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Summary

Fabry disease (FD) is a rare lysosomal storage disorder that can manifest in classical and
atypical forms, with the latter being more common. It results from deficient alpha-galactosidase
activity, leading to the accumulation of globotriaosylceramide (Gb3), causing inflammation,
cellular damage, and mitochondrial dysfunction. Symptoms include proteinuria, kidney failure,
hypertrophic cardiomyopathy, valve defects, peripheral neuropathy, and gastrointestinal issues.
The disease affects life expectancy, primarily due to cardiovascular complications. Early
diagnosis is often delayed due to non-specific symptoms, and prognosis tends to be worse in
males. Current treatments include enzyme replacement therapy (ERT), chaperone therapy with
migalastat, and second-generation ERT.

Introduction and purpose: The aim of this publication is to discuss various aspects of Fabry
disease based on the latest literature.

Material and methods: The PubMed database was searched to find scientific articles in which
the term "Fabry disease"” or the abbreviation "FD" appears in the title, abstract, or keywords.
Conclusions

Given the rarity of Fabry disease, research is limited, and there is a need for more studies to
explore novel therapeutic options that could improve patient quality of life and mitigate the
disease's complications.

Keywords: Fabry disease; Alpha-galactosidase A; GLA,; lyso-Gb3

Introduction

Fabry disease (FD) is a rare disorder belonging to the group of lysosomal storage diseases [1].
FD is inherited in an X-linked manner and results from mutations in the alpha-Gal A gene,
leading to reduced activity of alpha-galactosidase A [2]. Impaired activity of this enzyme
disrupts the metabolism of neutral glycosphingolipids and globotriaosylceramide (Gb3),
causing these compounds to accumulate in lysosomes, impairing their function [1,2]. Since
lysosomes are found in nearly all human cells, the symptoms of the disease are diverse and
affect various organs and systems [3]. FD is generally classified into classical and atypical
forms, which differ in the timing of symptom onset and their severity [1].
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Initial symptoms are often nonspecific, making early diagnosis challenging [4]. Currently, FD
IS an incurable disease; however, in recent years, several treatments have emerged that can
delay the onset of life-threatening complications [5].

Objective
The aim of this publication is to discuss various aspects of Fabry disease based on the latest
literature.

Methodology

The PubMed database was searched for scientific articles where the terms "Fabry disease™ or
"FD" appear in the title, abstract, or keywords. The focus was on articles published between
2017 and 2024, although in some cases, older sources were consulted when more recent data
was lacking. Articles were selected that addressed the etiology, epidemiology, symptomatology,
diagnostics, and treatment of the disease.

Etiology and pathophysiology

Unlike pathophysiology, the etiology of Fabry disease (FD) is relatively well understood. The
disease results from mutations in the alpha-Gal A gene, located on the X chromosome [1,2]. To
date, at least 900 mutations have been identified (about 69% of which are missense mutations,
17% deletions, 5% splicing mutations, and 5% insertions or duplications), which are
responsible for the disease, though this list is expected to grow over time [2,6]. Mutations in
the alpha-Gal A gene lead to a complete or partial loss of activity of the lysosomal enzyme
alpha-galactosidase A, which disrupts the metabolism of certain glycosphingolipids and causes
the accumulation of their metabolites (primarily globotriaosylceramide (Gb3)) in lysosomes
and various tissues. However, the mechanism behind this phenomenon has not yet been fully
understood [1,7]. Clinically significant FD develops only when the activity of alpha-
galactosidase A drops below a critical level, approximately 30-50% of the normal value [1].
Gb3 primarily accumulates in the vascular endothelium, vascular smooth muscle cells,
pericytes, autonomic ganglia, dorsal root ganglia, renal glomeruli, renal tubules, interstitial cells,
cardiac muscle cells, corneal endothelial cells, valvular fibrocytes, and cardiac conduction cells,
resulting in a highly varied clinical presentation [1]. Cell damage occurs both mechanically and
as a result of inflammation induced by Gb3 and other mechanisms not yet identified [8]. The
functional defect of alpha-galactosidase A impairs the degradation of lipid antigens, and their
accumulation activates NK cells, leading to chronic inflammation and autoimmunity [8]. Some
researchers also suggest that Gb3 accumulation negatively impacts endocytosis and autophagy,
disrupting mitochondrial function and promoting premature apoptosis [9]. A key role in FD
pathogenesis is also played by water-soluble deacylated Gb3 (lyso-Gb3), which significantly
increases in the blood and urine of affected individuals [1,10]. Lyso-Gb3 stimulates the
proliferation of smooth muscle cells, thereby increasing vascular wall stiffness [1,2,11].
Additionally, it impairs endothelial nitric oxide synthase (eNOS) activity, damages podocytes,
and leads to glomerular fibrosis [11]. It has also been observed that the concentration of lyso-
Gb3 in the blood correlates with the severity of the disease [10].



