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The role of podocyte injury in the pathogenesis of Fabry 
disease nephropathy
O papel da injúria podocitária na patogênese da nefropatia  
da doença de Fabry

O acometimento renal é uma das mais 
severas morbidades da doença de Fabry  
(DF), enfermidade multissistêmica de depósito 
lisossômico com padrão de herança ligada 
ao cromossomo X, decorrente de variantes 
patogênicas do gene GLA (Xq22.2), que 
codifica a produção de alfa-galactosidase A 
(α-Gal), responsável pelo metabolismo de 
glicoesfingolipídeos. A atividade insuficiente 
dessa enzima lisossômica gera depósitos de 
substratos intermediários não processados, 
especialmente do globotriaosilceramida (Gb3) 
e derivados, desencadeando injúria celular e, 
posteriormente, disfunção de múltiplos órgãos, 
incluindo a nefropatia crônica. A lesão renal 
na DF é classicamente atribuída aos depósitos 
de Gb3 nas células renais, sendo os podócitos 
o alvo principal do processo patológico, nos 
quais as alterações estruturais e funcionais 
são instaladas de forma precoce e severa, 
configurando uma podocitopatia metabólica 
hereditária típica, cujas manifestações clínicas 
são proteinúria e falência renal progressiva. 
Embora os desfechos clínicos tardios e 
as alterações morfológicas estejam bem 
estabelecidos nessa nefropatia, os mecanismos 
moleculares que deflagram e aceleram a injúria 
podocitária ainda não estão completamente 
elucidados. Podócitos são células altamente 
especializadas e diferenciadas que revestem a 
superfície externa dos capilares glomerulares, 
desempenhando papel essencial na preservação 
da estrutura e função da barreira de filtração 
glomerular, sendo alvos frequentes de injúria 
em muitas nefropatias. A disfunção e depleção 
dos podócitos glomerulares são, além disso, 
eventos cruciais implicados na patogênese 
da progressão da doença renal crônica. 
Revisaremos a biologia dos podócitos e seu 
papel na regulação da barreira de filtração 
glomerular, analisando as principais vias 
patogênicas envolvidas na lesão podocitária, 
especialmente relacionadas à nefropatia da DF.

Resumo

Renal involvement is one of the most 
severe morbidities of Fabry disease (FD), 
a multisystemic lysosomal storage disease 
with an X-linked inheritance pattern. It 
results from pathogenic variants in the GLA  
gene (Xq22.2), which encodes the  
production of alpha-galactosidase A 
(α-Gal), responsible for glycosphingolipid 
metabolism. Insufficient activity of this 
lysosomal enzyme generates deposits 
of unprocessed intermediate substrates, 
especially globotriaosylceramide (Gb3) and 
derivatives, triggering cellular injury and 
subsequently, multiple organ dysfunction, 
including chronic nephropathy. Kidney 
injury in FD is classically attributed to Gb3 
deposits in renal cells, with podocytes being 
the main target of the pathological process, 
in which structural and functional alterations 
are established early and severely. This 
configures a typical hereditary metabolic 
podocytopathy, whose clinical manifestations 
are proteinuria and progressive renal 
failure. Although late clinical outcomes and 
morphological changes are well established in 
this nephropathy, the molecular mechanisms 
that trigger and accelerate podocyte injury 
have not yet been fully elucidated. Podocytes 
are highly specialized and differentiated cells 
that cover the outer surface of glomerular 
capillaries, playing a crucial role in preserving 
the structure and function of the glomerular 
filtration barrier. They are frequent targets of 
injury in many nephropathies. Furthermore, 
dysfunction and depletion of glomerular 
podocytes are essential events implicated in 
the pathogenesis of chronic kidney disease 
progression. We will review the biology of 
podocytes and their crucial role in regulating 
the glomerular filtration barrier, analyzing 
the main pathogenic pathways involved in 
podocyte injury, especially related to FD 
nephropathy.
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Introduction

Fabry disease (FD) is a genetic lysosomal storage 
disorder with an X-linked inheritance pattern, with an 
incidence of approximately 1 in 40-60,000 live-born 
males1. The disease results from pathogenic variants 
of the GLA gene (located in the Xq22.2 region), 
responsible for transcribing the alpha-galactosidase 
A (α-Gal) enzyme, which acts in the catabolism of 
glycosphingolipids. The failure of this enzyme’s 
activity produces a progressive accumulation of toxic 
intermediate substrates, such as globotriaosylceramide 
(Gb3), within lysosomes, triggering a slow process of 
cellular injury that later manifests as dysfunction in 
target organs such as the heart, nervous system, and 
kidneys2.

More than a thousand mutations in the GLA 
gene have been described to date, correlated with 
the heterogeneous and multisystemic presentation 
of FD, encompassing a broad spectrum of clinical 
manifestations. These include the classic phenotype in 
males and late-onset disease. Affected women, being 
heterozygous (XX), typically present with attenuated 
clinical manifestations due to the phenomenon of 
random inactivation of one of the X chromosomes at 
the embryonic stage3.

Renal involvement is the leading cause of 
morbidity and mortality in FD. Nephropathy in this 
disorder represents a podocytopathy of genetic and 
metabolic origin, as podocyte injury plays a central 
role in the pathogenesis4–6. In the overall context, 
podocyte injury and its consequences are events 
present in most proteinuric nephropathies and are 
furthermore implicated in the progression of chronic 
kidney disease (CKD) of various etiologies7.

FD nephropathy is complex and involves multiple 
molecular aspects and structural alterations that 
precede clinical events8–10. The metabolic derangement 
induced by GLA gene inactivation seems to promote 
the production of secondary mediators that culminate 
in podocyte injury, triggering chronic progressive 
nephropathy, which results in glomerulosclerosis 
and kidney failure. It is necessary to deepen our 
understanding of the molecular mechanisms 
involved in FD nephropathy from the genetic defect, 
going beyond the lysosomal deposits of Gb38. The 
cumulative storage of substrates, caused by enzyme 
deficiency, may highlight only one aspect of the 
disease pathogenesis, while the involved molecular 

mechanisms will only be fully understood if we 
consider the affected cellular functions9,11.

In this review, we will explore the biology of 
podocytes and their role in regulating the glomerular 
filtration barrier, investigating the sequence of 
molecular and cellular events implicated in the 
pathogenesis and progression of FD nephropathy. 
Although rare, addressing this genetic disorder 
could contribute to understanding the pathological 
processes shared by the most prevalent nephropathies.

Glomerulus and Glomerular Filtration Barrier

Blood filtration performed in the renal cortex by the 
glomeruli is essential for regulating the volume and 
composition of the organism, maintaining homeostasis 
and ensuring the integral performance of renal 
function. The glomeruli form a spherical structure 
delimited by Bowman’s capsule. They consist of a 
“coil-shaped” capillary network of high permeability, 
subjected to elevated hydrostatic pressure established 
by the difference in resistance between the efferent 
and afferent arterioles, responsible for outflow and 
inflow of blood into the glomerulus, respectively12.

