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Abstract

Anderson-Fabry disease (FD) is an X-linked lysosomal storage disorder caused by pathogenic
variants in the GLA gene, resulting in deficient «-galactosidase A activity and progressive
accumulation of globotriaosylceramide (Gb3) and its derivative lyso-Gb3 within lysosomes. Beyond
substrate storage, FD involves a complex interplay of molecular, metabolic, and inflammatory
disturbances that collectively drive multisystemic damage. It seems that Gb3 accumulation impairs
autophagic flux, promotes mitochondrial dysfunction, and triggers endoplasmic reticulum stress,
leading to oxidative imbalance and bioenergetic failure. Concurrently, activation of innate immune
pathways, particularly the TLR4/NF-«kB axis, induces pro-inflammatory cytokine release and
endothelial dysfunction, while complement activation and adaptive immune responses contribute to
chronic inflammation and fibrosis. These mechanisms define a sustained state of “metaflammation,”
linking lysosomal dysfunction to systemic inflammation. Understanding this molecular cross-talk
provides a rationale for identifying novel biomarkers and designing therapies that go beyond
enzymatic correction, including chaperone therapy, substrate reduction, and gene-based or anti-
inflammatory approaches. A deeper comprehension of these interconnected patterns may guide the
development of precision medicine strategies aimed at improving long-term outcomes in Fabry
disease.

Keywords: Fabry disease; lysosomal dysfunction; metabolic inflammation; TLR4/NF-kB pathway;
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1. Introduction

Anderson-Fabry disease (FD) is an X-linked lysosomal storage disorder caused by pathogenic
variants in the GLA gene resulting in reduced or absent a-galactosidase A activity, and consequent
progressive accumulation of globotriaosylceramide (Gb3) and its deacylated derivative
globotriaosylsphingosine (lyso-Gb3) in multiple cell types and tissues, also causing neurogenic
inflammation and alterations of the peripheral nervous system in host defense and
immunopathology [1].

Clinically, the disorder manifests with neuropathic pain, angiokeratomas, hypohidrosis in early
life, and evolves into renal failure, cardiomyopathy, cerebrovascular events and premature death —
underscoring its systemic significance and the urgent need for enhanced mechanistic insights and
improved therapeutic strategies [2]. From a broader perspective, FD exemplifies how a monogenic
lysosomal enzyme deficiency can trigger downstream metabolic, bioenergetic and
immunoinflammatory cascades, thereby bridging classical lysosomal storage disease paradigms with
those of metabolic-inflammatory disorders.

1.1. Molecular and metabolic basis
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For many years the pathogenesis of FD was conceptualized principally as a substrate-storage
disease: accumulation of Gb3 within lysosomes would lead to physical and functional disruption of
cellular compartments, affecting organ function. However, this model appears incomplete: it fails to
fully explain the phenotypic heterogeneity, organ-specific progression (e.g., why the heart or kidney
is disproportionately affected in many cases), sex differences in expression, and the variable
responsiveness to enzyme replacement therapy (ERT) [3]. Accordingly, recent research has shifted
towards mechanistic investigations into how lysosomal dysfunction initiates secondary disorders in
metabolic and bioenergetic pathways.

Emerging studies reveal that Gb3/lyso-Gb3 accumulation impairs, autophagic flux and
mitophagy, leading to persistence of dysfunctional mitochondria, increased reactive oxygen species
(ROS) generation, and bioenergetic failure [1,4]. For example, a study of mitochondrial microRNAs
(“mitomiRs”) in FD patients demonstrated significant dysregulation of several miRs controlling
mitochondrial homeostasis (respiratory chain, antioxidant capacity, apoptosis) [5]. In addition,
proteomic and animal-model work (e.g., a gla-/- zebrafish renal model) have shown downregulation
of mitochondrial and lysosomal proteins and disturbances in glycolysis, galactose metabolism,
mitochondrial morphology and antioxidant activity —implying that alterations can occur
independently of overt Gb3 accumulation [6]. These findings support a broader pathogenic network
in which lysosomal substrate load triggers metabolic reprogramming, mitochondrial impairment,
and ER stress/unfolded protein response, eventually contributing to cellular vulnerability beyond
storage burden alone [1,4]. Indeed, defective fatty-acid oxidation has been documented in FD cells—
with altered acylcarnitine profiles, decreased medium- and long-chain acylcarnitines, and
accumulation of short-chain species—indicating that mitochondrial p-oxidation and lipid
metabolism are compromised in FD [1].

1.2. Inflammatory and immune mechanisms

In parallel to metabolic dysfunction, inflammation is increasingly recognised as a major driver
of FD progression rather than simply a downstream consequence of cellular damage. In this context,
accumulated glycosphingolipids (Gb3/lyso-Gb3) may act as danger-associated molecular patterns
(DAMPs), engaging pattern-recognition receptors such as TLR4 and activating NF-«B signalling,
with subsequent induction of pro-inflammatory cytokines, endothelial dysfunction and immune cell
activation [4,7]. A large cohort study measuring inflammatory cytokines in FD found that many
interleukins (IL-1f3, IL-6, IL-8, IL-17) and TNF-a were significantly elevated in FD patients compared
to controls, and correlated with clinical severity scores (e.g., MSSI), cardiac and renal markers [8].
Furthermore, some studies demonstrate that inflammatory activation may persist despite ERT,
suggesting that immune and inflammatory networks might become self-sustaining
(“metaflammation”) and partly decoupled from substrate load [7,9].

One of the current controversial issues is whether inflammation in FD should be viewed
primarily as a direct consequence of glycosphingolipid accumulation (and thus reversible by
substrate reduction) or whether it constitutes a secondary but independent pathological axis
requiring targeted anti-inflammatory intervention. Some authors argue that once inflammatory and
fibrotic processes have been triggered, they may progress irrespective of further substrate reduction,
thus diminishing the efficacy of delayed therapy [7,10]. Moreover, complement activation (C3, C5a)
has been documented in FD patients—with associations to genotype, presence of anti-drug
antibodies, renal involvement and cardiovascular events—suggesting that humoral immune
pathways contribute to organ damage beyond classical lysosomal overload [9].