Some researchers also highlight low levels of thrombomodulin (TM) and elevated levels of
plasminogen activator inhibitor (PAI) in FD patients, suggesting that, through an as-yet-
unknown mechanism, the disease promotes thromboembolic complications [2].

Epidemiology

Data regarding the prevalence of Fabry disease (FD) is highly variable. According to some
authors, the disease occurs with a frequency between 1:40,000 and 1:117,000 live male births
[6], with the atypical form of the disease being much more common than the classical form [2].
In recent years, newborn screening studies have been conducted in several countries, including
Italy [12], where dried blood spots (DBS) from 173,342 newborns were analyzed, estimating
the prevalence of FD to be between 1:1,145 and 1:18,436. A slightly larger number of samples,
200,643, were analyzed by researchers in the UK, who estimated the prevalence of FD to be
1:5,573 live births [13].

Given that FD leads to kidney failure, it is important to note studies regarding the prevalence
of the disease in dialysis patients. These studies suggest the occurrence of FD in 0-1.6% of
males and 0-0.54% of females [14,15,16,17]. A recent meta-analysis on this topic suggests that
these percentages are lower, with values of 0.21% for males and 0.15% for females [18].

Symptomatology

As mentioned earlier, Fabry disease (FD) is essentially divided into classical and atypical types
[1]. In the classical form of the disease, alpha-galactosidase A activity is undetectable or less
than 3% of normal levels, which leads to earlier onset of symptoms and a more severe course
of the disease [1,19]. In the atypical form, enzyme activity remains at a varied, higher level,
causing symptoms to appear later and be more diverse [1,19].

Among the symptoms related to the urinary system, the most notable are proteinuria and
progressive kidney failure [1]. Albuminuria is typically observed in the first or second decade
of life, while total renal failure usually develops in the fourth decade [7]. The pathological
changes are primarily due to podocyte damage resulting from the accumulation of Gb3 within
them, leading to albuminuria and gradual sclerosis of the renal glomeruli (further driven by
progressing proteinuria) [1,7,20]. This pathophysiological sequence has been confirmed in a
study by Tendel et al. [21]. Some researchers also point out that Gb3 and lyso-Gb3 stimulate
the synthesis of TGF-beta (transforming growth factor-beta) in renal tubular epithelial cells,
leading to increased extracellular matrix synthesis [22].

The accumulation of Gb3 and lyso-Ghb3 also negatively affects all types of cells in the heart and
blood vessels, resulting in interstitial fibrosis, hypertrophy, and excessive proliferation of
myocytes [8,23]. A typical symptom of FD is hypertrophic cardiomyopathy, primarily affecting
the left ventricle [1,7]. Valve abnormalities also appear to be common in FD, occurring in at
least half of the patients, but are rarely advanced [1]. Other cardiovascular symptoms include:
fainting, reduced exercise tolerance, hypertension (resulting from, among other things, aortic
stiffening), arrhythmias, and heart failure, which usually peaks in the 4th-5th decade of life [7].
Neurological symptoms of FD arise both from the direct impact of Gb3 and lyso-Gb3 on nerve
cells and the vascular complications described earlier [1]. In terms of the peripheral nervous
system, peripheral neuropathy is typical for FD, while cerebrovascular diseases are common in
the central nervous system [1,7].



