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Abstract
Fabry disease is a rare genetic disorder classified as a lysosomal storage disease. It is an X-linked disease, caused 
by the mutation of the GLA gene, leading to the deficit or absence of function of the enzyme α-galactosidase A. It is 
a multi-organ and progressive disease characterized by systemic involvement primarily affecting the cardiac, renal 
and neurological systems. Current treatment options include established therapies such as two enzyme 
replacement therapies (agalsidase α, agalsidase β), one chaperone treatment (migalastat), and a recently approved 
enzyme replacement therapy targeting pegunigalsidase α. New drugs are being developed, including substrate 
reduction therapy, mRNA therapy, and genetic therapy. These emerging treatments have the potential to address 
the limitations of current therapies and ensure more effective and personalized treatment. This review explores and 
analyzes the diverse therapeutic strategies available for treating this complex and intriguing disease.
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INTRODUCTION
Fabry disease (FD) is caused by mutations in the GLA gene, located on the X chromosome, which encodes 
α-galactosidase A (α-GAL A). This genetic anomaly results in the progressive deposition of its substrate, 
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particularly globotriaosylceramide (Gb3) and its metabolite globotriaosylsphingosine (lyso-Gb3), in various 
cell types, including endothelial cells, cardiomyocytes, peripheral neurons, and renal cells[1,2].

FD exhibits a wide range of clinical manifestations influenced by specific mutations in the GLA gene and 
gender. Due to its X-linked inheritance, males typically experience more severe symptoms and earlier onset 
of complications compared to females[3].

FD presents a diverse range of manifestations that progress through different life stages. During childhood 
and adolescence, patients typically experience chronic or episodic acroparesthesia, angiokeratomas, 
ophthalmologic abnormalities, auditory neuropathy, disorders of sweating, increased albuminuria, and 
gastrointestinal disturbances. Young adulthood is marked by more pronounced angiokeratomas, selective 
proteinuria, fever, gastrointestinal symptoms, and early-onset cardiac abnormalities. In later adulthood 
(> 30 years), individuals often develop severe cardiac complications such as fibrosis, hypertrophy, valve 
abnormalities, and dysrhythmias, alongside chronic kidney disease, strokes, and potential hearing loss[4,5].

In males, the distinction between “classical” and “non-classical” forms of FD is determined by the residual 
activity of α-GAL A enzyme, preferably evaluated in leukocytes, along with the presence of characteristic 
clinical manifestations. The classic form of the disease is characterized by negligible or minimal (< 1%) 
activity of the α-GalA enzyme, which results in early-onset and widespread multi-organ complications. On 
the other hand, the attenuated or later-onset variant appears later in life, with symptoms that vary 
depending on the residual levels of α-GalA activity[6]. Heterozygous females exhibit variable clinical 
manifestations, and enzyme activity alone does not consistently distinguish between different phenotypes. It 
is hypothesized that severe disease in females heterozygous for an X-linked disorder results from 
unfavorable skewing during Lyonization, leading to biased inactivation of the wild-type allele in the 
majority of tissues. As a result, in females, classification relies on genetic mutation analysis, family history, 
and comprehensive clinical and biochemical evaluations[7].

Current therapeutic strategies for FD include enzyme replacement therapy (ERT) and oral chaperone 
treatment. The ERT category includes agalsidase α, agalsidase β and pegunigalsidase α, recombinant α-Gal A 
proteins that are effective in symptom control and in decelerating or arresting disease progression[8,9]. 
Chaperone therapy with Migalastat works by stabilizing the residual endogenous enzyme, correcting its 
misfolding, and thereby restoring the degradation of glycolipids[10]. Numerous other molecules are currently 
under investigation[11]. A novel form of ERT, moss-αGal, derived from plants has been shown to be effective, 
safe, and well-tolerated in early studies so far[12].