Plasma glomerular ultrafiltrate is the largest fluid 
transfer in the body, with a volume of approximately 
180 liters per day. In this process, continuously 
performed by healthy glomeruli at a rate of 100–125 
mL/min/1.73 m2 of body surface area, it is necessary to 
preserve within the capillaries the essential components 
of blood: cells, nutrients, and high molecular weight 
proteins such as albumin. Meanwhile, electrolytes, 
uremic toxins, water, glucose, and small solutes are 
released into the urinary space of Bowman’s capsule 
to be processed by the renal tubules in the medullary 
region, ultimately forming urine13.

The low urinary excretion of albumin (which 
physiologically does not exceed 30 mg in 24-hour 
urine), given its high concentration in the blood 
(exceeding 4000 mg in 100 mL of plasma), indicates 
the highly selective property of the glomerulus (greater 
than 99.99%) in preserving this protein14.

The glomerular filter is centered on the glomerular 
filtration barrier (GFB), a structure consisting of 
three parallel layers: (i) internally, the fenestrated 
endothelium, (ii) in the center, the glomerular 
basement membrane (GBM), and (iii) externally, 
the layer of visceral epithelial cells or podocytes15. 
GBM is formed by the fusion of the extracellular 
matrix produced by the underlying endothelium and 
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the overlying podocytes, which structurally forms 
a network. The main constituent of this network is 
type IV collagen, to which glycoproteins (heparan 
sulphate, laminin and proteoglycans) bind, expressing 
a negative electrical charge. They impart electrostatic 
properties, which help prevent the filtration of anionic 
proteins, such as albumin16.

The GFB therefore acts as a highly efficient selective 
filter, expressing mechanical and electrostatic barriers 
that simultaneously prevent the passage of molecules 
based on size, shape, and charge. This process 
produces the ultrafiltrate in flow and composition, 
on which the functional performance of the kidney 
depends16.

Structure and Function of Podocytes

The outer layer of the GFB is strategically composed 
of podocytes, visceral epithelial cells that surround 
the glomerular capillaries from the vascular pole, 
delimiting the boundary between vascular structures 
and the urinary space17. A healthy glomerulus contains 
approximately 500 to 600 podocytes, representing 
30% of its cellular components18.

Podocytes are the most differentiated and specialized 
cells in the kidney19. They consist of a large cell body 
that floats in the urinary space, from which emerges an 

extensive, arborized cytoplasm that projects towards 
the capillaries, forming the primary and secondary 
processes, and the pedicels (foot processes)17. The 
pedicels cover the entire length of the GBM, forming 
interdigitations between themselves and with the 
pedicels of adjacent podocytes, through specialized 
intercellular junctions called slit diaphragms.

The complex molecular architecture of podocytes 
includes several interconnected proteins, grouped into 
three main domains in the pedicels: basal, apical and 
junctional (Figure 1)17. The basal domain represents 
the contact surface adhered to the GBM, containing 
different types of integrins and dystroglycans, with 
α3β1 integrin being the most abundant and primarily 
responsible for the focal adhesion of the podocyte 
to the GBM, preventing its detachment from the 
glomerulus. The apical domain, facing the urinary 
space, has an anionic surface charge, conferred by the 
presence of proteins such as podocalyxin. In addition 
to reinforcing the electrostatic barrier of the GFB, 
hindering albumin from escaping, these proteins 
prevent podocyte adhesion to Bowman’s capsule, 
keeping adjacent pedicels separated. The junctional 
domain encompasses the slit diaphragm, whose 
zipper-like interdigitating pattern establishes the last 
barrier crossed by the glomerular filtrate (Figure 1)20.

Figure 1. Diagram representing podocyte pedicels interconnected in the slit diaphragm adhered to the GBM and the underlying endothelium, 
forming the GFB. Highlighting the main structural proteins in their corresponding domains: nephrin (junctional domain of the slit diaphragm), 
podocalyxin (apical domain) and integrins α3β1 (basal domain), articulated to the actin cytoskeleton.
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The slit diaphragm symbolizes the functional 
unit of the podocyte by exerting the narrowest and 
most definitive barrier responsible for the selective 
permeability of the glomerulus20,21. This structure 
is filled with specific transmembrane proteins such 
as nephrin, the main component of this specialized 
intercellular junction, essential for the organization 
and maintenance of podocyte integrity (Figure 1)22. 
Actin microfilaments form the cytoskeleton of pedicels, 
providing structural support, as well as allowing for 
contraction and relaxation of podocytes, regulating 
the filtration surface of glomerular capillaries. Other 
proteins are essential, such as the adapter protein 
CD2AP (CD2-associated protein) and podocin, 
acting as anchors linked to nephrin, connecting the 
slit diaphragm to the actin cytoskeleton (Figure 1). 
The slit diaphragm protein complex and the nephrin-
CD2AP interaction are essential for the selective 
permeability and ultrafiltration of plasma to be 
rigorously performed by the GFB22,23.

Thus, the molecular architecture of pedicels 
configures a complex network of interactions between 
different proteins and signaling molecules, ensuring 
precise communication between different cellular 
compartments and the adjacent environment through 
specific transmembrane proteins. These proteins 
act as receptors linked to the actin cytoskeleton, 
modulating the shape and function of the podocytes, 
providing rapid and effective responses to changes in 
the glomerular environment21.

In addition to controlling the surface and 
permeability of the GFB, podocytes have other 
functions. These include synthesizing and repairing 
GBM components, producing paracrine substances 
that act as growth factors on endothelial and 
mesangial cells, such as VEGF (vascular endothelial 
growth factor) and PDGF (platelet-derived growth 
factor), promoting intraglomerular communication 
through multiple signaling pathways. Podocytes also 
remove unfiltered proteins and immunoglobulins by 
endocytosis, preventing obstruction of the filtration 
membrane. They also interact with the immune 
system, acting as antigen-presenting cells or as 
receptors for components of the complement system 
and immunoglobulins, and may be targeted by 
immune-mediated insults in some glomerulopathies24.

It is thus understood that renal function and 
integrity of the GFB are completely dependent on the 
quantity and proper functioning of podocytes. All this 

extraordinary work, encompassing the connection and 
monitoring of other glomerular cells, places the podocyte 
in a commanding position within the glomerulus.

