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Abstract

Atherosclerosis is a disease with a complex pathogenesis,
consisting of the interrelationships of many different
light of the
cardiovascular diseases, the precursor of which is

elements. In increasing spread of

atherosclerosis, the study of the intricacies of its
pathogenesis remains an important research task. For its
achievement, it is necessary to choose the right model. To
date, the most common are models of small animals, in
particular mice. However, extensive work is being carried
out towards the development of cellular models that
would allow moving away from the use of animals as model
objects, as well as bypassing the problems of translating
the results. In this review, we collected data on the current
advances in the field of cellular models of atherosclerosis.
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Significance Atherosclerosis models, from 2D cultures to 3D tissue-
engineered vessels, offer cost-effective avenues for drug screening and
personalized medicine, advancing therapeutic discovery.

*Correspondence.  Anastasia V. Poznyak, Institute for
Atherosclerosis Research, Osennyaya 4-1-207,
121609 Moscow, Russia;

and Alexander N. Orekhov, Laboratory of
Cellular and Molecular Pathology of
Cardiovascular System, Petrovsky National
Research Centre of Surgery, 2, Abrikosovsky
Lane, 119991 Moscow, Russia.

E-mail: tehhy 85@mail.ru,
alexandernikolaevichorekhov@gmail.com

Editor Aman Shah Bin Abdul Majid And accepted by the Editorial Board
Mar 12, 2024 (received for review Jan 31, 2024)

Introduction

Fabry disease, initially described in the late 19th century as "Diffuse
angiokeratoma,” has since been recognized as an X-linked
multisystem lipid storage disorder caused by mutations in the GLA
gene, re-sponsible for encoding the lysosomal enzyme a-
galactosidase A (a-Gal A). This genetic defect leads to the
accumulation of glycolipids, primarily globotriaosylceramide
(Gb3), and its deacylated form glo-botriaosylsphingosine (lyso-
Gb3), in lysosomes throughout the body (Fabry J, 1898; Azevedo et
al., 2020; Cybulla et al., 2022; Mehta et al., 2006; Sweeley and
Klionsky, 1963).

With over 1000 genetic variants identified in the GLA gene to date,
Fabry disease presents a wide spec-trum of clinical manifestations,
ranging from the classic phenotype with severely reduced a-Gal A
ac-tivity to the late phenotype characterized by milder enzyme
deficiency and later onset of organ compli-cations (Bernardes et al.,
2020; Mehta and Hughes, 2002). Affected individuals experience
progressive cellular dysfunction, microvascular damage, and
metabolic disturbances, ultimately leading to irre-versible fibrosis

in vital organs such as the heart, kidneys, blood vessels, and nervous
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system (Popli et al., 1990; Vedder et al., 2006; Kubota et al., 2022).
Recent advancements in Fabry disease research have focused on
innovative therapeutic strategies aimed at addressing the
underlying genetic defect and preventing disease progression. One
notable approach involves precision medicine, leveraging genetic
sequencing technologies to tailor personalized treat-ment regimens
based on individual genetic profiles. By understanding the specific
mutations in the GLA gene, researchers aim to develop targeted
therapies that can effectively restore enzyme function and reduce
the accumulation of toxic metabolites (Branton et al., 2002; Meikle
etal., 1999; Spada et al., 2006).

Gene therapy has emerged as a promising avenue for the treatment
of Fabry disease, with ongoing re-search focusing on the delivery of
corrected genes to replace or repair defective GLA gene variants. By
harnessing viral vectors and gene editing technologies, scientists
seek to develop curative gene therapies that can provide long-term
benefits for patients by addressing the root cause of the disease at a
molecu-lar level (van der Tol et al., 2014).

In addition to gene-based approaches, advancements in enzyme
replacement therapies (ERTs) continue to enhance treatment
options for individuals with Fabry disease. Next-generation ERTs
with improved tissue targeting, extended half-lives, and reduced
immunogenicity are being developed to optimize effi-cacy and
patient outcomes. Furthermore, small molecule chaperones that
stabilize mutant enzymes and enhance their activity represent a
promising avenue for the development of novel therapeutic
interven-tions (Kubota et al., 2023).