An additional therapeutic strategy involves substrate reduction therapy (SRT), which is designed to 
attenuate the production of metabolic products that cannot be degraded due to the inherent enzymatic 
deficiency. In this context, Venglustat and Lucerastat inhibit glucosylceramide synthase (GCS) to limit the 
amount of metabolites not degradable due to the lack of α-GalA enzyme[13,14].

Further advancements in therapeutic approaches for FD are represented by gene therapy. This strategy is 
designed to direct the therapy toward circulating hematopoietic cells using a recombinant vector capable of 
transducing and correcting the target cells. These cells would then acquire the ability to produce significant 
amounts of α-galactosidase A, both intracellularly and in their secretions[15,16].

Beyond genetic interventions, systemic messenger RNA (mRNA)-based therapeutics are under 
development for FD. This approach aims to enhance endogenous protein synthesis, thereby improving the 
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conformational maturation, glycosylation, and distribution of α-GAL A in cells[17].

Finally, in vitro studies have explored strategies to reduce intra-lysosomal storage by enhancing the efflux of 
stored substances from the lysosomal vesicle and facilitating its subsequent expulsion from the cell[18,19] 
[Figure 1].

This review aims to comprehensively evaluate all current and emerging therapeutic strategies for FD.

CURRENTLY AVAILABLE THERAPY FOR FABRY DISEASE
Enzyme replacement therapy
Currently available Enzyme replacement therapy (ERT) for FD include agalsidase α (Replagal, Takeda), 
produced in human fibroblasts and administered at a dose of 0.2 mg/kg biweekly, and agalsidase β 
(Fabrazyme, Sanofi Genzyme), produced in Chinese hamster ovary cells and administered at a dose of 
1.0 mg/kg biweekly. The mechanism of action underlying ERT involves the intravenous administration of 
recombinant α-galactosidase A (α-Gal A), produced through advanced biotechnology, to reduce the 
lysosomal accumulation of Gb3[20]. Agalsidases utilize the mannose-6-phosphate receptor (M6PR), which 
recognizes the enzyme’s mannose 6-phosphate (M6P) residues, to enter lysosomes and perform their 
therapeutic function. Recent studies have revealed that additional mechanisms underlie the transport of 
ERTs, such as megalin-mediated transport at the renal tubular level, M6PR, megalin, and sortilin-mediated 
transport at the podocyte level[21-23]. The efficacy of ERTs and the therapeutic response could, therefore, be 
determined by these mechanisms of drug transport and internalization into cells[24].

Pegunigalsidase α is a new ERT, produced by Protalix Biotherapeutics in Israel. This drug, recently 
approved by the FDA, has improved stability and half-life thanks to PEGylation.

Agalsidase β
Numerous clinical studies have investigated the effects of ERT in FD patients and many studies conducted 
over the years have demonstrated the efficacy of agalsidase β[25]. Agalsidase β has been shown to slow the 
progression of renal, cardiac, and cerebrovascular complications in advanced FD patients compared to 
placebo, with early treatment initiation being associated with better outcomes[26].

Weidemann et al. showed that ERT with agalsidase β improved myocardial function in FD patients by 
increasing peak systolic strain rate. These findings suggest that early ERT may mitigate left ventricular 
hypertrophy[27].

A small observational study confirmed that agalsidase β reduced lyso-Gb3 levels more effectively than 
agalsidase α[28]. Given the strong correlation between plasma lyso-Gb3 levels and disease severity, targeting 
this biomarker is crucial for assessing treatment outcomes[29-31].

Messalli et al. reported significant improvements in cardiac MRI parameters, including reduced myocardial 
T2 relaxation time, maximal myocardial thickness, and total left ventricular mass, after 48 months of 
agalsidase β treatment[32].

Agalsidase β facilitates the clearance of Gb3 deposits, as assessed in renal biopsy studies. The clearance is 
time- and dose-dependent, becoming evident after just 5 months of therapy with agalsidase β compared to 
placebo, and affects the cells most resistant to treatment, such as podocytes and distal tubular 
epithelium[33,34].
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Figure 1. Molecular targets for Fabry disease therapeutics.