FD leads to damage to myelinated and unmyelinated nerve fibers and degeneration of axons,
resulting in neuropathic pain, intolerance to heat and/or cold, and hypohidrosis—symptoms that
typically appear early, in the first decade of life [1,7,24]. Individuals with FD are significantly
more likely to experience transient ischemic attacks (T1As) and ischemic strokes, due both to
the direct effect of Gb3 on cerebral vessels and the arrhythmogenic impact of the disease on the
heart muscle [1,25].

At least half of those with FD experience gastrointestinal symptoms, including nausea, vomiting,
diarrhea, and constipation [1,7]. These symptoms result from both autonomic neuropathy and
mesenteric vessel narrowing [7,26].

Ophthalmic symptoms of FD include cornea verticillata, conjunctival or retinal vessel
alterations, and posterior cataracts [1,27]. These are often present early in life (even from birth)
and result from the accumulation of glycosphingolipids in eye tissues [1,7]. Some researchers
suggest that the presence of cornea verticillata correlates with a more severe disease course [1].
The vast majority of individuals with FD (at least 70%) show skin symptoms early in life, with
angiokeratomas being the most common, especially in the pelvic region [28]. These lesions
result from weakened capillary vessel walls and dermal ectasia due to Gb3 accumulation [7].
FD also affects the respiratory system, causing obstructive disturbances, and later, restrictive
ones, attributed to the accumulation of glycosphingolipids in cells of small and medium-sized
airways [29]. Some patients also experience lymphatic edema in the limbs, osteopenia,
osteoporosis, and mild facial dysmorphia [7].

It is also worth noting that FD affects the neuropsychological state of affected individuals,
leading to depression, anxiety disorders, and social adaptation difficulties [30]. The
development of these symptoms is most likely due to living with a chronic illness, but the
destructive effect of the disease on brain structures, including the hippocampus, is also
considered [30].

So far, no clear genotype-phenotype correlation has been established, but some studies have
shown that, for example, the [IVS4 919G > A mutation is associated with a higher incidence of
cardiomyopathy and valve defects and fewer extra-cardiac symptoms, while the N215S
mutation results in a moderate decrease in alpha-galactosidase A activity, limiting symptoms
mainly to the heart muscle [1,31].

Diagnostics

The primary test used in the diagnosis of Fabry disease (FD) is the measurement of o-Gal
activity in plasma, leukocytes, or dried blood spots (DBS) [1,7]. This test is sufficient in the
case of males; however, genetic testing is still recommended to detect pathogenic mutations [7].
In females, these tests are necessary to confirm the diagnosis, as biochemical tests, especially
from plasma, do not provide clear results [7,32].

If variants of unclear significance (VUS) are detected during genetic testing, it is essential to
correlate clinical, biochemical, and family history data of the patient [7,32]. In some cases, a
kidney or heart biopsy may help with the diagnosis [7,33]. Many researchers also emphasize
that cornea verticillata is a rather characteristic symptom that can lead to the diagnosis of FD,
although this symptom can also appear when using certain medications, such as amiodarone [7].



Many researchers highlight the importance of newborn screening and testing family members
of individuals diagnosed with FD, as family history analysis often leads to the identification of
several other affected individuals [7]. Programs based on measuring a-Gal activity in newborn
screening (NBS) are being conducted in several countries, although ethical concerns have been
raised about such practices. Nevertheless, according to some researchers, most patients report
that they would prefer to be aware of their diagnosis [7,34,35].

In the past, some researchers suggested that the pattern of X chromosome inactivation (XCI) in
leukocytes correlates with FD symptoms and heart involvement; however, a meta-analysis of
data on this topic did not confirm this correlation [6,36,37,38].

Recent studies [39] suggest that the concentration of neurofilament light chains (NfL) in plasma
seems to be a good marker for neuroaxonal and cerebrovascular damage in FD. Furthermore, it
has been suggested that this parameter correlates with kidney function, although further
research is needed [39].

Treatment

Currently, three main treatment options for Fabry Disease (FD) can be distinguished: enzyme
replacement therapy (ERT), chaperone therapy, and second-generation enzyme replacement
therapy [5].