1.4. Diagnostic and therapeutic implications

On the diagnostic front, while lyso-Gb3 remains the most informative biochemical marker for
diagnosis and monitoring (particularly in males), it does not fully normalise in many treated patients
and only imperfectly reflects inflammatory or mitochondrial activation [11,12]. Recent work has
evaluated panels of inflammatory and endothelial dysfunction markers (e.g., TNF-a, MCP-1, VEGE-
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A, GDF-15, MPO, ADAMTS-13) and found that they correlate with disease severity and may track
response to therapy [15]. Multi-omic approaches (transcriptomic/proteomic/mitomiR) are
increasingly applied to identify novel biomarkers linked to mitochondrial, ER-stress and immune
pathways [5].

Therapeutically, the expanding view of FD as a confluence of lysosomal, metabolic and immune
derangements has promoted interest in combination-based and pathway-targeted strategies.
Approved treatments such as ERT (agalsidase alfa, agalsidase beta, pegunigalsidase alfa) and oral
pharmacologic chaperones (migalastat) remain foundational [12]. However, their limitations—
especially when initiated late—are becoming more widely recognized. As such, future directions
include substrate reduction therapy (SRT), gene and mRNA therapy, vesicle-packaged enzyme
delivery, mitochondrial protective agents, anti-inflammatory and complement-modulating
therapies, and metabolic modulators targeting fatty-acid oxidation or mitophagy [12]. Some authors
propose that early identification of mitochondrial/inflammatory signatures may allow stratification
of patients for adjunctive therapies beyond enzyme correction [10].

1.5. Aim of the review

Given this evolving mechanistic landscape, the aim of this review is to synthesise and critically
evaluate the molecular, metabolic and inflammatory patterns implicated in FD pathogenesis; to
examine how these axes intertwine; to review the controversies and diverging hypotheses (including
inflammatory independence vs substrate-dependency, timing of fibrosis); and to discuss how these
mechanistic insights translate into emerging biomarkers and therapeutic strategies. By offering this
translationally-oriented framework, we intend to support precision-medicine strategies in FD—
moving beyond enzyme correction to address the full complexity of disease biology and improve
long-term outcomes.

2. Molecular basis of Fabry disease

The enzymatic defect of alfa galactosidase A prevents the degradation of neutral
glycosphingolipids, =~ primarily = globotriaosylceramide (Gb3) and its  derivative
globotriaosylsphingosine (lyso-Gb3), resulting in their progressive intracellular accumulation across
multiple cell types, including endothelial cells, cardiomyocytes, podocytes, neurons, fibroblasts, and
smooth muscle cells [13]. The progressive storage of Gb3 within lysosomes disrupts their function by
altering luminal pH, impairing the activity of hydrolytic enzymes, and interfering with vesicular
trafficking and membrane recycling.[14] Lyso-Gb3, although present at lower concentrations than
Gb3, has been shown to exert potent biological effects, including stimulation of smooth muscle cell
proliferation, podocyte injury, and activation of pro-hypertrophic signaling pathways in
cardiomyocytes [15]. Studies have demonstrated that lyso-Gb3 also acts as a pro-inflammatory
mediator, inducing secretion of cytokines such as IL-6, TNF-a, and MCP-1, which contribute to early
renal and vascular injury[16]. More than 900 pathogenic variants in the GLA gene have been
identified, producing varying levels of residual enzyme activity and resulting in a wide spectrum of
clinical phenotypes, from classic early-onset forms to later-onset, organ-selective variants [17].

The accumulation of Gb3 and lyso-Gb3 triggers profound alterations in several interconnected
cellular pathways. A central element of these disturbances is the impairment of autophagy, which
results from defective lysosomal clearance and leads to accumulation of autophagosomes and
dysfunctional mitochondria. This disruption is particularly evident in cardiomyocytes and
podocytes, where impaired autophagy contributes to hypertrophy, proteinuria, and organ-specific
damage. Another important aspect of the molecular basis of Fabry disease is the induction of
endoplasmic reticulum (ER) stress caused by misfolded a-galactosidase A proteins retained within
the ER. These misfolded proteins activate the unfolded protein response (UPR), which aims to restore
protein homeostasis but can lead to apoptosis and inflammation when chronically activated ([18].
Additionally, Gb3 accumulation alters membrane architecture and facilitates the formation of lipid
microdomains that interfere with signaling pathways involving growth factors, ion channels, and
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mechanosensitive receptors. This contributes to vascular dysfunction and hypertrophy, two major
hallmarks of the disease [19] The progressive intracellular accumulation of Gb3 also interferes with
mitochondrial function, reducing ATP production, impairing oxidative phosphorylation, and
enhancing the generation of reactive oxygen species (ROS). These mitochondrial changes contribute
to energetic failure, cellular dysfunction, and apoptotic signaling, particularly in high-energy tissues
such as myocardium, kidney, and the peripheral nervous syste[20].

ROS overproduction further amplifies the cellular stress response by activating redox-sensitive
transcription factors including NF-kB and AP-1, promoting pro-inflammatory cytokine release and
linking oxidative stress to chronic inflammation in Fabry disease [21]. Additionally, alterations in
mitochondrial dynamics, including impaired fusion, excessive fission, and reduced mitophagy, have
been observed in experimental models of Fabry disease. These abnormalities exacerbate
mitochondrial fragmentation, bioenergetic insufficiency, and susceptibility to stress-induced cell
deat. In addition to impaired autophagy and mitochondrial dysfunction, Gb3 and lyso-Gb3
accumulation also affects lysosomal-endosomal trafficking, altering the internalization, recycling,
and degradation of membrane receptors and transporters. This contributes to abnormal cell
signaling, dysregulated ion homeostasis, and endothelial dysfunction, all of which are key hallmarks
of Fabry disease pathophysiology ([22]). Moreover, the glycosphingolipid accumulation modifies the
lipid composition of the plasma membrane, promoting the formation of altered lipid rafts that
interfere with receptor clustering, mechanotransduction, and growth factor signaling. These changes
have been associated with vascular instability, increased sensitivity to shear stress, and progressive
cardiomyopathic remodeling [23]. Finally, alterations in intracellular trafficking pathways influence
the turnover and localization of key proteins involved in calcium handling, redox balance, and stress
signaling. This further disrupts cellular homeostasis and contributes to the progressive dysfunction
of organs primarily affected by the disease, such as the heart, kidneys, and nervous system). Another
fundamental molecular component of Fabry disease is the persistent accumulation of lyso-Gb3,
which exerts biological effects beyond simple substrate storage. Lyso-Gb3 has been shown to act as a
potent signaling lipid, capable of inducing proliferation in vascular smooth muscle cells, altering
podocyte architecture, and promoting pro-fibrotic transcriptional programs that contribute to
progressive organ damage. In addition to its proliferative effects, lyso-Gb3 stimulates the expression
of inflammatory cytokines and chemokines, linking substrate accumulation to early immune
activation and creating a pro-inflammatory microenvironment in affected tissues such as the kidney
and myocardium [24]. Furthermore, lyso-Gb3 contributes to extracellular matrix remodeling by
activating fibroblasts and promoting the deposition of collagen and other matrix proteins,
accelerating fibrotic processes. This mechanism plays a central role in the development of cardiac and
renal fibrosis in Fabry patients, even in the presence of enzyme replacement therapy [25].