Both agalsidase β and agalsidase α are effective in slowing the progression of FD and are considered safe[35]. 
Arends et al. compared agalsidase α and agalsidase β, finding no difference in complication rates. However, 
patients treated with agalsidase β exhibited a more pronounced reduction in lyso-Gb3 concentrations and a 
more favorable impact on left ventricular mass, particularly in those with LVMI < 75 g/m2[36].

Severe anaphylaxis is rare with ERT, and infusion-related reactions are typically manageable with pre-
infusion antipyretic drugs and low-dose corticosteroids.

The development of anti-drug antibodies (ADAs), typically within 3 to 6 months from starting therapy, can 
diminish ERT efficacy by reducing lyso-Gb3 clearance[37]. Agalsidase β appears to be associated with a higher 
incidence of neutralizing antibodies, possibly due to differences in the manufacturing process[7].

Agalsidase α
The efficacy of agalsidase α has also been widely demonstrated. In the study by Beck et al., which compared 
patients in the Fabry Outcome Survey (FOS) treated with agalsidase α to cohorts of untreated patients, a 
slower decline in renal function was observed in treated patients compared to untreated ones[38]. The same 
study also demonstrated a later onset of renal, cardiac and neurological complications, as well as delayed 
mortality in patients treated with agalsidase α[38].

A retrospective analysis conducted by Kampmann et al. at the University Children’s Hospital in Mainz, 
Germany, involved prospective data collection from medical records of FD patients under their care[39]. 
After ten years of treatment, heart failure improved in 22 of 42 patients, and angina scores remained stable 
or improved in 41 patients, highlighting the treatment’s significance for cardiomyopathy symptoms[39].

Due to a global shortage of agalsidase β between 2009 and 2012, many patients were switched to agalsidase 
α. Tsuboi et al. conducted an observational study on 11 FD patients, demonstrating stable eGFR over three 
years post-switch[40]. Improvements in cardiac mass were observed in both male and female patients and 
were sustained for 36 months. This study supports the safe and effective switch from agalsidase β to 
agalsidase α at approved doses without a loss of efficacy[40].
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In a randomized, double-blind, placebo-controlled clinical trial, Hughes et al. demonstrated the efficacy of 
agalsidase α in reversing hypertrophic cardiomyopathy in FD patients[41]. MRI studies revealed a reduction 
in left ventricular mass after 6 months of treatment with agalsidase α compared to placebo, accompanied by 
a mean 20% decrease in myocardial Gb3 content, as evidenced by multiple myocardial biopsies[41].

Pegunigalsidase α
Pegunigalsidase α (PRX-102) is a chemically cross-linked and PEGylated α-Gal A generated within the cells 
of the tobacco plant. It is added with a molecule of polyethylene glycol (PEG) to enhance the enzyme’s 
stability and extend its half-life. Since this enzyme is plant-derived, it does not present M6P on its surface 
glycans, indicating a different mechanism of cellular uptake and potentially leading to a distinct 
biodistribution profile compared to agalsidase α and agalsidase β[42,43].

In vitro studies using human plasma and in vivo studies using a mouse model have demonstrated its greater 
steadiness. The murine model showed superior biodistribution of pegunigalsidase α relative to agalsidase α, 
with significant reductions in Gb3 deposits in heart and kidney tissues[43].

An open-label phase I/II trial demonstrated that pegunigalsidase α has a significantly longer plasma half-life 
of 80 h, compared to less than 1 h for agalsidase β in 16 patients, thanks to its distinct pharmacokinetics and 
low immunogenicity. Additionally, a reduction in Gb3 by 84% was observed in kidney biopsies following 
treatment[12].