Fabry Disease Nephropathy

Renal impairment represents a major cause of 
morbidity and mortality in FD25,26. In the classic 
phenotype of the disease, most male carriers of 
nonsense mutations develop microalbuminuria in 
childhood and adolescence, progressing to clinical 
proteinuria from youth onwards. Between the third 
and fourth decades of life, chronic kidney disease 
(CKD) progression begins, reaching its most advanced 
stage around the fifth decade of life, thus requiring the 
introduction of renal replacement therapy (dialysis 
or transplantation) (Figure 2)6,25,27,28. In women and 
individuals with late-onset variants, renal impairment 
tends to be less severe and have a milder course.

From a clinical standpoint, renal involvement in FD 
is characterized by proteinuria of increasing intensity 
and a gradual decline in renal function. Proteinuria 
may emerge in childhood or adolescence, reflecting 
the first clinical manifestation of this nephropathy29. 
However, kidney biopsy analyses have revealed 
prominent ultrastructural morphological changes in 
podocytes before the clinical signs of kidney disease 
become evident30. The renal histopathology of FD 
highlights hypertrophic podocytes with cytoplasmic 
vacuolization of a foamy appearance and multilamellar 
inclusion bodies, described as myelin figures or zebra 
bodies, corresponding to Gb3 deposits accumulated 
in lysosomes31.

In the natural history of the classic phenotype 
of FD nephropathy, Gb3 deposits are already early 
present in podocytes, beginning in intrauterine life32. 
Over time and the patient’s aging, a greater proportion 
of the cytoplasm is occupied by unprocessed 
deposits, impairing functionality30,33. The subclinical 
stage, observed in childhood and adolescence and 
characterized by microalbuminuria, corresponds to 
morphological changes such as foot process effacement 
and podocyte hypertrophy. In the subsequent stage, 
the worsening of podocyte morphological parameters 
is associated with increased proteinuria and worsened 
renal function, establishing the clinical phase of 
this nephropathy (Figure 2)34. CKD then progresses 
rapidly, reflecting the accelerated depletion of 
podocyte numbers (podocytopenia), and the 
development of glomerulosclerosis, intensified from 
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the age of 30 (Figure 2)27,28,33. The severity of podocyte 
injury is thus strongly associated with the progression 
of nephropathy in FD (Figure 2).

In this context, renal function tests routinely used 
in clinical practice, which identify proteinuria and 
reduced glomerular filtration rate, already reveal 
advanced kidney injury35. In a previous study, we 
identified a positive correlation between podocyturia 
and urinary albumin excretion in FD patients36. 
However, podocyturia, which could play the role 
of an early biomarker for renal involvement, occurs 
discontinuously and variably, and is not available in 
routine laboratory tests.

These data reinforce the need for research into new 
biomarkers of podocyte injury that enable identification 
of the nephropathy stage preceding the onset of 
irreversible structural and functional alterations, thus 
optimizing the indication and efficacy of specific 
treatments, such as enzyme replacement therapy or 
pharmacological chaperones (migalastat)5,33,37.

Pathophysiology of Podocyte Injury in Fabry  
Disease Nephropathy

Podocyte injury is the determining factor in the 
development and progression of FD nephropathy. 

Gb3 lysosomal deposits constitute the first stage 
of complex pathological pathways that result in 
podocyte injury in this disease8,30.

Since podocytes exhibit limited regenerative 
capacity, characteristic of post-mitotic cells, 
podocyte injury and loss, whether due to apoptosis 
or detachment, are irreversible events. Podocytes are 
injured both at the molecular and morphological 
levels in the FD pathological process.

Morphological changes

Having reached a high stage of differentiation and 
specialization, typical of post-mitotic cells, podocytes 
have lost their ability to divide, making them 
particularly vulnerable to various insults38. Podocytes 
rarely undergo mitosis, and when they enter the cell 
cycle, they do not complete cytokinesis, resulting in 
catastrophic (aberrant) mitosis. In this case, defective 
cell division produces polyploid or multinucleated 
cells without adherence to the GBM39.

In response to injury, adaptive morphological 
changes occur in the podocytes, such as pedicel 
effacement, hypertrophy, and detachment. The severity 
of these responses depends especially on the intensity 

Figure 2. Summary of the evolution of Fabry disease nephropathy in men with the classic phenotype of the disease, correlating clinical and 
laboratory picture with the corresponding morphological changes.
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and duration of the insult, which in FD is continuous 
due to the cumulative stock of pathogenic deposits that 
intensify with the patient’s advancing age.

1) Fusion and effacement of pedicels
Pedicel effacement is characterized by the loss of 
typical interdigitations, resulting from the fusion and 
disappearance of the slit diaphragm, with flattening 
of the podocyte layer39,40. This process is triggered 
by disruption of the actin cytoskeleton, and was first 
visualized in the 1950s with the advent of electron 
microscopy. This finding is associated with proteinuric 
glomerulopathies, regardless of etiology40.

Podocyte injury, due to the progressive 
accumulation of Gb3, is associated with foot 
process effacement. This morphological alteration 
is considered an early biomarker of the developing 
nephropathy, and has been described in children aged 
10 and over with the classic FD phenotype, who had 
not yet shown clinical evidence of renal impairment 
(Figure 2)10,32,41. The density of Gb3 inclusions in 
podocytes and the fusion of pedicels become more 
pronounced with the patient’s age, correlating with 
increased proteinuria30,33.

2) Podocyte detachment and podocyturia
Chronic and persistent podocyte injury leads to 
their detachment from the glomerulus, due to either 
increased mechanical tension and/or failure to 
adhere to the GBM42. Hydrostatic pressure, although 
necessary for filtration, generates hemodynamic 
stress on podocytes when it is increased beyond 
physiological levels. Excessive biomechanical stress 
caused by glomerular hyperfiltration, as observed in 
renin-angiotensin system hyperactivity, increases the 
shear stress exerted by the glomerular ultrafiltrate 
on pedicels, opposing their attachment to the 
glomerular capillary43,44. Adherence to impaired GBM 
plays a major role, especially in genetic or acquired 
conditions involving molecular alterations in the 
structural proteins of the slit diaphragm, leading to the 
appearance of significant podocyturia20. Furthermore, 
the intensity of podocyturia has been correlated with 
the severity of nephropathy in FD42.

3) Podocyte hypertrophy
In FD, podocytes exhibit increased volume and 
hypertrophy due to the continuous and cumulative 
Gb3 deposition33. Moreover, the reduction in the 
number of podocytes per glomerulus, due to excessive 

detachment, stimulates remodeling of the remaining 
cells to cover the gaps in the podocyte cover of the 
GBM39,45,46. Glomerular volume increases rapidly with 
age, while podocyte numbers decrease, resulting in 
reduced podocyte density33. Compensatory podocyte 
hypertrophy weakens their adhesion to GBM, 
rendering them more vulnerable to injury, worsening 
dysfunction, and accelerating the progression of 
chronic kidney disease39,47,48.

Additionally, in the event that compensatory 
hypertrophy is unable to compensate for podocyte 
loss, synechiae develop, and capillary loops collapse, 
triggering the process of glomerular sclerosis7.