3. Metabolic alterations and organelle dysfunction

Fabry disease induces profound alterations in cellular bioenergetics, largely due to the
accumulation of Gb3 and lyso-Gb3, which impair mitochondrial function. Experimental studies have
demonstrated that mitochondrial respiration becomes progressively compromised, with defects in
oxidative phosphorylation, reduced ATP production, and increased generation of reactive oxygen
species (ROS) [20]. These metabolic impairments are particularly pronounced in tissues with high
energetic demands, such as cardiomyocytes, podocytes, and neurons, where mitochondrial
abnormalities contribute to organ-specific functional decline. The accumulation of damaged and
dysfunctional mitochondria further exacerbates metabolic stress and promotes apoptotic signaling
[26]

Disruption of autophagy is another key feature of the metabolic remodeling seen in Fabry
disease. Gb3 interferes with the fusion of autophagosomes with lysosomes, leading to impaired
autophagic flux and accumulation of undegraded substrates. This results in a buildup of
dysfunctional mitochondria and altered intracellular homeostasis [27] Impaired autophagy also
affects lipid turnover, contributing to abnormal lipid storage and exacerbating energy dysregulation.
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Persistent defects in autophagosome clearance create a vicious cycle that reinforces mitochondrial
dysfunction and ROS accumulation [28]

Gb3 and lyso-Gb3 also induce endoplasmic reticulum (ER) stress, which occurs when misfolded
or undegraded proteins accumulate within the ER lumen. This activates the unfolded protein
response (UPR), a compensatory mechanism that becomes maladaptive when chronically stimulated.
Sustained UPR activation contributes to reduced protein synthesis, alterations in calcium signaling,
and initiation of apoptotic pathways [29]ER stress additionally interferes with mitochondrial function
by disrupting mitochondria-associated membranes (MAMSs), which play a crucial role in lipid
exchange, calcium transfer, and mitochondrial dynamics. Alterations in these sites of inter-organelle
communication contribute to metabolic instability and enhanced susceptibility to cellular stress [30]

Another layer of metabolic dysregulation in Fabry disease involves abnormalities in mTOR
signaling, a central regulator of nutrient sensing and cellular growth. Gb3-induced lysosomal
dysfunction can alter mTORC1 activity, impairing the ability of cells to respond appropriately to
nutrient availability and energy demand. This contributes to a shift toward glycolysis, loss of
metabolic flexibility, and altered cell growth. These interconnected disruptions in lysosomal, ER, and
mitochondrial function culminate in broad metabolic remodeling that precedes overt organ damage,
highlighting the central role of bioenergetic failure in Fabry disease pathophysiology. Alterations in
inter-organelle communication represent another critical aspect of metabolic remodeling in Fabry
disease [31]. Disrupted ER-mitochondria crosstalk interferes with calcium handling, lipid transfer,
and stress signaling pathways, leading to impaired mitochondrial respiration and increased
susceptibility to oxidative damage [32]. Moreover, dysfunctional lysosomes fail to degrade damaged
mitochondria through mitophagy, causing the persistent accumulation of fragmented and ROS-
generating organelles. This accumulation amplifies redox imbalance and contributes to chronic
metabolic stress in cardiomyocytes and renal cells [33]). Interference with lipid metabolism is another
hallmark of Fabry disease, as Gb3 disrupts the synthesis and distribution of membrane lipids, altering
the structure of lipid rafts and modifying receptor localization and signaling efficiency. These
changes influence growth factor signaling, mechanotransduction, and endothelial responses to
hemodynamic stress [34]. Together, these metabolic and structural changes highlight a multifaceted
landscape of organelle dysfunction that reinforces disease progression long before irreversible
fibrosis becomes evident.

4. Inflammatory mechanisms

Inflammation plays a central and early role in the progression of Fabry disease, emerging not
simply as a secondary response to substrate accumulation but as a primary driver of tissue injury.
Lyso-Gb3 acts as a potent pro-inflammatory lipid mediator, engaging Toll-like receptor 4 (TLR4) and
triggering downstream NF-kB activation, which promotes transcription of cytokines such as TNF-q,
IL-18, and IL-6 [35]. This TLR4-mediated inflammatory signaling contributes to endothelial
activation, increased vascular permeability, and early renal and cardiac involvement. Studies
demonstrate that lyso-Gb3 exposure increases the expression of adhesion molecules (VCAM-1,
ICAM-1) on endothelial cells, facilitating leukocyte recruitment and chronic inflammatory infiltration
[10]Activation of the complement system represents another key contributor to inflammation in
Fabry disease. Elevated plasma levels of complement fragments such as C3a and C5a have been
observed in Fabry patients and correlate with endothelial dysfunction, microvascular injury, and
progression of renal disease. Cba, in particular, acts as a potent anaphylatoxin that promotes
chemotaxis, cytokine release, and oxidative burst in immune cells [36]Complement deposition within
renal tissue has been documented in Fabry nephropathy, where C5b-9 membrane attack complex
contributes to podocyte injury and proteinuria, linking complement dysregulation to glomerular
dysfunction [37].

The adaptive immune system is also affected in Fabry disease. Patients exhibit alterations in T-
cell activation, increased circulating CD4+ and CD8+ T cells, and enhanced B-cell responses. Immune
dysregulation has been reported even in patients receiving enzyme replacement therapy, indicating
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persistent immunological activation despite partial metabolic correction [38] Additionally, misfolded
a-galactosidase A variants retained in the ER can serve as neo-antigens, promoting the development
of neutralizing antibodies in some patients after enzyme replacement therapy, further amplifying
inflammation and contributing to variable treatment response [39].