ERT involves the intravenous administration of exogenous alpha-galactosidase A, which
includes Replagal and Fabrazyme [40]. Both compounds have confirmed efficacy in reducing
lyso-Gb3 levels in plasma and are relatively safe [41]. In males with classic FD, it is
recommended to start ERT as soon as possible (regardless of the presence of clinical symptoms).
In males with atypical FD and in females, treatment is initiated upon the appearance of clinical
symptoms or in asymptomatic patients when organ damage is confirmed (e.g., a decrease in
GFR or albuminuria) [1,7]. Limitations of ERT include poor penetration through the blood-
brain barrier, the inability to reverse some already existing organ complications, undesirable
infusion reactions, and the formation of antibodies that inhibit the action of the drugs (ADA)
[42]. ADA are most commonly of the IgG1 and 1gG4 classes, and they reduce drug uptake by
target cells, leading to worse therapeutic outcomes [43]. To counteract the effects of ADA, two
therapeutic strategies are currently used. The first involves gradually increasing the drug dose,

as it has been shown that while this leads to an increase in ADA titers, therapeutic efficacy also
improves [44]. The second strategy involves the concurrent use of immunosuppressive drugs,
as they lower ADA levels [45]. So far, it has not been determined which of these strategies is
superior, as both have advantages and disadvantages [1].

Chaperone therapy involves the use of migalastat, which is a competitive inhibitor of the a-
GalA enzyme [1]. This drug stabilizes the enzyme, making its transport into the lysosome easier,
and the conditions inside the organelle lead to the dissociation of the enzyme, which can then
perform its biological function [1]. Migalastat has several advantages over ERT: it is
administered orally, has better tissue distribution, and is not immunogenic [1,41]. However,

due to its mechanism of action, this drug can only be used in certain patients in whom the a-
GalA enzyme shows sufficiently high activity [1]. In such patients, migalastat has shown
relatively high efficacy in reducing symptoms from the cardiovascular and renal systems [46].

Second-generation enzyme replacement therapy is a relatively new treatment method that
involves the use of PEGylated, chemically modified a-GalA enzyme [47].



Pegylation significantly extends the drug's duration of action from about 2 hours in the case of
classic ERT to about 80 hours [5]. Due to the small number of studies comparing the efficacy
of this drug to existing therapies, it is difficult to definitively assess its superiority over any of
them [5].

It is worth noting that a meta-analysis conducted by Veldman et al. [5], aimed at evaluating the
effectiveness of different FD therapies, found that definitively establishing the efficacy of each
treatment is relatively difficult due to methodological issues in the studies conducted so far.

Prognosis

Fabry disease has a varied course and clinical presentation in different patients, so the prognosis
depends on the specific form of the disease [1]. Life expectancy is primarily influenced by the
impact of FD on the renal system (complications from this system account for about 10% of
FD-related deaths) and the cardiovascular system (complications from this system account for
about 40% of FD-related deaths), while the impact on other systems mainly affects the quality
of life of affected individuals [1,48]. It should also be noted that due to the nonspecific course
of the disease, its diagnosis is often delayed (according to some authors, it often takes around
10 years from the onset of the first symptoms), which negatively impacts the prognosis due to
the progressive damage to internal organs over time [1].

Before the introduction of effective renal replacement therapies, FD patients primarily died
from renal complications [49], and later, the causes of death became closer to the current ones
[1]. FD patients typically died before the age of 50-60, but after the introduction of enzyme
replacement therapy (ERT), their life expectancy significantly increased — the current median
is 77.5 years [1,28].

Past studies [50] have shown that early initiation of nephroprotective treatment with ACE
inhibitors (ACEI) or angiotensin receptor blockers (ARB) significantly improves the prognosis
of FD by delaying the need for renal replacement therapy.

It is also worth mentioning the tool developed by Mignani et al. [3], called FASTEX, which
allows for a quantitative assessment of FD stability by evaluating seven clinical parameters
indicative of disease activity.

Additionally, it should be noted that, according to many researchers, the prognosis for FD is
worse in males — their average life expectancy is shorter, and severe disease complications
occur earlier and more frequently [28].