While changes such as pedicel effacement or 
hypertrophy are potentially reversible, the loss 
of podocytes through detachment or apoptosis 
represents an irreversible event39. At this stage, 
podocyte injury leads to a reduction in the number and 
density of these cells in the glomerulus, culminating 
in the irreversible process of glomerulosclerosis and 
CKD progression39,46,49.

Molecular changes

Podocyte structure and function depend on the highly 
organized molecular arrangement of pedicels in their 
various domains, especially in the filtration and cell 
signalling compartments50. Thus, molecular changes 
could negatively impact the function and viability of 
podocytes, leading to pathological consequences such 
as proteinuria and loss of renal function46.

Proteinuria is an early manifestation of 
podocyte dysfunction and also a typical sign of 
glomerulopathies47. In general, it reflects the existence 
of disorders affecting structural proteins of the slit 
diaphragm, adhesion molecules or actin cytoskeleton, 
generating GFB dysfunction50.

Glycosphingolipids, whose metabolism is 
altered by α-Gal deficiency, are key components 
of cell membrane structures called lipid “raft”, 
in which receptors and molecules involved in cell 
signaling of the slit diaphragm are interconnected. 
These are essential for the proper structuring and 
functioning of podocytes51. In FD, the significant 
accumulation of unprocessed glycosphingolipid 
substrates and the associated lysosomal dysfunction 
promote deregulation of signaling pathways crucial 
for podocyte functional performance and viability 
(Figure 3).
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Figure 3. Scheme integrating the deregulated signaling pathways underlying the pathogenic effects on biological processes of in vitro podocytes 
subjected to prior GLA gene deletion (CRISPR/Cas9) expressing Fabry disease phenotype.

Discussion

Renal involvement represents one of the primary 
morbidities with adverse impact on the prognosis of 
FD patients. While the severity and clinical outcomes 
of this nephropathy are evident, it should be considered 
that renal manifestations, including proteinuria and 
progressive CKD, are nonspecific, and present late as 
a consequence of early-onset podocyte injury30,33,52. 
Podocyte injury and loss are central events in the 
development of FD nephropathy, and explaining 
their mechanisms is crucial. Such elucidation may 
contribute to the understanding of more prevalent 
nephropathies that use similar pathogenic pathways.

Gene disruption techniques have brought 
innovative models and valuable insights to the 
study of pathophysiological mechanisms. From this 
perspective, in a model developed by our group, the 
FD phenotype was obtained in immortalized human 
podocytes in culture through GLA gene deletion using 
CRISPR/Cas9 technology53. In this research, multiple 
molecular alterations were observed, such as changes 
in the composition of intracellular proteins (UCHL1, 
HSP60 and α-enolase) involved in important biological 
processes, and deregulated signaling pathways, with 
increased expression of TGF-β, VEGF, vimentin 
and PI3K, as well as podocalyxin and CD2AP 
downregulation53,54. Podocytes lacking α-Gal enzyme 

activity came to express a profile of responses related 
to hypertrophy, fibrosis, vascular hyperreactivity 
and epithelial-mesenchymal transition. In addition, 
defects in autophagy (LC3B and p62 overexpressed) 
and greater apoptosis were confirmed52,54. The 
underexpression of podocyte structural proteins 
(podocalyxin and CD2AP) is associated with several 
deleterious effects, such as loss of GFB selectivity, 
pedicel effacement, slit diaphragm decomposition and 
actin cytoskeleton disruption (Figure 3).

The mechanisms by which substrates (Gb3) not 
degraded within lysosomes lead to cell dysfunction 
in FD are still poorly understood30,55. Pathological 
changes likely result, in part, from functional disorders 
of lysosomes, catabolic compartments of the cell that 
store pathogenic deposits.

Autophagy, dependent on the lysosome, is an 
essential process for the preservation of long-lived, 
differentiated cells such as podocytes, by which 
cells degrade and recycle proteins to maintain 
their homeostasis and integrity56,57. Under baseline 
conditions, podocytes already demonstrate a 
high level of autophagy, which is intensified in 
adaptive responses to injury58. Proteolytic pathways 
collectively possess cytoprotective properties, as 
they regulate fundamental physiological processes in 
podocytes, such as slit diaphragm function, signaling 
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pathway activity, actin cytoskeleton synthesis, cell 
differentiation and metabolism55,59. The failure of these 
processes increases the level of cytotoxic components 
and dysfunctional cytoplasmic proteins, leading to 
disruption of podocyte stability and outcomes such as 
proteinuria and kidney failure57,60.

A growing body of evidence highlights the loss 
of intracellular protein homeostasis associated with 
protein catabolism pathways, such as autophagy and 
the ubiquitin-proteasome system (UPS), acting in the 
pathogenesis of podocyte injury57,59,61. Autophagy 
disruptions have already been well documented in 
FD: Chévrier et al.62 also demonstrated autophagic 
pathway failure in renal cells and fibroblasts 
from FD patients; Liebau et al.63 showed that Gb3 
accumulation in podocytes is associated with increased 
autophagosomes, suggesting that autophagy blockage 
plays a role in the pathogenesis of glomerular injury. 
Recent evidence reveals the concurrent impairment 
of UPS-associated autophagy in podocytes in an 
experimental model of FD54. This joint deregulation of 
proteolytic pathways in podocytes, highly dependent 
on protein homeostasis to maintain their complex 

structure and functionality, seems to contribute to 
exacerbating podocyte injury in FD54.

Podocyte dedifferentiation with loss of the 
epithelial phenotype associated with the acquisition 
of mesenchymal characteristics, known as epithelial-
mesenchymal transition (EMT), has been implicated 
in the pathogenesis of podocytopathies54,64. In this 
process, there is a loss of apical-basal polarity, while 
intercellular junctions are decomposed, resulting 
in adhesion failures. These aspects are detrimental 
to podocyte function and viability, facilitating 
their detachment from the glomerular capillary64. 
The etiology of EMT is complex and involves 
deregulated signaling pathways leading to fibrosis 
and glomerulosclerosis, with TGF-β (transforming 
growth factor β) being an important inducer, resulting 
in irreversible kidney injury64,65.

In summary, FD nephropathy involves a series 
of structural and functional alterations, revealing 
a complex scenario in which podocyte injury and 
its consequences prevail. Podocytes undergo initial 
molecular modifications, preceding the morphological 
repercussions and subsequent clinical outcomes that 

Figure 4. Sequence of molecular and cellular events implicated in the pathogenesis and progression of Fabry disease nephropathy.
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culminate in progressive proteinuria and definitive 
loss of renal function (Figure 4)8,54,55,66. Cellular 
changes resulting from podocyte injury stem from a 
complex loss of protein homeostasis that masterfully 
regulates the physiology and structure of podocytes.