Combinatorial therapies combining ERTs, chaperone therapies,
and gene therapy are being explored to harness synergistic effects
and improve treatment outcomes in Fabry disease patients.
Additionally, the identification of reliable biomarkers for disease
monitoring and treatment assessment is a key area of research,
enabling clinicians to better track disease progression and
therapeutic response (Kubota et al., 2023).

By continuing to innovate in the fields of precision medicine, gene
enzyme
researchers are making significant strides towards advancing

therapy, replacement, and biomarker discovery,
therapeutic ap-proaches for Fabry disease. These promising
developments offer hope for improved outcomes and quality of life
for individuals affected by this rare genetic disorder.

Clinical manifestations

FD is characterized by a multisystem phenotype, including
cardiomyopathy, kidney failure, vas-culopathy, sweating disorders,
acroparesthesia, angiokeratomas, and gastrointestinal symptoms. It
is customary to distinguish two phenotypes: the early classical form
and the late form, which is often characterized by damage to one
organ (Muntean et al., 2022).

Mutations in gene GLA, causing practically zero enzymatic activity,

are associated with relatively severe and early classical phenotypes,

which are characterized by the occurrence of clinical manifesta-
tions in childhood or adolescence, such as acroparesthesia,
neuropathic pain, hypohidrosis, intolerance to high temperatures,
cold and physical activity, angiokeratomas, gastrointestinal
symptoms and mi-croalbuminuria. With age, organ dysfunction
becomes more and more evident: proteinuria, albuminu-ria and
decreased kidney function develop, which can progress to end-stage
renal disease with the need for dialysis or kidney transplantation
(Duro et al., 2018).

Cardiac lesions are different, they range from progressive left
ventricular hypertrophy to heart failure, the need for heart
transplantation, and sudden cardiac death. Repeated episodes of
cerebrovas-cular accident or even stroke is a sign of damage to the
central nervous system, often of a disabling na-ture.

In contrast, mutations in gene GLA leading to residual enzymatic
activity are associated with mild and late occurring phenotypes,
which are characterized by the development of cardiac, kidney
and/or cerebrovascular manifestations in adulthood (Kubota et al.,
2023; Arends et al,, 2017; Azevedo et al., 2020a; Azevedo et al,
2020b). Due to significant advances in the treatment of kidney
damage, cardiovascular diseases have become the leading cause of
death in patients with FD (Meikle et al., 1999). Patients with FD
most often have left ventricular hypertrophy (LVH), which is not
explained by ab-normal cardiac loading conditions (such as
hypertension or aortic stenosis) and it is sometimes noted to be a
predominant or isolated feature (the so-called “cardiac variant”)
(Kubota et al., 2023; Whybra et al., 2001).

Diagnostics

The average time from the occurrence of the first clinical
manifestations to confirmation of the diagnosis of FD is on average
10.5 years (Spada et al., 2006). This delayed diagnosis occurs due to
the wide variety of phenotypic presentations. Considering the
availability of pathogenetic therapy, early di-agnosis for FD is of the
highest significance. In order to make an early diagnosis, it is
advisable to con-duct a screening of risk groups and diagnose the
disease as early as possible. Once diagnosis is estab-lished, the
patient requires an interdisciplinary approach and must be closely
monitored by specialists and receive pathogenetic therapy.

To establish the diagnosis of FD in men, measurement of the
enzyme activity of a-Gal A and lyso-Gb3 from a dried drop of blood
is used. In most men, enzyme activity decreases to less than 30% of
normal, while in some men there is no its activity at all. The
diagnosis is confirmed by molecular ge-netic testing, detecting the
causative mutation (van der Tol et al., 2014; Desnick et al., 1989). In
women, molecular genetic testing is mandatory to establish a
diagnosis because a-Gal A activity in leukocytes may be normal
despite low levels in other organs. At present, lyso-Gb3 isolated

from blood plasma is the optimal biomarker for diagnosing FD.
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An important step in diagnosing FD is the genealogical method. By
analyzing a patient's genealogy based on the mode of inheritance of
the disease, several additional patients in the family may be identi-
fied. Therefore, all patients with a suspected or established
diagnosis require medical genetic consulting to determine the risk
group and to conduct an examination (Stroh, 2011).

patients due to their inability to accurately mimic the structure of
blood vessels and human plaques. Therefore, single-cell models are
Therapy

Until 2001, there was no specific therapy available for FD; the
disease could only be treated symp-tomatically. This determined an
unfavorable prognosis, especially in classic variants of the disease
with multisystem manifestations (Oder et al., 2016). The use of
enzyme replacement therapy (ERT), first approved in 2001, has led
to significant improvements in morbidity and early mortality.
Biotechnologically produced a-Gal A is administered intravenously
at two-week intervals. Two medicines are available: agalsidase alfa,
derived from human cells, and agalsidase beta, derived from
Chinese hamster ovary cells. However, ERT has not been shown to
prevent further progression when started late in the disease
(Germain et al.,, 2015; Weidemann et al., 2013).