Summary

Fabry disease (FD) is a rare lysosomal storage disorder that can present in both classical and
atypical forms. The disorder is caused by a deficiency of alpha-galactosidase, leading to the
accumulation of glycosphingolipids, particularly globotriaosylceramide (Gb3). This
accumulation disrupts cellular functions, triggers inflammation, induces autoimmunity, and
impairs mitochondrial function. Additionally, deacylated Gb3 contributes to glomerular fibrosis.
Clinical manifestations of FD include proteinuria, progressive renal failure, hypertrophic
cardiomyopathy, valve defects, peripheral neuropathy, cerebrovascular disease, gastrointestinal
issues, cornea verticillata, retinal changes, posterior cataracts, angiokeratomas, and both
obstructive and restrictive pulmonary disorders.



The disease significantly impacts life expectancy, with cardiovascular issues responsible for
around 40%. Due to its non-specific symptoms, the diagnosis of FD is often delayed, and
prognosis is generally poorer in males.

Diagnosis primarily relies on measuring alpha-galactosidase activity in plasma, leukocytes, or
dried blood spots. Current treatment strategies for FD include enzyme replacement therapy
(ERT), chaperone therapy, and second-generation ERT. However, ERT is limited by the
formation of anti-drug antibodies (ADA), which reduce therapeutic efficacy. Chaperone
therapy using migalastat is effective in some patients, while second-generation ERT offers
extended drug action. Due to the rarity of FD, research is limited, and further studies are needed
to identify new therapeutic approaches to improve quality of life and address the disease's
complications.

Author’sontribution:

Conceptualization: K.W., A.Ma.; methodology: K.W., A.Ma.; software: KW., A.Ma., J.W.,
AW.; formal analysis: KW., A.Ma., JW., AW.; investigation: KW., A.Ma., JW., AW.,
A.Mu., J.R.; resources: KW., AMa., JW., AW., J.R., E.G.; data curation: KW., A.Ma., JW.,
AW., E.G.; writing - rough preparation: KW., A.Ma., JW., AW., AMu., J.R., E.G.; writing
- review and editing: K.W., A.Ma., JW., AW., AMu., J.R., E.G.; visualization:K.W., A.Ma.,
A.W.; supervision: K.W., A.Ma.; project administration: KW., A.Ma.

All authors have read and agreed to the published version of the manuscript.

Funding statement:
This research received no external funding.

Institutional review board statement:
Not applicable.

Informed consent statement:
Not applicable.

Data availability statement:
Publicly available datasets were analyzed in this study. This data can be found here:
https://pubmed.ncbi.nim.nih.gov/ (access 2024.10.15).

Conflicts of interest: The authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of
interest.

References
1. Lerario S, Monti L, Ambrosetti |, et al. Fabry disease: a rare disorder calling for
personalized medicine. Int Urol Nephrol. 2024 Oct;56(10):3161-3172. doi:
10.1007/s11255-024-04042-4.


https://pubmed.ncbi.nlm.nih.gov/
https://pubmed.ncbi.nlm.nih.gov/
https://pubmed.ncbi.nlm.nih.gov/

10.

11.

12.

13.

14.

15.

Bokhari SRA, Zulfigar H, Hariz A. Fabry Disease. [Updated 2023 Jul 4]. In: StatPearls
[Internet]. Treasure Island (FL): StatPearls Publishing; 2024 Jan-. Available from:
https://www.ncbi.nlm.nih.gov/books/NBK435996/

Mignani R, Pieruzzi F, Berri F, et al. FAbry STabilization indEX (FASTEX): an
innovative tool for the assessment of clinical stabilization in Fabry disease. Clin Kidney
J. 2016 Oct;9(5):739-47. doi: 10.1093/ckj/sfw082.

Sens F, Guittard L, Knebelmann B, et al. Prevalence of Fabry Disease in Patients on
Dialysis in France. Int J Mol Sci. 2024 Sep 20;25(18):10104. doi:
10.3390/ijms251810104.

