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Fabry disease (FD) is a lysosomal storage disorder, depending on defects in alpha-galactosidase A (GAL) activity. At the
clinical level, FD shows a high phenotype variability. Cardiovascular dysfunction is often recurrent or, in some cases, is
the sole symptom (cardiac variant) representing the leading cause of death in Fabry patients. Cardiac dysfunction is
dependent on globotriaosylceramide (Gb3) accumulation in the heart but several other mechanisms are involved, such as
inflammation and mitochondrial dysfunction, that could become useful targets for therapeutics.
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| 1. Introduction

Lysosomal storage disorders comprise a group of rare inherited metabolic diseases characterized by abnormal deposition
of intracellular wasting materials due to enzyme deficiencies. Among them, Fabry disease (FD) is an X-linked inherited
disorder of glycosphingolipid metabolism due to deficient or absent lysosomal alpha-galactosidase A (GAL) activity, which
results in a progressive accumulation of globotriaosylceramide (Gb3) and its metabolites M2, Such a mechanism is
considered responsible for the damage of several organs, including the kidney, heart, lung, small intestine, brain, and
liver, thus allowing FD classification as a “multiorgan” disorder. The diagnostic signature is the detection of Gb3 in urine
and plasma, which is confirmed by genetic analysis. In some FD patients, especially females, urine Gb3 are not altered,
limiting its use as a diagnostic tool B4l Recently, lyso-Gb3, a deacylated analogue of Gb3, emerged as a novel indicator
of FD, showing a greater sensitivity than Gb3 in FD females . Although Fabry patients share the same pathogenetic
mechanism (defect in GAL activity and accumulation of Gb3 in tissues), FD appears a “multifaced” disorder, and patients
show significant variability in clinical signs. According to the canonic classification, Fabry phenotypes categorize into two
specific groups classic and non-classic. The classic phenotype includes the manifestation of multiple symptoms during
childhood or adolescence with males affected earlier than females. The main symptoms comprise neurological pain,
acroparesthesia, and episodic “Fabry crises” of acute pain as well as significant renal, cardiac, and cerebrovascular
complications that could manifest in later stages. In the non-classic phenotype, the clinical signs have mainly a later onset
(fourth to the sixth decade of life), but they could manifest in childhood with very different symptoms from those of the
classic phenotype. Adult-onset cardiac (cardiomegaly, left ventricular hypertrophy, cardiomyopathy, hypertrophic
cardiomyopathy, and myocardial infarction) and renal (end-stage renal disease) variants are more prevalent. Although FD
is an X-linked disorder, heterozygous females have symptoms ranging from very mild to severe due to random X-
chromosome inactivation 2, Thus, FD is a very complex condition due to the significant variability of clinical phenotypes.

| 2. The Cardiac Phenotype

Cardiovascular diseases are the leading cause of death in Fabry patients; left ventricular hypertrophy (LVH) and
myocardial fibrosis are the main risk factors for death . LVH is the most common clinical sign shown by
echocardiography in several Fabry patients . Hypertrophy starts with concentric remodelling, which progressively
evolves to overt hypertrophy with cardiac fibrosis and reduced contractile performance [&. However, hypertrophy could be
not revealed in the early stages of the disease. At the same time, echocardiography could detect diastolic dysfunction [,
suggesting that alterations of diastolic functions could precede cardiac hypertrophy. Diastolic dysfunction is a common
feature of Fabry disease while left ventricular systolic dysfunction reduces ejection fraction or fractional shortening rarely
occurs B A high frequency of ischemic events and myocardial infarctions is also detected in Fabry patients. A reduced
myocardial perfusion reserve characterizes Fabry disease while the peripheral artery endothelial function is preserved 19,
Electrophysiological abnormalities and arrhythmias could also occur U2 The most frequent rhythm abnormalities
include supraventricular tachycardias and atrial fibrillation and flutter. Valvular structural abnormalities are frequent,
especially in the left heart valves, due to valvular infiltration 14!, Advances in the knowledge of FD's cardiac phenotype are
due to cardiac magnetic resonance (CMR). CMR allows a non-invasive tissue characterization, including the assessment
of myocardial fibrosis, through late gadolinium enhancement, and sphingolipid storage, by T1 mapping. A study from



Nordin and colleagues clarified the developmental stages of cardiac phenotype in FD patients based on these parameters
(151, This phenotype’s evolution starts with an accumulation phase that occurs in childhood and is characterized by ECG
changes and low T1. Myocyte hypertrophy and inflammation phase follows with chronic troponin increase, low T1, and left
ventricle posterior wall thinning, especially in women. The latest step is characterized by persistent LVH and troponin
increase, fibrosis, NT-proBNP elevation, and clinical heart failure 13,

The cardiovascular phenotype in FD is not shown in all patients and, when it occurs, appears with variable severity. A
possible explanation could be different types of mutations since some seem to be more strictly associated with cardiac
disease. lle239Met mutation in the GLA gene occurs in a family with a predominant cardiac phenotype of Fabry disease
(28] |ndividuals from this family carrying lle239Met mutation display LVH and were mainly females (81, Furthermore, the
p.F113L mutation of the GLA gene seems to cause the late-onset phenotype of FD with predominant cardiac
manifestations 2. However, multiple mutations could occur in the same individual, which allow the development of LVH.
Thus, the involvement of other pathogenetic mechanisms in cardiac dysfunction development, as described below, should
also be considered.