The International FD Outcome Study (FOS) was initiated in 2001
to collect long-term clinical and safety data for individuals with
confirmed FD who either received a-Gal A treatment or do not
receive ERT. This database has contributed to the study of many
aspects of FD and the consequences of ERT, including renal and
cardiac outcomes (Nakamura et al., 2023; Mehta et al., 2009; Beck
etal., 2022; Schwarting et al., 2006; Linhart et al., 2007; Mehta e tal.,
2004). The results of this retrospective compar-ison of FOS data
confirm the long-term efficacy of a-Gal A in the treatment of FD.
The results show that a-Gal A treatment slowed the decline in
kidney function and slowed or stabilized the progression of

cardiomyopathy.

Materials and methods

A retrospective analysis of the medical records of 12 patients from
8 unrelated families living in the Moscow region with an established
diagnosis of Fabry disease and observed from 2015 to 2022 was
carried out. All the patients underwent enzyme replacement
therapy.

The average arterial pressure values, the presence of heart rhythm
disturbances, as well as data on the therapy (pharmacological
medicins, dosage, duration) were analyzed. Echocardiographic data
in-cluding left ventricular myocardial mass index (LVMMI) and
left ventricular thickness were also ana-lyzed. Echocardiography
data were obtained on ARTIDA ultrasound device (Toshiba, Japan)
in B- and M-modes, with a sectoral sensor (2.7-3.5 MHz).

The levels of a-Gal A enzymatic activity, Lyso-Gb3 concentrations,

as well as the results of DNA diagnostics: pathogenic variants in the

GLA gene, were analyzed. Raw data of the patients are presented in
Table 1.

Limitations

The retrospective analysis conducted in this article serves as a
valuable tool to examine the medical rec-ords of patients with Fabry
disease over a specific period. By looking back at data collected from
past cases, researchers can gain insights into the disease
progression, treatment outcomes, and genetic varia-tions among
patients. However, it is important to acknowledge the inherent
limitations associated with retrospective studies that may impact
the generalizability of the findings.

One significant limitation of retrospective analysis is the reliance on
existing data collected for clinical purposes, which may lead to
incomplete or missing information in the records. In this study, the
small sample size of 12 patients from 8 unrelated families in the
Moscow region could limit the ability to draw broad conclusions
about Fabry disease outcomes and treatment efficacy across
different popula-tions. The limited sample size may also introduce
potential selection bias, as the patients included in the study may
not be representative of the broader Fabry disease population.
Despite these limitations, retrospective analyses play a crucial role
in generating hypotheses, exploring trends, and providing
preliminary insights that can guide future prospective studies. By
thoroughly documenting the clinical characteristics, genetic
mutations, treatment regimens, and outcomes of pa-tients with
Fabry disease, researchers can identify patterns and associations
that inform further research directions.

To overcome the limitations of small sample sizes and potential
selection bias in retrospective studies, researchers can consider
collaborating with multiple centers or institutions to increase the
diversity and representativeness of the patient population.
Additionally, conducting multicenter studies, prospective cohort
studies, or randomized controlled trials can provide more robust
evidence to validate the find-ings from retrospective analyses and
enhance the generalizability of the results.