Conclusion

FD nephropathy combines features of both hereditary 
and metabolic podocytopathy, wherein a complex 
network of molecular and cellular events is involved 
in its pathogenesis. The morbid consequences cannot 
be solely attributed to the simple deposition of 
unprocessed substrates within lysosomes, stemming 
from the genetic defect and impaired glycosphingolipid 
metabolism, but seem to involve cellular disorders 
that extend beyond the domains of the lysosome. 
In addition to deposits, molecular disturbances and 
deregulation of several cellular processes, including 
those related to lysosomes, play a significant role, 
preceding the podocyte injury that triggers clinical 
outcomes, ultimately leading to definitive loss of 
kidney function.

Understanding and controlling these mechanisms 
is paramount for the development of therapeutic 
strategies focused on podocyte protection, aimed not 
only at reducing substrate accumulation, but above 
all at correcting the associated molecular and cellular 
alterations.

Acknowledgments

GMK receives a research productivity grant from 
CNPq.

Authors’ Contribution

GMK and JTMN: article conception, original text, 
supervision, review and editing of the text.

Conflict of Interest

The authors declare no conflict of interest.

References

1.	 Germain DP. Fabry disease. Orphanet J Rare Dis. 2010;5(1):30. 
doi: http://doi.org/10.1186/1750-1172-5-30. PubMed PMID: 
21092187.

2.	 Zarate YA, Hopkin RJ. Fabry’s disease. Lancet. 
2008;372(9647):1427–35. doi: http://doi.org/10.1016/S0140-
6736(08)61589-5. PubMed PMID: 18940466.

3.	 Beirão I, Cabrita A, Torres M, Silva F, Aguiar P, Gomes AM. 
Anderson-Fabry Disease. J Inborn Errors Metab Screen. 
2016;4:232640981666937. doi: http://doi.org/10.1177/2326 
409816669372.

4.	 Colpart P, Félix S. Fabry nephropathy. Arch Pathol Lab Med. 
2017;141(8):1127–31. doi: http://doi.org/10.5858/arpa.2016-
0418-RS. PubMed PMID: 28745569.

5.	 Waldek S, Feriozzi S. Fabry nephropathy: a review – how can 
we optimize the management of Fabry nephropathy? BMC 
Nephrol. 2014;15(1):72. doi: http://doi.org/10.1186/1471-
2369-15-72. PubMed PMID: 24886109.

6.	 Paz OT, Lacerda RCT, de Andrade LGM. Perfil genético e 
fenotípico da doença de Fabry na população do Vale do Paraíba 
e Zona Leste de São Paulo. Brazilian Journal of Nephrology. 
2023;45(4). PubMed PMID: 36745055.

7.	 Kopp JB, Anders HJ, Susztak K, Podestà MA, Remuzzi G, 
Hildebrandt F, et al. Podocytopathies. Nat Rev Dis Primers. 
2020;6(1):68. doi: http://doi.org/10.1038/s41572-020-0196-7. 
PubMed PMID: 32792490.

8.	 Rozenfeld PA, de los Angeles Bolla M, Quieto P, Pisani A, Feriozzi 
S, Neuman P, et al. Pathogenesis of Fabry nephropathy: the 
pathways leading to fibrosis. Mol Genet Metab. 2020;129(2):132–
41. doi: http://doi.org/10.1016/j.ymgme.2019.10.010. PubMed 
PMID: 31718986.

9.	 Feriozzi S, Rozenfeld P. Pathology and pathogenic pathways in 
fabry nephropathy. Clin Exp Nephrol.  2021;25:925–34. doi: 
http://doi.org/10.1007/s10157-021-02058-z. 

10.	Eikrem Ø, Skrunes R, Tøndel C, Leh S, Houge G, Svarstad E, 
et al. Pathomechanisms of renal Fabry disease. Cell Tissue Res. 
2017;369(1):53–62. doi: http://doi.org/10.1007/s00441-017-
2609-9. PubMed PMID: 28401309.

11.	Sanchez-Niño MD, Sanz AB, Carrasco S, Saleem MA, Mathieson 
PW, Valdivielso JM, et al. Globotriaosylsphingosine actions on 
human glomerular podocytes: implications for Fabry nephropathy. 
Nephrol Dial Transplant. 2011;26(6):1797–802. doi: http://doi.
org/10.1093/ndt/gfq306. PubMed PMID: 20504837.

12.	Gong R, Dworkin LD, Brenner BM, Maddox DA. Brenner 
& Rector’s The Kidney. USA: Elsevier Saunders; 2008.  
p. 91–129.

13.	Doi K, Kimura H, Matsunaga YT, Fujii T, Nangaku M. 
Glomerulus-on-a-chip: current insights and future potential 
towards recapitulating selectively permeable filtration systems. 
Int J Nephrol Renovasc Dis. 2022;15:85–101. doi: http://doi.
org/10.2147/IJNRD.S344725. PubMed PMID: 35299832.

14.	Benzing T, Salant D. Insights into glomerular filtration and 
albuminuria. N Engl J Med. 2021;384(15):1437–46. doi: 
http://doi.org/10.1056/NEJMra1808786. PubMed PMID: 
33852781.

15.	Fissell WH, Miner JH. What is the glomerular ultrafiltration 
barrier? J Am Soc Nephrol. 2018;29(9):2262–4. doi: http://
doi.org/10.1681/ASN.2018050490. http://doi.org/10.1681/
ASN.2018050490.

16.	Scott RP, Quaggin SE. Review series: the cell biology of renal 
filtration. J Cell Biol. 2015;209(2):199–210. doi: http://doi.
org/10.1083/jcb.201410017. PubMed PMID: 25918223.

17.	Garg P. A review of podocyte biology. Am J Nephrol. 2018;47 
(suppl 1):3–13. doi: http://doi.org/10.1159/000481633.

18.	Jefferson JA, Nelson PJ, Najafian B, Shankland SJ. Podocyte 
disorders: core curriculum 2011. Am J Kidney Dis. 
2011;58(4):666–77. doi: http://doi.org/10.1053/j.ajkd.2011. 
05.032. PubMed PMID: 21868143.

19.	Daehn IS, Duffield JS. The glomerular filtration barrier: a 
structural target for novel kidney therapies. Nat Rev Drug Discov. 
2021;20(10):770–88. doi: http://doi.org/10.1038/s41573-021- 
00242-0. PubMed PMID: 34262140.

20.	Perico L, Conti S, Benigni A, Remuzzi G. Podocyte-actin dynamics 
in health and disease. Nat Rev Nephrol. 2016;12(11):692–710. 
doi: http://doi.org/10.1038/nrneph.2016.127. PubMed PMID: 
27573725.