Inflammation and oxidative stress form a mutually reinforcing cycle in Fabry disease.
Mitochondrial-derived ROS amplify inflammatory signaling, while cytokines such as TNF-o and IL-
6 impair mitochondrial respiration and promote ROS generation. This bidirectional relationship
perpetuates tissue damage and accelerates progression toward fibrosis [40]. This chronic
inflammatory state contributes to fibrosis in multiple organs, including heart, kidney, and vascular
tissues. Fibrotic remodeling persists even in patients with improved biochemical markers following
enzyme replacement therapy, suggesting that inflammation represents a therapeutic target
independent of substrate reduction [41].

5. Interconnection Between Molecular, Metabolic, and Inflammatory Patterns

5.1. Lysosomal Dysfunction and Metabolic Reprogramming

Anderson-Fabry disease (FD) is no longer viewed as a purely lysosomal storage disorder but as
a multisystemic metabolic disease characterized by profound molecular and bioenergetic
perturbations. The deficiency of oa-galactosidase A leads to the accumulation of
globotriaosylceramide (Gb3) and its deacylated derivative lyso-Gb3, which act not only as inert
storage compounds but also as bioactive lipids interfering with lysosomal-mitochondrial
communication, endoplasmic reticulum (ER) integrity, and autophagic flux [25].

Recent studies demonstrate that substrate overload impairs lysosomal acidification, disturbs
autophagosome-lysosome fusion, and causes secondary accumulation of autophagic vacuoles and
dysfunctional mitochondria [1]. These defects generate a chronic state of bioenergetic failure, marked
by decreased ATP synthesis, altered NAD+/NADH ratios, and increased production of reactive
oxygen species (ROS). Mitochondrial dysfunction is accompanied by downregulation of oxidative
phosphorylation complexes, especially complexes I and IV, and suppression of peroxisome
proliferator-activated receptor gamma coactivator 1l-alpha (PGC-la), a master regulator of
mitochondrial biogenesis [3].

This metabolic stress activates the mTOR/AMPK signaling axis, which senses nutrient and
energy status. Excess Gb3 inhibits AMPK phosphorylation and constitutively activates mTORCI,
resulting in defective autophagy, increased protein synthesis, and accumulation of damaged
organelles [41,42]. Moreover, ER stress and the unfolded-protein response (UPR) contribute to the
release of inflammatory mediators and apoptotic factors. Misfolded glycoproteins within the ER
activate PERK, ATF6, and IREla, inducing CHOP-mediated apoptosis and the production of IL-6
and CCL2 [3,10][43]

Biddeci et al. and Feriozzi et al. have emphasized that these metabolic perturbations are not
merely intracellular phenomena but extend to systemic metabolic rewiring, including lipidome
alterations, oxidative imbalance, and abnormal redox signaling [3,10]. In both plasma and tissue
biopsies from FD patients, elevated advanced oxidation protein products (AOPP), decreased thiol
groups, and reduced ferric-reducing antioxidant power (FRAP) reflect an exhausted antioxidant
system, as shown by Simoncini et al. Notably, oxidative stress is detectable even in treatment-naive
patients with normal lyso-Gb3 levels, indicating that redox imbalance may precede overt substrate
accumulation [44]. These findings support the hypothesis that mitochondrial and ER stress act as
early amplifiers of the metabolic defect, bridging the gap between molecular dysfunction and
inflammation.

In summary, lysosomal dysfunction in FD triggers a cascade of metabolic reprogramming
involving autophagy impairment, mitochondrial injury, oxidative stress, and UPR activation. These
processes not only contribute to tissue damage but also serve as molecular signals that recruit the
innate immune system, setting the stage for a self-perpetuating inflammatory response. Figure 1.
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Figure 1. Integrated molecular, metabolic, and inflammatory mechanisms driving organ damage and fibrosis in
Fabry disease. Schematic representation illustrating how a-galactosidase A (GLA) deficiency leads to
progressive lysosomal accumulation of globotriaosylceramide (Gb3) and related glycosphingolipids, initiating
a cascade of interconnected pathogenic events. Substrate overload impairs lysosomal function, disrupts
autophagy, and induces mitochondrial dysfunction with excessive production of reactive oxygen species (ROS).
Oxidative stress, endoplasmic reticulum (ER) stress, and activation of innate immune pathways (TLR4/NF-«xB
and NLRP3 inflammasome) converge to amplify proinflammatory and profibrotic signaling, including TGF-—
mediated transcriptional programs. These pathways promote epithelial-mesenchymal transdifferentiation and
myofibroblast activation, ultimately driving extracellular matrix deposition and tissue fibrosis. The downstream
consequences include endothelial dysfunction, glomerular structural injury, and inflammatory cell infiltration,
consistent with the multi-organ progression observed in Fabry disease. This figure highlights the tight interplay
between molecular, metabolic, and inflammatory perturbations that underlies irreversible organ damage despite

enzyme-focused therapies.

5.2. Metabolic—Inflammatory Crosstalk and Immune Activation

The transition from isolated metabolic stress to chronic inflammation represents a defining step
in FD pathogenesis. Lyso-Gb3 and related glycosphingolipids function as damage-associated
molecular patterns (DAMPs) capable of engaging pattern-recognition receptors, notably the Toll-like
receptor 4 (TLR4), leading to downstream activation of NF-kB and the transcription of pro-
inflammatory cytokines such as TNF-a, IL-1$3, and IL-6 [45]. Kurdi et al. and Tuttolomondo et al.
demonstrated that this axis underpins a state of chronic metaflammation, in which metabolic and
inflammatory cues sustain each other through reciprocal activation loops [3,45].