In conclusion, while retrospective analyses offer valuable insights
into disease characteristics and treat-ment outcomes, researchers
should interpret the findings with caution due to inherent
limitations. Col-laborative efforts, larger sample sizes, and
complementary study designs can help mitigate biases and
strengthen the validity of research findings in the field of Fabry

disease.
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Table 1. Raw data of the patients. AP is arterial pressure; LVMMI is left ventricular myocardial mass index; LVH is left ventricular hypertrophy; ARBs are angiotensin receptor blockers; ACEI is angiotensin-
converting enzyme inhibitor; AFib is atrial fibrillation; a-Gal A is a-galactosidase A (enzyme activity: for patients No. 1, 2, 3,4, 5,7, 10, 11 the norm is 0.8-15 uM/I/h, for patients No. 6 and 8 the norm is
48.6-150.3 nM/mg/h, for patient No. 12 the norm is >1.89 pM/1/h); Lyso-Gb3 is globotriaosylsphingosine (normal 0.05-3.0 ng/ml); ERT is enzyme replacement therapy.

Ne of the patient 1 2 3 4 5 6 7 8 9 10 11

12
Sex M F M M M M M M F M F F
Age, years 51 17 31 42 34 45 48 37 67 44 36 70
Average initial 129/ 131/ 125/ 129/ 127/ 124/ 136/ 132/ 124/ 127/ 123/ 130/100
blood pressure, 81 83 79 84 83 70 86 81 77 79 84
(AP) mm Hg
Therapy ARB ACEI - ARB ARB - - ACEI ACEI ARB - ACEI
LVMMI at the 56 49 52 55 54 57 58 50 56 53 55 51
beginning of the
study, g/m?
LVH, cm 1.9 1.7 1.8 1.9 1.8 1.9 2.0 1.7 1.9 1,8 1.9 1.9
Rhythm disorders | - - - - - AFib - - - AFib - AFib
a-Gal A activity, 0.49 1.76 0.35 0.72 0.02 5.1 0.04 7.4 nM/mg/h - 0.75 0.72 3.33
uM/1/h nM/mg/h (normal)
Lyso-Gb3, ng/ml 118.36 16.82 64.3 34.98 44.73 - - - - 66.63 38.98

10.39
DNA diagnostics c.614C>G c.614C>G c.614C>G c.1231G>C c.1134T>A c.847C>A c.237delA ¢.100_101delAAinsTC | ¢.100_101delAAinsTC | c.614C>G ¢.1231G>C c.614C>G
(mutations in gene | (p.P205R) (p.P205R) (p.P205R) (p.G411R) (p.Cys378Ter) (p.Glu283Lys) (G80Afs*41) (p-Asn34Ser) (p-Asn34Ser) (p-P205R) (p.G411R) (p.P205R)
GLA)
ERT, years 5(1.5) 4 7 (4) 5(1) 4 5(12) 6(0.5) 10 1 4 5 1
Outcome Death Under Under Death Death Under Under Under supervision Under supervision Under Under Under

supervision supervision supervision supervision supervision supervision supervision

https://doi.org/10.25163/angiotherapy.839505 1-10 | ANGIOTHERAPY | Published online Mar 12, 2024



ANGIOTHERAPY

REVIEW

Appointment with a cardiologist,
therapist, general practitioner

(=4
> Hypertrophic Left ventricular
25 cardiomyopathy hypertrophy
s g (HCM) (LVH)

(=]

The absence of
persistent
arterial

hypertension

The absence of
chronic kidney
disease (CKD)