Veldman BCF, Schoenmakers DH, van Dussen L, et al. Establishing Treatment
Effectiveness in Fabry Disease: Observation-Based Recommendations for
Improvement. Int J Mol Sci. 2024 Sep 9;25(17):9752. doi: 10.3390/ijms25179752.
Viggiano E, Politano L. X Chromosome Inactivation in Carriers of Fabry Disease:
Review and Meta-Analysis. Int J Mol Sci. 2021 Jul 17;22(14):7663. doi:
10.3390/ijms22147663.

Ortiz A, Germain DP, Desnick RJ, et al. Fabry disease revisited: Management and
treatment recommendations for adult patients. Mol Genet Metab. 2018 Apr;123(4):416-
427. doi: 10.1016/j.ymgme.2018.02.014.

Pieroni M, Moon JC, Arbustini E, et al. Cardiac Involvement in Fabry Disease: JACC
Review Topic of the Week. J Am Coll Cardiol. 2021 Feb 23;77(7):922-936. doi:
10.1016/j.jacc.2020.12.024.

Ivanova M. Altered Sphingolipids Metabolism Damaged Mitochondrial Functions:
Lessons Learned From Gaucher and Fabry Diseases. J Clin Med. 2020 Apr 14;9(4):1116.
doi: 10.3390/jcm9041116.

Ravarotto V, Carraro G, Pagnin E, et al. Oxidative stress and the altered reaction to it in
Fabry disease: A possible target for cardiovascular-renal remodeling? PLoS One. 2018
Sep 27;13(9):e0204618. doi: 10.1371/journal.pone.0204618.

Arends M, Wanner C, Hughes D, et al. Characterization of Classical and Nonclassical
Fabry Disease: A Multicenter Study. J Am Soc Nephrol. 2017 May;28(5):1631-1641.
doi: 10.1681/ASN.2016090964

Gragnaniello V, Burlina AP, Polo G, et al. Newborn Screening for Fabry Disease in
Northeastern Italy: Results of Five Years of Experience. Biomolecules. 2021 Jun
27;11(7):951. doi: 10.3390/biom11070951.

Gilchrist M, Casanova F, Tyrrell JS, et al. Prevalence of Fabry disease-causing variants
in the UK Biobank. J Med Genet. 2023 Apr;60(4):391-396. doi: 10.1136/jmg-2022-
108523. Epub 2022 Aug 17.

Moiseev S, Tao E, Moiseev A, et al. The Benefits of Family Screening in Rare Diseases:
Genetic Testing Reveals 165 New Cases of Fabry Disease among At-Risk Family
Members of 83 Index Patients. Genes (Basel). 2022 Sep 9;13(9):1619. doi:
10.3390/genes130916109.

Sodré LSS, Huaira RMNH, Bastos MG, et al. Screening for Fabry Disease in Kidney
Disease: a Cross-Sectional Study in Males and Females. Kidney Blood Press Res.
2017;42(6):1258-1265. doi: 10.1159/000485929.



https://www.ncbi.nlm.nih.gov/books/NBK435996/

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Moiseev S, Fomin V, Savostyanov K, et al. The Prevalence and Clinical Features of
Fabry Disease in Hemodialysis Patients: Russian Nationwide Fabry Dialysis Screening
Program. Nephron. 2019;141(4):249-255. doi: 10.1159/000495886.

Cho E, Park JT, Yoo TH, et al. Frequency of Fabry disease in chronic kidney disease
patients including patients on renal replacement therapy in Korea. Kidney Res Clin
Pract. 2024 Jan;43(1):71-81. doi: 10.23876/j.krcp.22.087.

Doheny D, Srinivasan R, Pagant S, et al. Fabry Disease: prevalence of affected males
and heterozygotes with pathogenic GLA mutations identified by screening renal,
cardiac and stroke clinics, 1995-2017. J Med Genet. 2018 Apr;55(4):261-268. doi:
10.1136/jmedgenet-2017-105080.

Germain DP, Altarescu G, Barriales-Villa R, et al. An expert consensus on practical
clinical recommendations and guidance for patients with classic Fabry disease. Mol
Genet Metab. 2022 Sep-Oct;137(1-2):49-61. doi: 10.1016/j.ymgme.2022.07.010.
Skrunes R, Tendel C, Leh S, et al. Long-Term Dose-Dependent Agalsidase Effects on
Kidney Histology in Fabry Disease. Clin J Am Soc Nephrol. 2017 Sep 7;12(9):1470-
1479. doi: 10.2215/CJN.01820217.