The accumulation of Gb3 within endothelial and smooth-muscle cells enhances NADPH-
oxidase activity, resulting in elevated ROS production and oxidative damage. ROS, in turn, potentiate
NF-«B signaling and promote the activation of the NLRP3 inflammasome, a cytosolic complex
responsible for caspase-1-mediated maturation of IL-1p and IL-18. Activation of NLRP3 has been
detected in monocytes from FD patients and correlates with plasma IL-1p levels, supporting its
pathogenic role in vascular inflammation and fibrosis [3,46].
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Inflammatory cytokines such as TNF-a, IL-1p, and IL-6 not only perpetuate immune activation
but also directly impair mitochondrial respiration, reduce ATP generation, and exacerbate oxidative
stress. These cytokine-induced metabolic changes resemble mechanisms observed in chronic
inflammatory conditions and drive further mitochondrial dysfunction in Fabry disease [47]. Lyso-
Gb3 represents a key molecular link between substrate accumulation, inflammation, and fibrosis. By
engaging TLR4 and other innate immune receptors, lyso-Gb3 promotes cytokine release, fibroblast
activation, and extracellular matrix deposition, contributing to progressive organ remodeling [19]

Organelle stress also contributes to immune activation. ER stress triggered by misfolded a-
galactosidase A variants activates the unfolded protein response (UPR), which enhances cytokine
production and interferes with mitochondrial function, creating a direct link between protein
misfolding and inflammation. These processes contribute to multi-organ pathology even in patients
with late-onset mutations [48]). Together, these interconnected pathways illustrate that Fabry disease
is not simply the consequence of lysosomal substrate accumulation but a complex network of
metabolic, molecular, and inflammatory disturbances that interact synergistically to drive disease
progression long before irreversible organ damage becomes clinically evident.

The inflammatory network extends beyond innate immunity. Complement activation,
particularly through the alternative and lectin pathways, contributes to endothelial injury and
microvascular remodeling. Marin-Gomez et al. (2025) performed a longitudinal immuno-genetic
analysis revealing persistent complement activation and elevated cytokines (IL-6, TNF-a, MCP-1, IL-
10) even in patients under long-term enzyme replacement therapy. Moreover, single-nucleotide
polymorphisms in TLR4, IL6, and TNFA were associated with differential cytokine profiles and
organ involvement, suggesting a genetic modulation of inflammatory response in FD [49]. Activation
of Cha and formation of the membrane attack complex (C5b-9) enhance cytokine release, induce
oxidative burst, and promote endothelial injury. These mechanisms contribute to renal and vascular
pathology and reinforce the connection between immune dysregulation and metabolic stress
([36]).Persistent complement activation has been observed in renal biopsies of Fabry patients, where
it contributes to podocyte injury and promotes progression toward proteinuria and fibrosis. This
demonstrates that complement is not merely a downstream effect of storage but an active driver of
disease progression [50].

Another level of crosstalk involves the endothelial glycocalyx and vascular oxidative stress.
Endothelial cells exposed to lyso-Gb3 exhibit upregulation of adhesion molecules (VCAM-1, ICAM-
1, E-selectin), promoting leukocyte recruitment and microvascular inflammation [3]. The pro-oxidant
milieu, sustained by mitochondrial dysfunction, compromises nitric-oxide bioavailability and
vascular reactivity, leading to microangiopathy and perfusion defects typical of FD.

Importantly, mitochondrial dysfunction itself acts as a pro-inflammatory signal. Damaged
mitochondria release mitochondrial DNA (mtDNA) and cardiolipin fragments into the cytosol,
which act as ligands for TLR9 and NLRP?3, further fueling inflammation [42,46]. This creates a vicious
cycle: lysosomal storage impairs mitochondrial clearance, leading to oxidative stress and mtDNA
release, which in turn activates innate immune pathways that perpetuate inflammation and fibrosis.

Recent evidence from Feriozzi et al. indicates that this metabolic-immune axis also influences
adaptive immunity. Increased circulating CD8+ T cells expressing activation markers (CD38, HLA-
DR) and decreased regulatory T cells (Tregs) have been documented, suggesting that chronic
metabolic stress drives systemic immune activation [51]. Collectively, these findings highlight FD as
a prototypical disease of metabolic inflammation, in which mitochondrial, lysosomal, and immune
dysfunction are inseparably intertwined.

6. Biomarkers of Pathogenesis and Disease Progression

The identification of reliable biomarkers in Anderson-Fabry disease (FD) remains a central
challenge. Due to the disease’s long asymptomatic latency, clinical heterogeneity, and variable
therapeutic responsiveness, early and accurate detection of biochemical, metabolic, or inflammatory
alterations is pivotal for improving patient stratification, therapeutic timing, and outcome prediction
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[9,52]. Over the past decade, biomarker research in FD has shifted from single-analyte approaches
toward multiparametric, omics-driven signatures that reflect the complex interplay between
lysosomal dysfunction, metabolic stress, and chronic inflammation [3,4]. Table 1.

Table 1. Emerging biomarkers in Fabry disease: type, source, analytical method, and clinical significance.

. Biological Analytical Clinical
Biomarker class Examples _ - References
matrix method significance
Diagnostic,
: .., Lyso-Gbs3, . . 9,10,52,53
Glycosphingolipids Y Plasma, urineLC-MS/MS disease i ]
analogues . ]
activity
TNF-a, Prognosis,
Serum/plasm
Inflammatory MCP-1, IL-a ELISA treatment  [8,54]
6, GDF-15 monitoring

I .MP
Oxidative/metaboli Spectrophotometr Early  stress

nitrotyrosinePlasma [10]
c y marker
, AOPP
o TGF-pl, Predicts
Fibrotic Serum Immunoassay organ [10,55]
MMP-2/9 . .
fibrosis
miR-21, Reflects
) miR-29, PBMC:s, fibrosis and
microRNA ) RT-gPCR . . [45,52]
miR-1307- serum mitochondria
5p | dysfunction

6.1.1. Classical biochemical markers: Gb3 and lyso-Gb3

Traditionally, plasma or urinary globotriaosylceramide (Gb3) quantification served as a
biochemical hallmark of FD. However, its diagnostic sensitivity is limited —particularly in late-onset
forms and heterozygous females—due to overlapping values with healthy individuals and poor
correlation with clinical severity [9,11]. The subsequent discovery of the deacylated derivative
globotriaosylsphingosine (lyso-Gb3) represented a major advance. Lyso-Gb3 is more soluble and
diffusible than Gb3 and accumulates systemically in plasma, urine, and tissues. It is now considered
the reference biochemical biomarker for diagnosis, screening, and therapeutic monitoring [9,52].