Failures of AK

Consultation
ofa
cardiovascular
surgeon

Repeat

consultation

Cardiac surgery
and/or
cardiological
treatment

Further tactics

Figure 1. Algorithm for early detection of FD

Screening for
FD

Enrolment and
the beginning
of ERT

https://doi.org/10.25163/angiotherapy.839505

1-10 | ANGIOTHERAPY | Published online Mar 12, 2024



ANGIOTHERAPY

REVIEW

Results and discussion

According to world statistics, signs or symptoms in patients with
FD because of the heart were recorded in 60% of men and 50% of
women, the average age of occurrence of the disease was 29 and 34
years, respectively (Mehta et al., 2009). Cardiac symptoms were the
main manifestations of FD in 13% of men and 10% of women (Eng
etal., 2007). In our study there were 12 people: 8 men and 4 women,
the ratio of men to women in the study supports the conclusion that
the incidence of the disease is higher in men than in women.
According to world statistics, left ventricular hypertrophy (LVH) is
found in 43% of men and 26% of women, occurs earlier and
progresses faster in men than in women (average age of the
occurrence: 39 years versus 50 years) (Lenders and Brand, 2021;
Kampmann et al., 2008). In our study, the average initial left
ventricular myocardial mass index (LVMMI) of the subjects was
54.1 g/m2, and 9 patients were diagnosed with left ventricular
hypertrophy (LVH) at the beginning of the study. From this group,
7 people get cardioprotective therapy in the form of ACEIs/ARBs.
Atrial Gb3 deposition and subsequent fibrosis, together with LVH,
diastolic dysfunction and atrial dilatation, are the proposed
mechanisms for the development of atrial fibrillation, which was
reported in 3% of patients with FD in retrospective studies (Shah et
al., 2005; Chimenti et al., 2010; O’Mahony et al., 2011). It was also
shown that 3.9% of patients had persistent atrial fibrillation and
13.3% had paroxysmal atrial fibrillation. In the late-onset cardiac-
predominant phenotype, atrial fibrillation was found in 7.6% of
men and in 2.4% of women, and atrial flutter in 2.5% and 0.8%,
respectively. The average age for diagnosis of atrial fibrillation was
67 years in men and 77 years in women (Azevedo et al., 2020a;
Azevedo et al., 2020b). From the cohort which we considered, signs
of cardiac arrhythmia in the form of atrial fibrillation were detected
in two patients (16.6% of the sample).

In all patients considered in this study, a mutation in gene GLA was
confirmed: in 5 patients, mu-tation c.614C>G (p.P205R) was
detected in exon 4 in a hemizygous state; in 2, nucleotide variant
¢.1231G>C (p.G411R) was detected in a hemizygous state; the other
2 had the ¢.100101delAAinsTC (p.Asn34Ser) mutation in the
hemizygous state; the other 2 patients had mutations c.847C>A
(p.Glu283Lys) in a hemizygous state and c.1134T>A (p.Cys378Ter)
in exon 7 in a hemizygous state, and in 1 patient a previously
undescribed mutation c.237delA (G80Afs*41) in exon 2 in a
hemizygous state, leading to a shift in the gene reading frame and
the formation of a premature stop codon. In 9 patients, a decrease
in the activity of the a-Gal A enzyme was confirmed (in the
remaining 2 patients, the study was not conducted) and in 7
patients, excessive accumulation of the Lyso-Gb3 protein was
confirmed, which correlates with the observed clinical picture (in

the remaining patients, the study was not con-ducted).

According to the literature, cardiac events (defined as myocardial
infarction, arrhythmia, angina pectoris, congestive heart failure
(CHEF), or major cardiac procedures such as pacemaker placement,
stent placement, and valve replacement) were reported in 69.9% of
men and 81.6% of women. Cardiac events were the first clinical
event in 21.4% of men and 16.9% of women. Ultimately, heart
diseases are the leading cause of death in patients with FD (40% in
men and 41.7% in women) (Waldek et al., 2009). The annual
incidence of cardiac death was 0.52 per 100 people, and the only
independent predictor was left ventricular mass (Patel et al., 2015).
Cardiac death has been reported to occur at an average age of 55.5
years in men and 66.0 years in women (Waldek et al., 2009). In our
group, death occurred in 3 patients from cardiac pathology, the rest
are under supervision.

Advancements in the management of Fabry disease (FD) present
exciting opportunities for further investigation and scholarly
discourse. Areas of interest include optimizing combination
therapies to enhance treatment efficacy and long-term outcomes.
Personalized medicine approaches, incorporating genetic
sequencing and biomarker discovery, offer a promising avenue for
tailoring treatments to individual patient profiles and genotypes
(Izhar et al., 2023).

Exploring alternative delivery methods for gene therapy and
enzyme replacement therapies could improve treatment
effectiveness, reduce side effects, and enhance patient adherence.
Furthermore, establishing comprehensive protocols for long-term
monitoring and follow-up of FD patients is crucial in
understanding disease progression, treatment response, and
optimizing patient care (Palaiodimou et al., 2023).

In addition, patient-centered outcomes research focusing on the
impact of FD on quality of life, psychosocial well-being, and daily
functioning can inform holistic care strategies that prioritize patient
preferences and experiences. By fostering interdisciplinary
collaboration and encouraging dialogue in these research areas, the
field of FD management can continue to evolve, driving innovation,
advancing scientific knowledge, and ultimately improving
outcomes for individuals affected by this rare genetic disorder

(Engle et al., 2021).