2.1 The Cardiac Variant

There are some rare cases, especially in male hemizygotes, in which cardiac hypertrophy is the only overt clinical sign of
FD [57]. These patients do not show the typical symptoms of FD but develop heart failure. These cases are defined as
“cardiac variants” and are characterized by a Gb3 accumulation exclusively in the heart, causing cardiac damage without
affecting the other organs. Several findings suggest that this phenomenon is probably due to residual alpha-galactosidase
A activity, which delays the disease’s progression, thus preventing the early manifestation of clinical signs. [58]. Since this
phenomenon depends on alpha-galactosidase A activity, it could be associated with specific GLA gene mutations.

Even if the cardiac variant occurs mostly in male hemizygotes, a rare case of a woman with FD’s cardiac variant has also
been described. The genetic test revealed a missense heterozygous mutation in the GLA gene, c. 395 G/G>G/A, p.
G132E, and the urinary sediment showed Mulberry cells’ presence [59]. These data suggest screening all patients with
heart failure without typical FD symptoms for urinary Mulberry cells to allow early diagnosis and prompt therapy [59].

2.2. Molecular Mechanisms of Cardiac Dysfunction

How does Gb3 accumulation in the heart alter cardiac function? Several reports propose the involvement of different
molecular mechanisms. CM differentiated from a patient-derived iPSC show accumulation of Gb3, GAL activity deficiency,
and ANP expression increase (18], These features are associated with increased excitability, impaired electrophysiology,
and altered calcium handling 12 due to increased expression of the membrane Ca2 + sensor L-type calcium channels,
hyperphosphorylation ryanodine receptor and decreased expression of phospholamban 2229, Sych findings suggest that
defects in calcium handling could contribute to developing the cardiac phenotype in FD. Cardiac energy metabolism was
also shown to be altered in FD [, |n GLA-null cardiomyocytes, Gb3 accumulation associates with impaired autophagic
flux, alteration of mitochondrial membrane potential, and increased ROS production 222324 Thjs evidence suggests the
crosstalk between loss of GAL activity and mitochondria dysfunction in cardiac cells. Given these findings and the known
role of mitochondria in the development of heart diseases [2211261271[28] it js |ikely to suppose that mitochondrial alterations
could play a primary role in the development and progression of the cardiac phenotype in Fabry patients.

Inflammation is also associated with cardiac dysfunction in FD. Indeed, a multicenter cohort study in Fabry and control
patients revealed that inflammatory and cardiac remodelling biomarkers are elevated in Fabry patients and correlate with
a faster disease progression in patients with more severe clinical features 29, Furthermore, a clinical study shows that
myocarditis is detectable in half of Fabry patients with cardiomyopathy and correlates with disease severity 2. Giving the
known role of inflammation in the development of cardiovascular diseases B2 it is believable that the chronic
inflammatory state could trigger or worsen cardiac damage in Fabry patients. In this context, anti-inflammatory therapy
could become adjuvant to prevent irreversible cardiac damage in FD.

In multiple degenerative and acute diseases, mitochondrial dysfunction and inflammation are strictly linked 3. Indeed,
mitochondrial dysfunction increases ROS production, causing oxidative damage in both the heart and the vasculature,
and therefore, inducing vascular inflammation. ROS triggers the NFkappaB pathway leading to activation of NLRP3
inflammasome. The generation of inflammatory cytokines, in turn, causes endothelial and mitochondrial dysfunction by
further activating NFkappaB 2], Furthermore, the activation of NFkappaB is also involved in alterations of endothelial
function and the expression of pro-hypertrophic genes 433 Thus, the hypothesis raises that a vicious circle is
established in response to Gb3 accumulation, mainly based on NFkappaB activation as an amplifier of processes
disruption and cardiac cell damage in FD (Eigure 1). If such a hypothesis is confirmed, NFkappaB could be a novel target
in FD.
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Figure 1. Molecular mechanisms in Fabry disease (FD) cardiac damage. Globotriaosylceramide (Gb3) accumulation in
Fabry disease impairs several critical processes within the cell (autophagy and endothelial and mitochondrial function)
and induces an inflammatory state. The crosstalk between these impaired conditions is responsible for cardiac damage in
Fabry patients. The nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) represents the critical node in
this vicious circle of damage.

| 3. Conclusions

FD is a multifaceted condition with variable clinic phenotypes among patients. The cardiovascular one is the most
recurrent and is also the primary cause of death. The main trigger of the dangerous machine is the lack of GAL activity
and the accumulation of Gb3 in lysosomes, which are, in fact, the main target of available therapies. However, in the last
decade, other important cardiovascular mechanisms have been revealed, such as genetic mutations, endothelial
dysfunction, alterations of energetic metabolism, and activation of inflammatory molecules. Among them, inflammation
and mitochondrial dysfunction seem to be the most promising possible target, and NFkappaB is a potential common
mechanism. Further studies are needed that will allow developing more effective drugs to save and facilitate all patients
affected by FD.
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