, which further advances
the progression of atherosclerosis7l.

Lysosomes are also crucial in the inflammation associated with
atherosclerosis. They regulate the activity of macrophages, which are
key players in the formation and progression of the disease. Under
normal conditions, lysosomes enable macrophages to effectively clear
cellular debris and apoptotic cells, maintaining local environmental
stability. However, lysosomal dysfunction impairs macrophage phago-
cytosis, exacerbating the inflammatory response and accelerating the
progression of atherosclerosis!'8].

Lysosomal autophagy and cell apoptosis

Autophagy is a critical cellular process through which damaged or
unnecessary components are cleared by lysosomes. Dysfunction of
autophagy is closely associated with the onset and progression of
atherosclerosis®l. In ApoE™~ mice, the knockout of autophagy-related
genes, such as LC3 and ATGS5, significantly accelerates the formation of

Wang et al. Animal Advances 2025, 2: €005
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atherosclerotic plaques. Defects in lysosomal function, including
decreased lysosomal enzyme activity, impair autophagy, increase cell
apoptosis, and exacerbate damage to the arterial wall'’. Enhancing
macrophage autophagy can slow the progression of atherosclerosis,
suggesting that the functional restoration of lysosomes may represent a
promising therapeutic strategy for treating the disease(*!].

Lysosomal research in atherosclerosis animal models

The role of lysosomal function in atherosclerosis has become a major
research focus. Lysosomes are critical in the initiation and progression of
atherosclerotic lesions by regulating cellular metabolism, autophagy, and
inflammatory responses.

Lysosomal research in the ApoE~~ mouse model

In the ApoE”~ mouse model, disruptions in the lysosomal acidic
environment and reduced enzyme activity in arterial wall macrophages
are key factors contributing to foam cell formation!®>$3], Furthermore,
lysosomes are critical in modulating inflammation in ApoE”" models,
primarily through their role in autophagy, inflammasome regulation,
efferocytosis, and lipid metabolism!'*>*45], Hence, therapeutic strategies
that enhance lysosomal functions or reduce the production of pro-
inflammatory cytokines, provide a potential approach to mitigate
atherosclerosis in these models. He et al. demonstrated that neutralizing
pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-
a), interleukin-18 (IL-1f3), and IL-6, can suppress inflammatory
responses, suggesting that targeting these cytokines may offer a new
therapeutic approach in ApoE~~ micel®. Mangarova et al. showed that
the absence of IL-1f significantly reduced the severity of atherosclerosis,
indicating that inhibiting IL-18 could improve vascular health in ApoE~/~
mice®”l. Furthermore, Grebe et al. found that IL-1 receptor antagonists
(IL-1Ra) inhibited the formation of fat streaks in ApoE™”~ micel®®. To
better replicate human pathological conditions, researchers have
developed atherosclerosis models with metabolic syndrome or diabetes,
such as the ApoE /%4 hybrid mouse model, to investigate the interplay
between metabolic disorders and atherosclerosis!>~],

Lysosomal research in the LDLR™~ mouse model

In the LDLR”" mouse model, reduced activity of lysosomal lipid
metabolic enzymes, such as acid cholesterol esterase, leads to an increase
in atherosclerotic plaques and plaque instability!'**’], Oxidative stress
further exacerbates these pathological changes by promoting macrophage
foam cell formation and lysosomal dysfunction. For instance, Rodger et
al. found that LDLR deficiency results in decreased expression of
antioxidant enzymes, making these mice more vulnerable to oxidative
damage™). Wu et al. demonstrated that Liraglutide protects against
LOX-1-mediated oxidative stress and inflammation in LDLR™~ mice
through GLP-1 receptor-dependent downregulation, suggesting that
modulating oxidative stress can improve cardiovascular health?'l,

Lysosomal research in other animal models

In a high glucose environment, the stability of lysosomal membranes is
compromised, leading to increased macrophage apoptosis and the
establishment of a diabetes-atherosclerosis model. For example, Wang et
al. found that the incidence of cardiovascular complications in diabetic
patients was significantly higher than in non-diabetic individuals, with
diabetes-induced atherosclerotic plaques being more prone to rupture,
thus increasing the risk of cardiovascular events"”. Additionally, the use
of CRISPR/Cas9 technology to target the knockout of pro-inflammatory
or metabolic genes, such as PCSK9, in mouse models has been shown to
significantly reduce atherosclerosis. Bao et al. demonstrated that PCSK9
overexpression induced atherosclerosis and associated pathological
changes, suggesting that PCSK9 plays a critical role in the pathogenesis of
atherosclerosis'®®!. Shin et al. further found that PCSK9 not only impacts
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arterial health through traditional cholesterol metabolism but also
accelerates atherosclerosis by promoting inflammatory responses!®*l,