Tondel C, Kanai T, Larsen KK, et al. Foot process effacement is an early marker of
nephropathy in young classic Fabry patients without albuminuria. Nephron.
2015;129(1):16-21. doi: 10.1159/000369309.

Feriozzi S, Rozenfeld P. Pathology and pathogenic pathways in fabry nephropathy. Clin
Exp Nephrol. 2021 Sep;25(9):925-934. doi: 10.1007/s10157-021-02058-z.

Andreucci M, Provenzano M, Faga T, et al. Aortic Aneurysms, Chronic Kidney Disease
and  Metalloproteinases.  Biomolecules. 2021 Jan  30;11(2):194.  doi:
10.3390/biom11020194.

Cortés-Saladelafont E, Fernandez-Martin J, Ortolano S. Fabry Disease and Central
Nervous System Involvement: From Big to Small, from Brain to Synapse. Int J Mol Sci.
2023 Mar 9;24(6):5246. doi: 10.3390/ijms24065246.

Azevedo O, Cordeiro F, Gago MF, et al. Fabry Disease and the Heart: A Comprehensive
Review. Int J Mol Sci. 2021 Apr 23;22(9):4434. doi: 10.3390/ijms22094434.
Tuttolomondo A, Baglio I, Riolo R, et al. Molecular Pathogenesis of Central and
Peripheral Nervous System Complications in Anderson-Fabry Disease. Int J Mol Sci.
2023 Dec 20;25(1):61. doi: 10.3390/ijms25010061.

Gambini G, Scartozzi L, Giannuzzi F, et al. Ophthalmic Manifestations in Fabry Disease:
Updated Review. J Pers Med. 2023 May 27;13(6):904. doi: 10.3390/jpm13060904.
Beck M, Ramaswami U, Hernberg-Stahl E, et al. Twenty years of the Fabry Outcome
Survey (FOS): insights, achievements, and lessons learned from a global patient registry.
Orphanet J Rare Dis. 2022 Jun 20;17(1):238. doi: 10.1186/s13023-022-02392-9.
Svensson CK, Feldt-Rasmussen U, Backer V. Fabry disease, respiratory symptoms, and
airway limitation - a systematic review. Eur Clin Respir J. 2015 Jun 26;2. doi:
10.3402/ecrj.v2.26721.

Bolsover FE, Murphy E, Cipolotti L, et al. Cognitive dysfunction and depression in
Fabry disease: a systematic review. J Inherit Metab Dis. 2014 Mar;37(2):177-87. doi:
10.1007/s10545-013-9643-X.

10



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Wang WT, Sung SH, Liao JN, et al. Cardiac manifestations in patients with classical or
cardiac subtype of Fabry disease. J Chin Med Assoc. 2020 Sep;83(9):825-829. doi:
10.1097/JCMA.0000000000000379.

Kramer J, Weidemann F. Biomarkers for Diagnosing and Staging of Fabry Disease.
Curr Med Chem. 2018;25(13):1530-1537. doi: 10.2174/0929867324666170616102112.
Baig S, Vijapurapu R, Alharbi F, et al. Diagnosis and treatment of the cardiovascular
consequences of Fabry disease. QJM. 2019 Jan 1;112(1):3-9. doi:
10.1093/gjmed/hcy120.

Burlina AB, Polo G, Salviati L, et al. Newborn screening for lysosomal storage
disorders by tandem mass spectrometry in North East Italy. J Inherit Metab Dis. 2018
Mar;41(2):209-219. doi: 10.1007/s10545-017-0098-3.

Macklin S, Laney D, Lisi E, et al. The Psychosocial Impact of Carrying a Debated
Variant in the GLA Gene. J Genet Couns. 2018 Feb;27(1):217-224. doi:
10.1007/s10897-017-0139-y.