The 2-year BALANCE study, a randomized phase III trial, evaluated the non-inferiority of pegunigalsidase α 
compared to agalsidase β in adult patients with FD who had received agalsidase β for at least one year and 
exhibited an annualized estimated glomerular filtration rate (eGFR) decline of more than 
-2 mL/min/1.73 m2/year. Moreover, pegunigalsidase α was associated with reduced rates of treatment-
emergent adverse events and infusion-related reactions[44].

The BRIDGE trial, another important phase III open-label study, assessed the safety and efficacy of 
pegunigalsidase α (1 mg/kg every 2 weeks) in adults with FD who had previously been treated with 
agalsidase α (0.2 mg/kg every 2 weeks) for at least 2 years. The results demonstrated a reduction in the slope 
of eGFR in patients treated with pegunigalsidase α compared to previous treatment with agalsidase α and no 
adverse impact of anti-pegunigalsidase α antibodies on eGFR decline[45].

The results from the phase III, open-label, BRIGHT study indicated that patients with FD receiving ERT 
every other week can successfully switch to pegunigalsidase α (2 mg/kg every 4 weeks), demonstrating that 
this regimen could be an effective maintenance therapy with a favorable safety profile[46].

PEGylation appears to conceal certain epitopes from recognition by the immune system, which leads to a 
reduction in immunogenicity. This process involves attaching polyethylene glycol (PEG) molecules to 
therapeutic proteins, effectively shielding them from immune cells that would otherwise trigger an immune 
response. Furthermore, research has demonstrated that pegunigalsidase can not only reduce the formation 
of anti-drug antibodies but also reverse existing ones. This action can promote immune tolerance, making 
the therapy more effective and less likely to cause adverse immune reactions[12,43].

Although rare cases of hypersensitivity reactions and a case of immune-complex-mediated 
glomerulonephritis have been reported, the drug has been approved at a recommended dose of 1 mg/kg 
every 2 weeks by the European Medicines Agency and the Food and Drug Administration. It represents a 
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promising new therapeutic alternative for FD[47].

Chaperone therapy
Migalastat
Although ERTs are effective, they have several limitations: the need for intravenous administration, which 
may reduce patient compliance or negatively impact the quality of life; the inability to cross the blood-brain 
barrier; and the potential development of anti-drug antibodies.

An alternative treatment for FD is chaperone therapy, which aims to assist mutated α-GAL A proteins in 
correctly folding, thereby enhancing their stability and function within the lysosome. However, it is only 
effective for patients with specific “amenable” mutations in the GLA gene  genetic variants that result in a 
qualitatively anomalous production of the misfolded, unstable enzymes. Amenable mutations can be 
responsible for both classic and late-onset phenotypes[48].

Migalastat, a representative chaperone drug, binds to a specific sugar molecule (iminosugar) within the 
catalytic domain of the mutant α-GAL A. This binding helps the enzyme fold correctly and facilitates its 
transport to the lysosome, where it can degrade the accumulated substrate (Gb3).

A mutation is considered responsive to migalastat if α-Gal A activity increases by at least 1.20 times the 
baseline level, with an absolute increase of at least 3.0% in wild-type α-Gal A activity when exposed to 
10 μmol/L migalastat[48].

Migalastat is a potent inhibitor of α-GAL A at high doses. However, at lower doses, it paradoxically 
increases enzyme activity for specific GLA variants[49]. This seemingly contradictory effect is believed to 
occur because iminosugar initially binds to the enzyme, promoting proper folding. Once the enzyme 
reaches the lysosome, the competitive inhibitor (iminosugar) is displaced by the natural substrate, allowing 
α-GAL A to function normally. Migalastat is an oral medication administered at a dose of 123 mg every 
other day. It was approved by the European Medicines Agency (EMA) in 2016 for the treatment of FD 
patients aged 16 years and above, with an eGFR ≥ 30 mL/min/1.73 m2 and mutations amenable to 
chaperone therapy[50].