21.	New LA, Martin CE, Jones N. Advances in slit diaphragm 
signaling. Curr Opin Nephrol Hypertens. 2014;23(4):420–30. 
doi: http://doi.org/10.1097/01.mnh.0000447018.28852.b6. 
PubMed PMID: 24867674.

22.	Kawachi H, Fukusumi Y. New insight into podocyte slit 
diaphragm, a therapeutic target of proteinuria. Clin Exp 

http://doi.org/10.1186/1750-1172-5-30
https://pubmed.ncbi.nlm.nih.gov/21092187
https://pubmed.ncbi.nlm.nih.gov/21092187
http://doi.org/10.1016/S0140-6736(08)61589-5
http://doi.org/10.1016/S0140-6736(08)61589-5
https://pubmed.ncbi.nlm.nih.gov/18940466
http://doi.org/10.1177/2326409816669372
http://doi.org/10.1177/2326409816669372
http://doi.org/10.5858/arpa.2016-0418-RS
http://doi.org/10.5858/arpa.2016-0418-RS
https://pubmed.ncbi.nlm.nih.gov/28745569
http://doi.org/10.1186/1471-2369-15-72
http://doi.org/10.1186/1471-2369-15-72
https://pubmed.ncbi.nlm.nih.gov/24886109
https://pubmed.ncbi.nlm.nih.gov/36745055
http://doi.org/10.1038/s41572-020-0196-7
https://pubmed.ncbi.nlm.nih.gov/32792490
https://pubmed.ncbi.nlm.nih.gov/32792490
http://doi.org/10.1016/j.ymgme.2019.10.010
https://pubmed.ncbi.nlm.nih.gov/31718986
https://pubmed.ncbi.nlm.nih.gov/31718986
http://doi.org/10.1007/s10157-021-02058-z
http://doi.org/10.1007/s00441-017-2609-9
http://doi.org/10.1007/s00441-017-2609-9
https://pubmed.ncbi.nlm.nih.gov/28401309
http://doi.org/10.1093/ndt/gfq306
http://doi.org/10.1093/ndt/gfq306
https://pubmed.ncbi.nlm.nih.gov/20504837
http://doi.org/10.1056/NEJMra1808786
https://pubmed.ncbi.nlm.nih.gov/33852781
https://pubmed.ncbi.nlm.nih.gov/33852781
file:///C:\Users\User\AppData\Local\Temp\Rar$DIa12852.46616\29(9):2262-4
https://doi.org/10.1681/ASN.2018050490
https://doi.org/10.1681/ASN.2018050490
http://doi.org/10.1083/jcb.201410017
http://doi.org/10.1083/jcb.201410017
https://pubmed.ncbi.nlm.nih.gov/25918223
http://doi.org/10.1159/000481633
http://doi.org/10.1053/j.ajkd.2011.05.032
http://doi.org/10.1053/j.ajkd.2011.05.032
https://pubmed.ncbi.nlm.nih.gov/21868143
http://doi.org/10.1038/s41573-021-00242-0
http://doi.org/10.1038/s41573-021-00242-0
http://doi.org/10.1038/nrneph.2016.127
https://pubmed.ncbi.nlm.nih.gov/27573725
https://pubmed.ncbi.nlm.nih.gov/27573725
http://doi.org/10.1097/01.mnh.0000447018.28852.b6
https://pubmed.ncbi.nlm.nih.gov/24867674
https://pubmed.ncbi.nlm.nih.gov/24867674


Braz. J. Nephrol. (J. Bras. Nefrol.) 2024,46(3):e20240035

Podocyte injury in Fabry disease

10

Nephrol. 2020;24(3):193–204. doi: http://doi.org/10.1007/
s10157-020-01854-3. PubMed PMID: 32020343.

23.	Cheng H, Harris RC. The glomerulus - a view from the outside -  
the podocyte. Int J Biochem Cell Biol. 2010;42(9):1380–7. doi: 
http://doi.org/10.1016/j.biocel.2010.05.014. PubMed PMID: 
20542138.

24.	Pavenstädt H, Kriz W, Kretzler M. Cell biology of the 
glomerular podocyte. Physiol Rev. 2003;83(1):253–307. doi: 
http://doi.org/10.1152/physrev.00020.2002. PubMed PMID: 
12506131.

25.	Branton MH, Schiffmann R, Sabnis SG, Murray GJ, Quirk 
JM, Altarescu G, et al. Natural history of Fabry renal 
disease: influence of alpha-galactosidase A activity and 
genetic mutations on clinical course. Medicine (Baltimore). 
2002;81(2):122–38. doi: http://doi.org/10.1097/00005792-
200203000-00003. PubMed PMID: 11889412.

26.	Ortiz A, Cianciaruso B, Cizmarik M, Germain DP, Mignani 
R, Oliveira JP, et al. End-stage renal disease in patients with 
Fabry disease: natural history data from the Fabry Registry. 
Nephrol Dial Transplant. 2010;25(3):769–75. doi: http://doi.
org/10.1093/ndt/gfp554. PubMed PMID: 19846394.

27.	Silva CAB, Andrade LGM, Vaisbich MH, Barreto FC. Brazilian 
consensus recommendations for the diagnosis, screening, and 
treatment of individuals with fabry disease: Committee for 
Rare Diseases - Brazilian Society of Nephrology/2021. J Bras 
Nefrol. 2022;44(2):249–67. doi: http://doi.org/10.1590/2175-
8239-jbn-2021-0208. PubMed PMID: 35212703.

28.	Vale N, Silva A, Veras A, Monteiro F, Sousa J, Bezerra V, et al. 
Diagnóstico de Doença de Fabry em indivíduos submetidos à 
hemodiálise no estado do piauí: o papel do exame de triagem e 
estudo de casos. J Bras Nefrol. 2008;30(4):259–63.

29.	Kantola IM. Renal involvement in Fabry disease. Nephrol Dial 
Transplant. 2019;34(9):1435–7. doi: http://doi.org/10.1093/
ndt/gfy412. 

30.	Najafian B, Svarstad E, Bostad L, Gubler MC, Tøndel C, Whitley 
C, et al. Progressive podocyte injury and globotriaosylceramide 
(GL-3) accumulation in young patients with Fabry disease. 
Kidney Int. 2011;79(6):663–70. doi: http://doi.org/10.1038/
ki.2010.484. PubMed PMID: 21160462.

31.	Alroy J, Sabnis S, Kopp JB. Renal pathology in Fabry disease. 
J Am Soc Nephrol. 2002;13(suppl 2):S134–8. doi: http://doi.
org/10.1097/01.ASN.0000016684.07368.75. PubMed PMID: 
12068025.

32.	Tøndel C, Bostad L, Hirth A, Svarstad E. Renal biopsy findings 
in children and adolescents with Fabry disease and minimal 
albuminuria. Am J Kidney Dis. 2008;51(5):767–76. doi: 
http://doi.org/10.1053/j.ajkd.2007.12.032. PubMed PMID: 
18436087.