Echevarria L, Benistan K, Toussaint A, et al. X-chromosome inactivation in female
patients with Fabry disease. Clin Genet. 2016 Jan;89(1):44-54. doi: 10.1111/cge.12613.
Rossanti R, Nozu K, Fukunaga A, et al. X-chromosome inactivation patterns in females
with Fabry disease examined by both ultra-deep RNA sequencing and methylation-
dependent assay. Clin Exp Nephrol. 2021 Nov;25(11):1224-1230. doi: 10.1007/s10157-
021-02099-4. Epub

Viggiano E, Madej-Pilarczyk A, Carboni N,et al. X-Linked Emery-Dreifuss Muscular
Dystrophy: Study Of X-Chromosome Inactivation and Its Relation with Clinical
Phenotypes in Female Carriers. Genes (Basel). 2019 Nov 11;10(11):919. doi:
10.3390/genes101109109.

Ponleitner M, Gatterer C, Bsteh G, et al. Investigation of serum neurofilament light
chain as a biomarker in Fabry disease. Sci Rep. 2024 Oct 3;14(1):23033. doi:
10.1038/541598-024-73537-y.

Solomon M, Muro S. Lysosomal enzyme replacement therapies: Historical
development, clinical outcomes, and future perspectives. Adv Drug Deliv Rev. 2017
Sep 1;118:109-134. doi: 10.1016/j.addr.2017.05.004. Epub 2017 May 11.

Azevedo O, Gago MF, Miltenberger-Miltenyi G, et al. Fabry Disease Therapy: State-
of-the-Art and Current Challenges. Int J Mol Sci. 2020 Dec 28;22(1):206. doi:
10.3390/ijms22010206.

Lenders M, Brand E. Effects of Enzyme Replacement Therapy and Antidrug Antibodies
in Patients with Fabry Disease. J Am Soc Nephrol. 2018 Sep;29(9):2265-2278. doi:
10.1681/ASN.2018030329.

van der Veen SJ, van Kuilenburg ABP, Hollak CEM, et al. Antibodies against
recombinant alpha-galactosidase A in Fabry disease: Subclass analysis and impact on
response to treatment. Mol Genet Metab. 2019 Feb;126(2):162-168. doi:
10.1016/j.ymgme.2018.11.008.

Lenders M, Brand E. Assessment and impact of dose escalation on anti-drug antibodies
in Fabry disease. Front Immunol. 2022 Dec 9;13:1024963. doi:
10.3389/fimmu.2022.1024963.

11



45.

46.

47.

48.

49,

50.

Lenders M, Oder D, Nowak A, et al. Impact of immunosuppressive therapy on therapy-
neutralizing antibodies in transplanted patients with Fabry disease. J Intern Med. 2017
Sep;282(3):241-253. doi: 10.1111/joim.12647.

Feldt-Rasmussen U, Hughes D, Sunder-Plassmann G, et al. Long-term efficacy and
safety of migalastat treatment in Fabry disease: 30-month results from the open-label
extension of the randomized, phase 3 ATTRACT study. Mol Genet Metab. 2020 Sep-
Oct;131(1-2):219-228. doi: 10.1016/j.ymgme.2020.07.007.

Schiffmann R, Goker-Alpan O, Holida M, et al. Pegunigalsidase alfa, a novel
PEGylated enzyme replacement therapy for Fabry disease, provides sustained plasma
concentrations and favorable pharmacodynamics: A 1-year Phase 1/2 clinical trial. J
Inherit Metab Dis. 2019 May;42(3):534-544. doi: 10.1002/jimd.12080.

X. Provenzano M, Rivoli L, Garofalo C, et al. Renal resistive index in chronic kidney
disease patients: Possible determinants and risk profile. PLoS One. 2020 Apr
1;15(4):e0230020. doi: 10.1371/journal.pone.0230020.

Svarstad E, Marti HP. The Changing Landscape of Fabry Disease. Clin J Am Soc
Nephrol. 2020 Apr 7;15(4):569-576. doi: 10.2215/CIN.09480819.

Warnock DG, Thomas CP, Vujkovac B, et al. Antiproteinuric therapy and Fabry
nephropathy: factors associated with preserved kidney function during agalsidase-beta
therapy. J Med Genet. 2015 Dec;52(12):860-6. doi: 10.1136/jmedgenet-2015-103471.

12