The FACETS trial compared chaperone therapy (Migalastat) with placebo in ERT-naïve patients with 
Migalastat-responsive GLA mutations. After 6 months of treatment, Migalastat significantly reduced plasma 
lyso-Gb3 levels and the number of Gb3 inclusions in kidney interstitial capillaries compared to placebo. 
Additionally, the first 6 months of Migalastat treatment resulted in a decrease in the total Gb3 inclusion 
volume per podocyte in kidney biopsies, which correlated with a reduction in the mean podocyte 
volume[51]. Furthermore, a significant reduction in the mean LVMI was observed at the 24-month mark 
compared to baseline[5].

The ATTRACT trial evaluated the effectiveness of Migalastat in ERT-experienced patients with amenable 
GLA mutations. Patients were randomized to either switch to Migalastat or continue ERT. After 18 months, 
Migalastat significantly reduced the mean left ventricular mass index compared to the ERT group, which 
showed no significant change. However, the design of this study has some limitations. The initial cohort 
included patients with non-amenable mutations in the Migalastat arm and a higher discontinuation rate in 
the ERT arm. As a result, only a small number of ERT patients (16 patients) remained evaluable by the 
study’s conclusion, which may potentially influence the reliability of the results[52].
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Hughes et al. conducted a study to assess the long-term efficacy and safety of Migalastat[53]. They studied 
patients enrolled in the phase III clinical trial, FACET and ATTRACT, and they found that 97 patients 
treated with Migalastat for up to 8.6 years showed a low incidence of FACEs (renal, cardiac and 
neurological events), in both naïve and ERT-experienced patients[53].

While it remains uncertain whether Migalastat can cross the blood-brain barrier in humans, studies in a 
mouse model of FD have shown that Migalastat increases α-Gal A activity and reduces Gb3 levels in most 
tissues, including the brain[54,55].

NEW EMERGING THERAPIES
New potential therapeutic drugs are being explored in studies, including second-generation enzymes, 
substrate reduction therapies, and gene- and mRNA-based therapeutic strategies [Table 1].

Enzyme replacement therapy
Moss α-galactosidase
Moss-α-galactosidase (moss-αGAL) is a plant-derived variant of α-galactosidase engineered to possess a 
N-glycosylation profile dominated by mannose-terminated glycans. Developed as an enzyme replacement 
therapy for FD, its non-phosphorylated form has demonstrated efficacy in both in vitro and murine models. 
While its cellular localization in heart and kidney tissues is comparable to that of agalsidase α, moss-αGAL 
exhibits a stronger affinity for kidney tissue[56].

A phase 1 clinical trial confirmed the safety and tolerability of a single dose of moss-αGAL, accompanied by 
a sustained reduction in Gb3 excretion. Leveraging the mannose receptor, which is expressed on 
macrophages, endothelial cells, and kidney cells, moss-αGAL shows promise for further development. The 
positive results from phase 1 trials have paved the way for ongoing phase 2/3 clinical trials[57].

Substrate reduction therapies
The substrate reduction therapy (SRT) aims to decrease the deposits due to the accumulation of metabolites 
caused by the enzymatic defect, by blocking glucosylceramide synthase (GCS), thereby decreasing the 
synthesis of precursors to Gb3. The primary advantages of SRT are its oral administration and its ability to 
cross the blood-brain barrier. In patients with residual galactosidase-α activity (non-classical mutations), 
SRT may effectively reduce substrate levels to a point where the remaining enzyme can manage the 
metabolic load. Alternatively, SRT can be combined with ERT if α-GalA activity is below 1%[11,58].

Indeed, data from Fabry mice studies showed that adding substrate reduction to ERT may offer both 
complementary and synergistic benefits in the management of FD[59].

It is essential to operate with precaution in dosing, because complete inhibition of a single enzyme can 
disrupt cellular homeostasis, influencing processes such as apoptosis, cell growth, and differentiation.