33.	Najafian B, Tøndel C, Svarstad E, Gubler MC, Oliveira JP, 
Mauer M. Accumulation of globotriaosylceramide in podocytes 
in fabry nephropathy is associated with progressive podocyte 
loss. J Am Soc Nephrol. 2020;31(4):865–75. doi: http://doi.
org/10.1681/ASN.2019050497. PubMed PMID: 32127409.

34.	del Pino M, Andrés A, Bernabéu AÁ, de Juan-Rivera J, 
Fernández E, de Dios García Díaz J, et al. Fabry nephropathy: 
an evidence-based narrative review. Kidney Blood Press Res. 
2018;43(2):406–21. doi: http://doi.org/10.1159/000488121. 
PubMed PMID: 29558749.

35.	Kim IY, Lee HJ, Cheon CK. Fabry nephropathy before and 
after enzyme replacement therapy: important role of renal 
biopsy in patients with Fabry disease. Kidney Res Clin Pract. 
2021;40(4):611–9. doi: http://doi.org/10.23876/j.krcp.21.056. 
PubMed PMID: 34922431.

36.	Pereira EM, Silva AS, Labilloy A, Monte No JT, Monte SJH. 
Podocyturia in Fabry disease. J Bras Nefrol. 2016;38(1):49–53. 
doi: https://doi.org/10.5935/0101-2800.20160008.

37.	Schiffmann R, Waldek S, Benigni A, Auray-Blais C. Biomarkers 
of fabry disease nephropathy. Clin J Am Soc Nephrol. 
2010;5(2):360–4. doi: http://doi.org/10.2215/CJN.06090809. 
PubMed PMID: 19965549.

38.	Kriz W. The inability of podocytes to proliferate: cause, 
consequences, and origin. Anat Rec (Hoboken). 2020;303(10): 
2588–96. doi: http://doi.org/10.1002/ar.24291. PubMed PMID: 
31606944.

39.	Nagata M. Podocyte injury and its consequences. Kidney 
Int. 2016;89(6):1221–30. doi: http://doi.org/10.1016/j.
kint.2016.01.012. PubMed PMID: 27165817.

40.	Kriz W, Shirato I, Nagata M, LeHir M, Lemley KV. The 
podocyte’s response to stress: the enigma of foot process 
effacement. Am J Physiol Renal Physiol. 2013;304(4):F333–47. 
doi: http://doi.org/10.1152/ajprenal.00478.2012. PubMed 
PMID: 23235479.

41.	Tøndel C, Kanai T, Larsen KK, Ito S, politei jm, warnock dg, et 
al. foot process effacement is an early marker of nephropathy 
in young classic Fabry Patients without Albuminuria. Nephron. 
2015;129(1):16–21. doi: http://doi.org/10.1159/000369309. 
PubMed PMID: 25531941.

42.	Trimarchi H. Mechanisms of podocyte detachment, podocyturia, 
and risk of progression of glomerulopathies. Kidney Dis. 
2020;6(5):324–9. doi: http://doi.org/10.1159/000507997. PubMed 
PMID: 33490112.

43.	Haley KE, Kronenberg NM, Liehm P, Elshani M, Bell C, 
Harrison DJ, et al. Podocyte injury elicits loss and recovery of 
cellular forces. Sci Adv. 2018;4(6):eaap8030. doi: http://doi.
org/10.1126/sciadv.aap8030. PubMed PMID: 29963620.

44.	Reynolds PA. The mechanobiology of kidney podocytes in 
health and disease. Clin Sci (Lond). 2020;134(11):1245–53. 
doi: http://doi.org/10.1042/CS20190764.

45.	Kriz W, Endlich K. Podocytes and disease: introduction. Semin 
Nephrol. 2012;32(4):305–6. doi: http://doi.org/10.1016/j.
semnephrol.2012.06.001. PubMed PMID: 22958484.

46.	Matsusaka T, Sandgren E, Shintani A, Kon V, Pastan I, Fogo 
AB, et al. Podocyte injury damages other podocytes. J Am Soc 
Nephrol. 2011;22(7):1275–85. doi: http://doi.org/10.1681/
ASN.2010090963. PubMed PMID: 21719786.

47.	Lu CC, Wang GH, Lu J, Chen PP, Zhang Y, Hu ZB, et al. 
Role of podocyte injury in glomerulosclerosis. In: Crusio WE, 
Dong H, Radeke HH, Rezaei N, Steinlein O, Xiao J, editors. 
Advances in experimental medicine and biology. New York: 
Springer; 2019. p. 195–232. doi: http://doi.org/10.1007/978-
981-13-8871-2_10. PubMed PMID: 31399967.

48.	Ichikawa I, Ma J, Motojima M, Matsusaka T. Podocyte 
damage damages podocytes: autonomous vicious cycle that 
drives local spread of glomerular sclerosis. Curr Opin Nephrol 
Hypertens. 2005;14(3):205–10. doi: http://doi.org/10.1097/01.
mnh.0000165884.85803.e1. PubMed PMID: 15821411.

49.	Kriz W. Podocyte is the major culprit accounting for the 
progression of chronic renal disease. Microsc Res Tech. 
2002;57(4):189–95. doi: http://doi.org/10.1002/jemt.10072. 
PubMed PMID: 12012382.

50.	Butt L, Unnersjö-Jess D, Höhne M, Edwards A, Binz-Lotter J, 
Reilly D, et al. A molecular mechanism explaining albuminuria 
in kidney disease. Nat Metab. 2020;2(5):461–74. doi: http://doi.
org/10.1038/s42255-020-0204-y. PubMed PMID: 32694662.

51.	Myerowitz R, Puertollano R, Raben N. Impaired autophagy: 
the collateral damage of lysosomal storage disorders. 
EBioMedicine. 2021;63:103166. doi: http://doi.org/10.1016/j.
ebiom.2020.103166. PubMed PMID: 33341443.

52.	Neto JTM, Kirsztajn GM, Pereira EM, Andrade HM, Oliveira 
IHR, Labilloy A, et al. Proteomic profiling of engineered human 
immortalized podocyte cell model of Fabry disease. Mol Genet 
Metab. 2019;126(2):S106–7. doi: http://doi.org/10.1016/j.
ymgme.2018.12.269.