Notably, gene editing tools for large animals have made it possible
to create genetically modified minipigs that share many similarities
with humans in terms of lesion site and histopathological preferences.
For example, minipigs with liver-specific expression of human D374Y-
PCSK9 exhibit severe hypercholesterolemia and progressive athero-
sclerotic lesions!®>l. Together with existing porcine atherosclerosis
models based on spontaneous mutations or severe diabetes, these
models provide new approaches for translational research in
atherosclerosis®7%8],

In addition, the use of non-human primates, such as laboratory
monkeys, for atherosclerosis modeling is very expensive, highly regu-
lated, and requires very specialized laboratory animal science skills.
Therefore, these models are not often used.

Prospects and challenges of atherosclerosis animal
models

The formation mechanisms, metabolic environments, and immune
responses in atherosclerosis animal models do not perfectly replicate
those of humans. Therefore, future research should focus on developing
primate models that more closely resemble human pathological
characteristics. Currently, most animal models rely on rodents such as
mice and rats, which exhibit significant differences in biological traits and
genetic backgrounds compared to humans. This discrepancy means that
findings from animal models may not always be directly translatable to
clinical settings®*~!l. However, with advancements in gene editing
technologies, such as CRISPR-Cas9, researchers can create more precise
gene deletion or mutation models to simulate the specific genetic profiles
associated with human atherosclerosis®®>4.

A single animal model cannot fully capture the complexity and
diversity of atherosclerosis. Therefore, future research should combine
genetic, chemical, and trauma-based models to better support studies
on the entire disease progression. While current models primarily
focus on small animals like mice and rats, these models often fail to
replicate the full range of pathological and physiological characteris-
tics seen in humans. As such, incorporating larger animal models, such
as pigs and rabbits, which more closely resemble human lipid
metabolism and vascular lesion morphology!®4¢¢], will enhance our
understanding of atherosclerosis development.

Currently, evaluation criteria for atherosclerosis models predomi-
nantly focus on morphological aspects, with functional assessments
receiving less attention. In the future, it will be essential to develop
evaluation indicators that incorporate functional, metabolic, and
molecular signaling factors. Atherosclerosis research should empha-
size translational medicine, using insights from animal models to
inform clinical practice. For instance, studying early atherosclerosis
through rat models can provide valuable information for understand-
ing early disease intervention[®*-¢!l. Furthermore, creating animal
models that closely mimic human physiological and pathological char-
acteristics will enhance the clinical translation of research findings,
fostering the development and application of new therapies.

It is important to highlight that the lysosomal mechanism of
atherosclerosis offers both a theoretical foundation and practical guid-
ance for lysosomal function-targeted therapies. Zhang et al.l'”l and
Sergin et al.*] demonstrates that lysosomal dysfunction not only plays
a role in the onset and progression of atherosclerosis but also presents
a novel therapeutic target for the disease. As a result, lysosomal
enzyme activators and stabilizers of the lysosomal acidic environment
are considered to have promising therapeutic potential.
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Summary and prospects

Animal models are indispensable in atherosclerosis research, enabling the
exploration of specific research questions and providing valuable insights
into the molecular mechanisms of the disease. Through the study of
animal models such as mice, rabbits, and pigs, we can deepen our
understanding of atherosclerosis and develop potential prevention
strategies. While animal models offer significant insights, caution is
needed when translating these findings to human contexts to ensure the
reliability and validity of results. Furthermore, the role of lysosomes in
atherosclerosis formation is critical; they not only participate in lipid
metabolism and processing but also play a central role in regulating the
inflammatory response. As research in this area progresses, targeting
lysosomal function may offer new therapeutic avenues for the prevention
and treatment of atherosclerosis. Ultimately, this research will not only
enhance our understanding of atherosclerosis but also serve as a crucial
reference for studying other related cardiovascular diseases.
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