Elevated plasma lyso-Gb3 concentrations correlate with GLA genotype, disease phenotype, and
sex. Classic hemizygous males typically exhibit markedly increased values (>100 ng/mL), late-onset
variants show moderate elevations, and heterozygous females present variable levels depending on
X-chromosome inactivation [52,53]. The ratio of a-galactosidase A activity to lyso-Gb3 concentration
in dried-blood spots improves diagnostic accuracy, particularly in females [67]. Moreover,
cumulative exposure to lyso-Gb3 (product of concentration x age) appears to better reflect total
metabolic burden and may serve as a composite indicator of long-term risk[9].

Beyond its diagnostic role, lyso-Gb3 is mechanistically relevant. In vitro, it induces endothelial
activation, smooth-muscle proliferation, oxidative stress, and TLR4/NF-kB-mediated cytokine
release, thereby bridging lysosomal dysfunction and inflammatory signaling [10,52]. Clinically, lyso-
GDb3 correlates with left-ventricular mass index (LVMI), Mainz Severity Score Index (MSSI), and the
extent of white-matter lesions in MRI studies, although variability across cohorts limits its prognostic
precision. Its decline during enzyme replacement therapy (ERT) is rapid in classic males but often
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incomplete in females or advanced disease, indicating residual cellular storage or ongoing
inflammation [54].

6.1.2. Lyso-Gb3 analogues and glycosphingolipid isoforms

Recent advances in high-resolution mass spectrometry have revealed multiple lyso-Gb3
analogues differing in sphingoid-base length and saturation (e.g., —28 Da, —12 Da, +14 Da, +16 Da, +34
Da, +50 Da). These analogues display tissue- and phenotype-specific patterns: for instance, analog
+50 correlates with cardiac-variant disease, while analogues +16 and +34 associate with renal or
neurologic involvement [56]. Quantification of the sum of urinary lyso-Gb3 + analogues has shown
near-100 % sensitivity and specificity for FD diagnosis, outperforming isolated lyso-Gb3 in detecting
late-onset and female cases [57]. Additionally, the relative abundance of Gb2 and methylated Gb3
isoforms in urine may discriminate pathogenic variants from benign polymorphisms, suggesting
their utility in newborn screening or genotype reclassification [58].

6.1.3. Accumulation vs. response biomarkers

Carnicer-Céceres et al. introduced a distinction between accumulation biomarkers —directly
reflecting glycosphingolipid storage (e.g., Gb3, lyso-Gb3, analogues, Gb2, CD77 expression)—and
response biomarkers, which mirror the cellular and inflammatory reactions to substrate overload.
The latter group captures secondary injury pathways (oxidative stress, inflammation, fibrosis,
apoptosis) and may offer earlier detection of organ damage before irreversible structural alterations
occur [54].

Among response biomarkers, plasma nitrotyrosine (3-NT), malondialdehyde (MDA),
myeloperoxidase (MPO), glutathione peroxidase (GPx), and thiobarbituric acid reactive substances
(TBARS) have been linked to oxidative stress and vascular injury. Increased sICAM-1, sVCAM-1, IL-
6, TNF-a, and P-selectin levels confirm endothelial activation and metaflammation [59,60].
Importantly, these markers remain elevated even in ERT-treated patients, suggesting partial
therapeutic uncoupling between enzyme correction and inflammatory tone.

6.1.4. Organ-specific biomarkers

FD’s multisystemic nature necessitates organ-focused biomarker panels:

¢  Renal involvement: Beyond albuminuria and estimated glomerular-filtration rate, podocyturia,
urinary CD80, and urokinase-type plasminogen activator receptor (uPAR) have emerged as
sensitive indicators of early podocyte injury [61]. Lyso-Gb3 exposure in cultured podocytes
upregulates TGF-{31, Notch-1, fibronectin, and collagen IV, mediators of epithelial-
mesenchymal transition and fibrosis [62]. Quantification of urinary podocin and podocalyxin
by LC-MS/MS provides a reproducible, non-invasive readout of nephropathy onset [63].

e  Cardiac involvement: High-sensitivity cardiac troponin T (hs-cTnT) and NT-proBNP remain
the most validated markers of myocardial stress and fibrosis. Their increase often precedes
imaging evidence of late-gadolinium enhancement. Carnicer-Céceres et al. also highlight TGEF-
(1, VEGF, VEGFR2, FGF-2, MMP-2, and thrombospondin-1 (TSP-1) as potential cardiac
remodeling mediators and surrogate biomarkers [54,64].

e  Vascular and systemic inflammation: Alonso-Nufiez et al. identified a circulating
inflammatory—cardiovascular biomarker panel comprising TNF-a, MCP-1, MIP-1(3, VEGF-A,
ADAMTS-13, GDF-15, MPO, and MIC-1. Elevated levels correlated with disease severity,
cardiac hypertrophy, and reduced renal function, suggesting prognostic and therapeutic-

monitoring value. Notably, ADAMTS-13 deficiency — previously associated with endothelial
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dysfunction—was linked to enhanced microvascular injury and inflammatory activation in FD
[8,65].

6.1.5. Omic and molecular biomarkers

Advances in omics have revealed multi-layered perturbations in FD. Proteomic analyses of
plasma and urinary exosomes identify dysregulation of lysosomal proteins (cathepsins B/D),
oxidative-stress enzymes (SOD2, peroxiredoxins), and mitochondrial metabolic regulators (ATP5A,
cytochrome c oxidase subunits) [57,67]. Transcriptomic studies in peripheral blood mononuclear cells
reveal activation of NF-kB, mTOR, autophagy, and ER-stress pathways, correlating with cardiac and
renal involvement[66,67].

MicroRNAs (miRs) are gaining attention as non-invasive dynamic biomarkers. Dysregulation of
miR-21, miR-29, miR-1307-5p, and miR-199a-5p has been associated with fibrosis, endothelial
activation, and mitochondrial dysfunction in FD. These molecules could complement biochemical
markers by providing real-time insights into disease activity and therapeutic response [68,69].