Two molecules were developed for Fabry disease: Venglustat, produced by Sanofi Genzyme and Lucerastat, 
produced by Idorsia Pharmaceuticals, both of which inhibit glucosylceramide synthase (GCS).

Venglustat
Venglustat is a ceramide-based small molecule designed to inhibit GCS. By blocking GCS, Venglustat 
reduces the production of glucosylceramide, a precursor to glycosphingolipids.
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Table 1. Characteristics of emerging therapies

New therapy Administration Advantages Trials

Moss-
galactosidase alfa

• Repeated administration ◆ Safety and tolerability 
◆ Prolonged reduction of Gb3 
excretion 
◆ Expression of the mannose 
receptor on kidney cells

• Phase 1 clinical trial (NCT02995993)

Venglustat • 15 mg once daily ◆ Oral administration 
◆ Linear pharmacokinetics 
◆ Rapid absorption 
◆ Favorable safety and tolerability 
profile 
◆ Ability to pass the blood-brain 
barrier

• 3-year open-label phase 2 trials (NCT02228460 - 
NCT02489344) 
• PERIDOT (randomized, double-blind, placebo-
controlled, 12-month Phase 3 study NCT05206773) 
• CARAT (phase III clinical trial NCT05280548)

Lucerastat • 100, 300, 500, 1,000 mg 
once daily 
• 200, 500, 1,000 mg b.i.d.

◆ Oral administration 
◆ Favorable safety and tolerability 
profile 
◆ Ability to pass the blood-brain 
barrier

• SAD (single-ascending dose study NCT02944487) 
• MAD (multiple-ascending dose study NCT02944474) 
• MODIFY (multicenter, double-blind, randomized, 
placebo-controlled phase III study NCT03425539)

Gene therapy • Single administration ◆ Long-term treatment 
◆ All damaged cells and tissues 
involved

• Open-label phase I/II trial (NCT04519749)

mRNA-based 
therapy

• Repeated administration ◆ No immunogenicity 
◆ Long-term treatment 
◆ Endogenous α-Gal expression by 
the targeted tissues  
◆ No risk of insertional 
mutagenesis 
◆ Prolonged half-lives and duration

• Preclinical studies

Phase 1 studies have demonstrated its linear pharmacokinetics, rapid absorption, and a favorable safety and 
tolerability profile in healthy volunteers[60].

Data from a 26-week open-label Phase 2a study (NCT02228460) and a 130-week extension trial 
(NCT02489344) demonstrated the safety and efficacy of Venglustat in treatment-naïve adult males with FD 
(15 mg once daily oral dose)[61].

Patients treated with Venglustat exhibited decreased levels of key glycosphingolipid pathway markers. 
While proximal markers showed a rapid decline, more distal markers such as plasma Gb3 and 
globotriaosylsphingosine demonstrated a gradual reduction. Importantly, no biochemical or histological 
evidence of disease progression was observed over three years of follow-up.

However, the efficacy and safety of Venglustat need to be confirmed in larger studies.

A phase III clinical trial, CARAT, is currently underway to evaluate the effect of Venglustat on left 
ventricular mass index compared to traditional therapies[62].

There is another ongoing trial, the PERIDOT trial, that aims to evaluate the efficacy of Venglustat in 
reducing neuropathic and abdominal pain in treatment-naïve patients with FD[63].

The drug is also being evaluated for the treatment of other diseases, including Parkinson’s disease associated 
with GBA mutations, Gaucher disease type 3, GM2 gangliosidosis, and autosomal dominant polycystic 
kidney disease[60].
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Lucerastat
Lucerastat, or N-butyldeoxygalactonojirimycin, is a soluble, low-molecular-weight molecule derived from 
galactose. It is administered orally and functions as a GCS inhibitor, restoring the normal balance of 
glycosphingolipid (GSL) synthesis, breakdown, and cellular transport[64].