Conclusion

On the basis of the literature review results, we examined clinical
manifestations, diagnosis and treatment of FD, as well as statistics
on the detection of the disease among risk groups and manifesta-
tions of various syndromes, including cardiac ones. We analyzed
retrospective data on cardiac manifes-tations in patients with FD.
Screening for FD can be carried out by various specialists, since FD
is a mul-tidisciplinary disease. In cardiac pathology, to increase the
detection of FD, we propose the following algorithm: at the visit to

a therapist or cardiologist for selective screening for FD, patients
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must be se-lected based on a combination of the following criteria:
age under 40 years, diagnosis of HCM or fact of LVH>1.5 cm, the
absence of persistent arterial hypertension, absence of CKD more
than stage 3A, the presence of aortic valve defects. Such patients
require consultation with a cardiac surgeon, geneticist, as well as a
referral for the diagnosis of FD: determination of the level of the
enzyme a-Gal A and the bi-omarker Lyso-Gb3 from a dried drop of
blood. If a decrease in enzyme activity and an increase in the level
of Lyso-Gb3 is detected, then subsequent molecular genetic
diagnostics are carried out. A patient with a confirmed diagnosis of
FD is registered with the Medical Genetics Center of MONIKI and
with high-qualified specialists. The patient is prescribed
pathogenetic therapy (ERT).

Therefore, by conducting targeted selective screening of risk
groups, the detection of FD among the population will increase,
which will lead to early treatment of classic and late phenotypes. To
im-plement this algorithm, we propose the following algorithm for

distribution among cardiologists and therapists (Figure 1).

Perspectives

In looking towards the future of Fabry disease research and
therapeutic strategies, several promising avenues emerge. One
significant focus lies in the realm of precision medicine, where
advancements in genetic sequencing technologies offer the
potential for personalized treatment approaches. By identifying
specific genetic mutations and understanding their impact on
disease progression, researchers aim to tailor interventions to
individual patients, optimizing outcomes (Li et al., 2022).

Another area of intense exploration involves gene therapy, a
cutting-edge field that holds promise for providing long-term
solutions to genetic disorders like Fabry disease. Through the
delivery of corrected genes to replace or repair faulty ones, gene
therapy opens up new possibilities for curing the disease at its root
cause. Ongoing research into gene therapy approaches, including
the use of viral vectors and gene editing technologies, seeks to
expand treatment options for individuals affected by Fabry disease
(Domm et al., 2021).

Meanwhile, the development of enzyme replacement therapies
(ERTs) continues to progress, with efforts aimed at enhancing their
efficacy, dosing regimens, and delivery mechanisms. Innovations in
next-generation ERTs that target tissues more effectively, extend
half-lives, and reduce immunogenicity hold the potential to
improve patient outcomes and quality of life (Puhl and Ekins,
2022).

In parallel, small molecule chaperones are being explored as
potential therapeutic agents for Fabry disease. These chaperones
stabilize mutant enzymes, enhancing their activity and potentially
alleviating disease symptoms. Further research into novel

chaperone therapies and their performance in preclinical and

clinical settings could offer alternative treatment avenues for
individuals with Fabry disease (Weidemann et al., 2022).
Additionally, the investigation of combinatorial therapies that
combine various treatment modalities—such as ERTSs, chaperone
therapies, and gene therapy—may yield synergistic effects and
enhanced outcomes for Fabry disease patients. Understanding the
interactions and mechanisms of action between these diverse
treatment approaches is crucial for optimizing their combined
efficacy (Li et al., 2022).

Moreover, the discovery of reliable biomarkers to monitor disease
progression, treatment response, and clinical outcomes represents
a critical area of investigation in Fabry disease research. Identifying
biomarkers from different biological sources, such as blood, urine,
and tissues, can enhance disease monitoring, prognosis, and
treatment decision-making (Levstek et al., 2020).

In conclusion, collaborative research efforts, interdisciplinary
partnerships, and translational studies that bridge basic science
with clinical practice are essential for advancing knowledge and
improving care for individuals affected by Fabry disease. By
prioritizing precision medicine, exploring innovative therapeutic
avenues, and leveraging emerging technologies, the field is poised
to make significant strides in understanding and effectively treating

this rare genetic disorder (Lenders et al,. 2021).
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