6.1.6. Imaging and composite biomarkers

Quantitative cardiac MRI (native T1 mapping, extracellular-volume fraction, late-gadolinium
enhancement) and renal MRI (diffusion and perfusion metrics) are increasingly integrated as imaging
biomarkers complementing biochemical data [53]]. Cerebral MRI parameters—white-matter
hyperintensity volume, basilar-artery diameter—also provide quantifiable indices of neurologic
involvement [70]. Composite scoring systems such as the Fabry Stabilization Index (FASTEX) and
Modified Mainz Severity Score Index (MSSI) combine biochemical, imaging, and clinical parameters
to longitudinally assess disease control [71].

7. Therapeutic Strategies and Novel Targets

The therapeutic management of Anderson-Fabry disease (FD) has evolved substantially over
the past two decades, yet significant challenges persist in halting organ progression and reversing
tissue remodeling. Traditional approaches have largely focused on replacing or stabilizing the
deficient enzyme, while novel molecular targets are emerging from the expanding understanding of
the disease’s inflammatory, metabolic, and mitochondrial underpinning [72]. Table 2.

Table 2. Specific and emerging therapeutic approaches in Fabry disease.

Therapeutic  Representative Mechanistic  Expected
P P P Status References

class agents target effect
Agalsidase
Enzyme ah?a/b(leta Substrate Reduces
y o Gb3/Lyso- Approved [68]
replacement  Pegunigalsidase  clearance
Gb3
alfa
Increases a-

Mutant enzyme

Chaper Migal | AA
perones igalastat stabilization Ga_ _ pproved  [69]
activity
Gene/mRNA . Sustained . .
thera AAV, LNP-mRNA Gene correction enzyme Clinical trials[70]
24 synthesis
Metabolic Metformin, Restores .
. AMPK/mTOR Experimental[71-73]
modulators Rapamycin autophagy

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0716.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 December 2025 d0i:10.20944/preprints202512.0716.v1

12 of 20

Anti- TLR4/NF-xB Innate immunityl Cytokines
inflammatory inhibitors, MCC950 IL-1B
TGF-B  inhibitors,ECM
MMP modulators remodeling
Mitochondrial CoQ10, MitoQ,ROS  control,t Energy, |

protection Resveratrol biogenesis stress

"Preclinical  [75-77]

Anti-fibrotic | Fibrosis ~ Translational [78-79]

Experimental[73-74]

7.1. Specific disease-modifying therapies: enzymes, chaperones, and gene therapy

Enzyme replacement therapy (ERT) remains the mainstay of treatment. Recombinant a-
galactosidase A —either agalsidase alfa, agalsidase beta, or the newer PEGylated form
pegunigalsidase alfa—can reduce plasma and tissue Gb3 and lyso-Gb3, alleviate neuropathic and
cardiac symptoms, and stabilize renal function [72]. Despite these benefits, ERT is limited by its short
half-life, incomplete biodistribution to critical organs (particularly heart and brain), and the
formation of neutralizing anti-drug antibodies.

Pharmacological chaperone therapy, using small molecules such as migalastat, selectively binds
to specific amenable GLA variants, stabilizing misfolded a-galactosidase A and enhancing its
trafficking to lysosomes [73]. This oral option is effective in roughly 35-50 % of genotypes, mainly in
late-onset variants.

Gene-therapy and mRNA-based strategies are now entering clinical stages. AAV-mediated
liver-directed gene transfer and lipid-nanoparticle-encapsulated mRNA formulations have shown
sustained enzymatic activity and Gb3 clearance in preclinical and early-phase trials. Nevertheless,
uncertainty persists regarding long-term expression, vector immunogenicity, and potential immune
activation[74]. Thus, while these approaches correct the genetic defect, they do not directly address
the secondary molecular cascades —inflammation, oxidative stress, mitochondrial dysfunction, and
fibrosis—that drive irreversible organ damage.

7.2. Pathway-Driven Therapeutics: Metabolic, Immune—Inflammatory, and Next-Generation Targets

Recent pathophysiological insights reveal that lysosomal substrate overload impairs autophagy
and mitophagy, leading to the persistence of damaged mitochondria and the generation of reactive
oxygen species (ROS) [75]. The resulting bioenergetic failure activates the AMPK-mTOR axis,
disrupting cellular homeostasis. Pharmacologic activation of AMPK (e.g., by metformin, AICAR) and
mTOR modulation have been proposed to restore autophagic flux and improve mitochondrial
efficiency[4]. Experimental data from fibroblasts and murine models indicate that mTOR inhibitors
(rapamycin, everolimus) can normalize autophagy markers (LC3B-II, p62)thus assuming that this
mechanism may reduce Gb3 accumulation without altering a-Gal A levels [76,77]

Moreover, mitochondria-targeted antioxidants—such as MitoQ, coenzyme Q10, and N-
acetylcysteine—have demonstrated reductions in ROS production and improvement in endothelial
function in preclinical FD models[45]. Restoration of mitochondrial biogenesis through PGC-1a
activation (using bezafibrate or resveratrol) may counteract metabolic inflexibility and oxidative
stress. These strategies, while still investigational, aim to complement enzyme-based therapy by
addressing the metabolic roots of cellular dysfunction [78,79]

Multiple studies, including those by Tuttolomondo et al. and Kurdi et al., emphasize that chronic
inflammation is a central amplifier of tissue injury in FD. The TLR4/NF-xB pathway, activated by
lyso-Gb3 and other glycosphingolipids, triggers transcription of pro-inflammatory cytokines (TNEF-
a, IL-1p3, IL-6) and adhesion molecules (VCAM-1, ICAM-1) [3,45,46]. Pharmacologic blockade of
TLR4 using antagonists such as TAK-242 or eritoran, and downstream inhibition of NF-«B activation
(via IKKp inhibitors or curcumin analogues), has been shown in vitro to attenuate cytokine release
and oxidative stress[80].
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Additionally, NLRP3 inflammasome activation has been identified as a mediator of lysosome-
dependent inflammation. Gb3 accumulation causes lysosomal rupture, cathepsin-B release, and
NLRP3 assembly, culminating in IL-1{3 and IL-18 secretion [81][10,82].

The complement system is another actionable target: uncontrolled activation of C3 and C5
fragments promotes microvascular inflammation and fibrosis. Early-phase studies are exploring
complement inhibitors (e.g., eculizumab, ravulizumab, C5aR1 antagonists) as adjunctive therapy,
particularly in antibody-positive ERT recipients[46,83,84].