Two separate randomized, double-blind, placebo-controlled studies evaluated the safety, tolerability, and 
pharmacokinetics of oral Lucerastat in healthy male volunteers.

In the single-ascending dose trial (SAD), 31 males got placebo or Lucerastat (a single oral dose of 100, 300, 
500, or 1,000 mg). Other 8 subjects took 1,000 mg Lucerastat or placebo bis in die (two doses separated by 
12 h).

In the multiple-ascending dose trial (MAD), 37 volunteers received either placebo or 200, 500, or 1,000 mg 
Lucerastat, twice daily for 7 consecutive days. To assess the impact of food on drug absorption, 6 
participants in the 500 mg dose group received Lucerastat with or without food.

Data from both the SAD and MAD studies indicated that Lucerastat was well tolerated overall. These 
promising results have led to further investigations of SRT with Lucerastat in FD patients[64].

In a single-center, open-label, randomized study, patients were randomized to receive Lucerastat in addition 
to standard care, including ERT (10 patients), or ERT alone (4 patients). The Lucerastat treatment group 
showed a significant reduction in plasma concentrations of Gb3 and its precursors, glucosylceramide and 
lactosylceramide. However, no clinical improvement in cardiac and renal functions was observed, likely due 
to the study’s short duration of only 12 weeks[65].

Additional studies are ongoing to further evaluate the efficacy and safety of Lucerastat in adult FD 
patients[66].

Gene and mRNA-based therapies
The primary goal of gene therapies is a long-term treatment strategy that addresses all damaged cells and 
tissues in patients with FD.

In recent years, numerous preclinical studies have been conducted both in vivo and ex vivo, utilizing a 
variety of viral vectors, such as retroviral, lentiviral, adenoviral, and non-viral vectors.

The single-arm study NCT02800070 enrolled five male patients with classic FD who received autologous 
CD34+ hematopoietic stem cells engineered to express α-galactosidase A using a lentiviral vector. Initial 
data assessed the safety and tolerability, showing a reduction in plasma and urine levels of Gb3 and 
lyso-Gb3. Moreover, bone marrow cells, plasma, and leukocytes exhibited normal range of α-gal A activity, 
while the vector was detected in the blood. Three of the five patients chose to stop the enzyme therapy even 
if the study is ongoing[67].

Studies using Fabry knockout mice have employed recombinant adenoviral vectors expressing human 
α-galactosidase A (Ad2/CEHalpha-Gal and Ad2/CMVHIalpha-Gal). These studies demonstrated a 
restoration of α-galactosidase A levels to within the normal range across multiple tissues, including liver, 
lung, kidney, heart, spleen, and muscle. Additionally, a significant decrease in Gb3 levels was observed in all 
tissues, with levels approaching normal values within 6 months of treatment. On the other hand, a rapid 
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decline in enzyme expression was observed by 12 weeks[68].

Other phase 1/2 studies testing in vivo gene therapy are currently underway. Various biological agents 
utilizing adeno-associated virus vectors are under investigation, including the liver- and cardiac-targeted 
4D-310[69], as well as the liver-targeted ST-920[70] and FLT190[71].

Preliminary data from these studies show an increase in α-Gal A activity and a reduction in Gb3 levels.

mRNA-based therapy is one of the promising future therapeutic strategies for FD, as it enables endogenous 
α-Gal A expression in the targeted tissues, offering long-term safety and no immunogenicity. Unlike DNA-
based therapies, mRNA-based therapy does not carry the risk of insertional mutagenesis.

However, the effects of mRNA-based therapy are transient, thus requiring repeated administration.

A preclinical study evaluated the systemic delivery of mRNA encoding human α-Gal A in wild-type (WT) 
mice, α-Gal A-deficient mice, and WT non-human primates (NHPs). Data indicate a dose-dependent 
increase in protein activity and subsequent substrate reduction in GLA-deficient mice following a single 
administration of h-α-Gal A mRNA. Importantly, these effects were sustained, with prolonged half-lives and 
substrate reduction observed in tissues and plasma for up to 6 weeks. Repeated administrations of h-α-Gal 
A mRNA demonstrated continued efficacy, safety, and pharmacological activity in a Fabry mouse model[17].