Persistent inflammation and metabolic stress converge on fibrogenic pathways, mainly through
TGF-p1, Notch-1, connective-tissue growth factor (CTGF), and matrix metalloproteinases (MMP-2,
MMP-9) [55] These mediators drive extracellular-matrix deposition and organ stiffening, particularly
in the heart and kidneys. In FD-derived fibroblasts, TGF-31 blockade using monoclonal antibodies
or receptor-kinase inhibitors (SB431542) attenuates collagen synthesis and reduces SMAD-2/3
phosphorylation [85]. Angiotensin II receptor blockers (ARBs) and ACE inhibitors —beyond their
hemodynamic effects —also inhibit TGF-31 and NADPH oxidase activity, reducing fibrotic signaling.
Emerging studies on MMP modulation suggest that balancing extracellular-matrix turnover may
reverse early fibrotic remodeling. Agents such as doxycycline (a non-specific MMP inhibitor) or
selective MMP-2/9 blockers are under evaluation for their potential to slow cardiac hypertrophy and
interstitial fibrosis in FD[55,85,86]

MicroRNAs represent promising next-generation therapeutic targets. Dysregulated miR-21,
miR-29, miR-1307-5p, and miR-199a-5p contribute to pro-fibrotic and inflammatory phenotypes by
repressing PPAR-a, SIRT1, and mitochondrial genes [46,87] Experimental silencing of miR-21 (via
antagomiRs) in cardiomyocytes reduces fibrosis and restores mitochondrial metabolism [88,89].
Furthermore, epigenetic modulators—such as histone-deacetylase (HDAC) inhibitors —can enhance
lysosomal biogenesis and autophagic efficiency, providing an indirect means of restoring cellular
clearance.[90]

Discussion

Fabry disease emerges as a complex multisystem disorder in which lysosomal dysfunction,
metabolic remodeling, organelle stress, and chronic inflammation form an integrated pathogenic
network. The initial defect in a-galactosidase A results in progressive accumulation of Gb3 and lyso-
Gb3, leading to disrupted lysosomal clearance, autophagic impairment, and metabolic instability.
These early molecular events propagate through interconnected pathways involving mitochondrial
dysfunction, oxidative stress, ER stress, and inflammatory activation, which together contribute to
progressive cardiac, renal, and neurological injury. The persistence of these mechanisms even after
biochemical improvement highlights the complexity of Fabry disease beyond simple substrate
accumulation.

Clinical variability among Fabry patients reflects differences in residual enzyme activity,
substrate accumulation, inflammatory signatures, and organ-specific vulnerability. Genotype—
phenotype studies have demonstrated that distinct GLA variants result in different disease
trajectories, highlighting the need for personalized approaches to diagnosis and treatment. Despite
advances in enzyme replacement therapy (ERT) and chaperone therapy, many patients continue to
show progression of fibrosis, inflammation, and organ dysfunction. This underscores the need for
therapies targeting multiple nodes of the pathogenic network, including inflammation, oxidative
stress, complement activation, and metabolic reprogramming. Understanding the interconnection
among molecular, metabolic, and inflammatory pathways in FD has also profound implications for
both biomarker discovery and therapy.

A key insight from recent research into underlying biological processes is the bidirectional
interplay between metabolic/mitochondrial dysfunction and immune/inflammatory activation in FD.
Mitochondrial dysfunction, ROS generation and bioenergetic failure may prime endothelial cells and
immune cells for activation, while chronic inflammation and cytokine release further impair
mitochondrial biogenesis, reduce autophagic capacity and promote fibrotic remodelling. This vicious
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cycle may help explain differences in clinical progression despite similar substrate loads and
highlight why early intervention is critical. It also underscores the importance of viewing FD not
merely as enzyme deficiency but as a systemic disease of intertwined metabolic-inflammatory
networks.

From a diagnostic standpoint, integrating biochemical (lyso-Gb3, AOPP), metabolic (acyl-
carnitine profile, redox markers), and inflammatory (cytokines, complement, adhesion molecules)
biomarkers offers a more holistic view of disease activity. The recognition that oxidative stress
precedes substrate accumulation suggests that redox imbalance could serve as an early disease
indicator, particularly in genotype-positive, phenotype-negative individuals.

Therapeutically, the elucidation of these networks supports a shift from enzyme-centric
correction to pathway-targeted modulation. Anti-inflammatory approaches aimed at the TLR4/NF-
kB and NLRP3 axes, antioxidants targeting mitochondrial ROS, and metabolic modulators of AMPK-
mTOR signaling are emerging as rational adjuncts to enzyme therapy. Moreover, the involvement of
profibrotic mediators such as TGF-B1, Notch-1, and MMP-2/9 underscores the importance of early
intervention to prevent irreversible fibrosis. Given the interdependence of lysosomal, metabolic, and
inflammatory pathways, combination strategies are increasingly advocated. Early intervention with
ERT or chaperones may reduce substrate accumulation, while adjunctive anti-inflammatory or
mitochondrial-protective therapies could prevent secondary injury. For example, combining ERT
with AMPK activators or NF-kB inhibitors in preclinical models enhances autophagic recovery and
attenuates cytokine up-regulation.

At the systems level, multi-omics integration and machine-learning approaches can delineate
patient-specific molecular fingerprints to guide personalized treatment. The convergence of
molecular biology, immunogenetics, and metabolomics thus holds promise for a future precision-
medicine framework in FD, where disease monitoring and therapy are tailored to each patient’s
mechanistic profile rather than to clinical stage alone.

Longitudinal and omics-guided approaches—integrating biochemical (lyso-Gb3, cytokines),
imaging (T1 mapping, fibrosis index), and transcriptional (miRNA, mTOR, NF-kB) readouts—may
enable real-time therapeutic adjustment. The concept of precision therapy in FD thus extends beyond
enzyme correction to encompass modulation of the metabolic-inflammatory interface driving disease
progression.

In conclusion, the interplay between molecular, metabolic, and inflammatory disturbances
forms a unified pathogenic continuum in Fabry disease. Lysosomal storage triggers metabolic
reprogramming, mitochondprial failure sustains oxidative stress, and chronic inflammation promotes
irreversible fibrosis. This mechanistic synergy provides both a challenge and an opportunity:
targeting the interconnections—rather than isolated pathways—may ultimately yield the most
effective strategies for halting disease progression and improving patient outcomes.
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