SYMPTOMATIC TREATMENT
The specific therapy for FD should be integrated with adjunctive interventions to manage the cardiac, renal, 
neurological, and other complications arising from chronic tissue damage[72].

For renal management, sodium-glucose cotransporter-2 inhibitor (SGLT2i), ACE inhibitors (ACEI), or 
angiotensin receptor blockers (ARB) are recommended to control albuminuria and slow the progression of 
chronic kidney disease (CKD). Standard CKD management guidelines should be followed for the use of 
statins and the prevention of CKD-related mineral bone disorders (CKD-MBD)[73]. For patients progressing 
to renal failure, dialysis or kidney transplantation is required. Furthermore, living-related donors must be 
tested to ensure they are negative for FD.

Cardiac complications are typically managed by ACEI or ARB, while beta-blockers should be used 
cautiously. Amiodarone should be avoided, especially in the case of ERT, because of its possible suppressive 
impact on α-galactosidase (α-GAL) enzyme activity. For symptomatic bradycardia or significant AV 
conduction abnormalities, permanent pacemaker insertion may be indicated[74]. Patients with atrial 
fibrillation should receive lifelong anticoagulation, and in cases of malignant arrhythmias, implantable 
cardioverter-defibrillators (ICD) should be considered[75].

Cerebrovascular complications require stroke prophylaxis with antithrombotic agents (e.g., aspirin or 
clopidogrel) for secondary prevention. In patients with atrial fibrillation, anticoagulation with warfarin or 
newer agents is recommended[76].

Neuropathic pain is managed using anticonvulsants such as gabapentin or pregabalin as first-line agents, 
with opioid agonists considered for severe pain crises. Lifestyle modifications, including avoiding 
temperature extremes and maintaining proper hydration, are important to prevent pain exacerbations[77].
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Gastrointestinal symptoms, such as delayed gastric emptying, can be treated with metoclopramide, while 
dyspepsia is managed with H2 blockers. Dietary adjustments, including increased fiber intake and smaller, 
more frequent meals, can help manage dysmotility and diarrhea[78,79].

For pulmonary involvement, bronchodilators are used to relieve airway obstruction[80].

Hearing loss is addressed with hearing aids or cochlear implants[81].

Dermatological issues, including angiokeratomas, have a limited response to laser or cosmetic treatments[82].

This multifaceted strategy is designed to address the diverse pathological manifestations of the disease, 
ultimately improving overall patient health and quality of life.

Considering the multi-organ involvement and the need for supportive therapy for each organ and system, 
the multidisciplinary management of the patient by a team of disease experts is essential[6,72,83].

CONCLUSIONS
Despite advancements in research and therapeutic approaches, currently approved treatments for Fabry 
disease remain limited to agalsidase α, agalsidase ß, pegunigalsidase α, and migalastat. Access to ERT and 
chaperone therapy varies significantly across different countries, depending on regional healthcare systems 
and resources.

Early diagnosis of both classic and non-classic forms of Fabry disease is crucial but remains challenging due 
to their rarity within an already rare condition. This underscores the need for collaboration among diverse 
healthcare professionals to ensure precise and timely care. Furthermore, it is essential to recognize not only 
the physical changes resulting from the genetic defect but also its profound impact on quality of life. Today, 
there is a growing emphasis on the comprehensive evaluation of individuals with rare diseases, driving 
scientific research toward personalized therapies tailored to meet the unique needs of each patient. These 
therapies aim not only to address the symptoms but also to improve their quality of life.

Certainly, the collaboration between established and emerging therapeutic options holds promise for 
favorable outcomes for the treatment of Fabry disease.
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