53.	Pereira EM, Labilloy A, Eshbach ML, Roy A, Subramanya 
AR, Monte S, et al. Characterization and phosphoproteomic 
analysis of a human immortalized podocyte model of Fabry 
disease generated using CRISPR/Cas9 technology. Am J 
Physiol Renal Physiol. 2016;311(5):F1015–24. doi: http://
doi.org/10.1152/ajprenal.00283.2016. PubMed PMID: 
27681560.

http://doi.org/10.1007/s10157-020-01854-3
http://doi.org/10.1007/s10157-020-01854-3
https://pubmed.ncbi.nlm.nih.gov/32020343
http://doi.org/10.1016/j.biocel.2010.05.014
http://doi.org/10.1152/physrev.00020.2002
https://pubmed.ncbi.nlm.nih.gov/12506131
https://pubmed.ncbi.nlm.nih.gov/12506131
http://doi.org/10.1097/00005792-200203000-00003
http://doi.org/10.1097/00005792-200203000-00003
https://pubmed.ncbi.nlm.nih.gov/11889412
http://doi.org/10.1093/ndt/gfp554
http://doi.org/10.1093/ndt/gfp554
https://pubmed.ncbi.nlm.nih.gov/19846394
http://doi.org/10.1590/2175-8239-jbn-2021-0208
http://doi.org/10.1590/2175-8239-jbn-2021-0208
https://pubmed.ncbi.nlm.nih.gov/35212703
http://doi.org/10.1093/ndt/gfy412
http://doi.org/10.1093/ndt/gfy412
http://doi.org/10.1038/ki.2010.484
http://doi.org/10.1038/ki.2010.484
https://pubmed.ncbi.nlm.nih.gov/21160462
http://doi.org/10.1097/01.ASN.0000016684.07368.75
http://doi.org/10.1097/01.ASN.0000016684.07368.75
https://pubmed.ncbi.nlm.nih.gov/12068025
https://pubmed.ncbi.nlm.nih.gov/12068025
http://doi.org/10.1053/j.ajkd.2007.12.032
https://pubmed.ncbi.nlm.nih.gov/18436087
https://pubmed.ncbi.nlm.nih.gov/18436087
http://doi.org/10.1681/ASN.2019050497
http://doi.org/10.1681/ASN.2019050497
https://pubmed.ncbi.nlm.nih.gov/32127409
http://doi.org/10.1159/000488121
https://pubmed.ncbi.nlm.nih.gov/29558749
https://pubmed.ncbi.nlm.nih.gov/29558749
http://doi.org/10.23876/j.krcp.21.056
https://pubmed.ncbi.nlm.nih.gov/34922431
https://pubmed.ncbi.nlm.nih.gov/34922431
https://doi.org/10.5935/0101-2800.20160008
http://doi.org/10.2215/CJN.06090809
https://pubmed.ncbi.nlm.nih.gov/19965549
https://pubmed.ncbi.nlm.nih.gov/19965549
http://doi.org/10.1002/ar.24291
https://pubmed.ncbi.nlm.nih.gov/31606944
https://pubmed.ncbi.nlm.nih.gov/31606944
http://doi.org/10.1016/j.kint.2016.01.012
http://doi.org/10.1016/j.kint.2016.01.012
https://pubmed.ncbi.nlm.nih.gov/27165817
http://doi.org/10.1152/ajprenal.00478.2012
https://pubmed.ncbi.nlm.nih.gov/23235479
https://pubmed.ncbi.nlm.nih.gov/23235479
http://doi.org/10.1159/000369309
https://pubmed.ncbi.nlm.nih.gov/25531941
https://pubmed.ncbi.nlm.nih.gov/25531941
http://doi.org/10.1159/000507997
https://pubmed.ncbi.nlm.nih.gov/33490112
https://pubmed.ncbi.nlm.nih.gov/33490112
http://doi.org/10.1126/sciadv.aap8030
http://doi.org/10.1126/sciadv.aap8030
https://pubmed.ncbi.nlm.nih.gov/29963620
http://doi.org/10.1042/CS20190764
http://doi.org/10.1016/j.semnephrol.2012.06.001
http://doi.org/10.1016/j.semnephrol.2012.06.001
https://pubmed.ncbi.nlm.nih.gov/22958484
http://doi.org/10.1681/ASN.2010090963
http://doi.org/10.1681/ASN.2010090963
https://pubmed.ncbi.nlm.nih.gov/21719786
http://doi.org/10.1097/01.mnh.0000165884.85803.e1
http://doi.org/10.1097/01.mnh.0000165884.85803.e1
https://pubmed.ncbi.nlm.nih.gov/15821411
http://doi.org/10.1002/jemt.10072
https://pubmed.ncbi.nlm.nih.gov/12012382
https://pubmed.ncbi.nlm.nih.gov/12012382
http://doi.org/10.1038/s42255-020-0204-y
http://doi.org/10.1038/s42255-020-0204-y
https://pubmed.ncbi.nlm.nih.gov/32694662
http://doi.org/10.1016/j.ebiom.2020.103166
http://doi.org/10.1016/j.ebiom.2020.103166
https://pubmed.ncbi.nlm.nih.gov/33341443
http://doi.org/10.1016/j.ymgme.2018.12.269
http://doi.org/10.1016/j.ymgme.2018.12.269
http://doi.org/10.1152/ajprenal.00283.2016
http://doi.org/10.1152/ajprenal.00283.2016
https://pubmed.ncbi.nlm.nih.gov/27681560
https://pubmed.ncbi.nlm.nih.gov/27681560


Braz. J. Nephrol. (J. Bras. Nefrol.) 2024,46(3):e20240035

Podocyte injury in Fabry disease

11

54.	Monte No JT, Pereira EM, Pereira EM, Da Silva AS, Da Silva 
AS, Oliveira IHR, et al. Differentially expressed proteins 
in genetically edited human podocytes: contributing to the 
understanding of early molecular events in Fabry Disease. 
Brazilian Journal of Development. 2022;8(1):5334–55. doi: 
http://doi.org/10.34117/bjdv8n1-358.

55.	Braun F, Blomberg L, Brodesser S, Liebau MC, Schermer 
B, Benzing T, et al. Enzyme Replacement Therapy Clears 
Gb3 Deposits from a Podocyte Cell Culture Model of Fabry 
Disease but Fails to Restore Altered Cellular Signaling. 
Cell Physiol Biochem. 2019;52(5):1139–50. doi: http://doi.
org/10.33594/000000077. PubMed PMID: 30990584.

56.	Tang C, Livingston MJ, Liu Z, Dong Z. Autophagy in kidney 
homeostasis and disease. Nat Rev Nephrol. 2020;16(9):489–
508. doi: http://doi.org/10.1038/s41581-020-0309-2. PubMed 
PMID: 32704047.

57.	Njeim R, Merscher S, Fornoni A. Mechanisms and implications 
of podocyte autophagy in chronic kidney disease. Am J Physiol 
Renal Physiol. 2024;ajprenal.00415.2023. doi: http://doi.
org/10.1152/ajprenal.00415.2023. PubMed PMID: 38601984.

58.	Bork T, Liang W, Yamahara K, Lee P, Tian Z, Liu S, et al. 
Podocytes maintain high basal levels of autophagy independent 
of mtor signaling. Autophagy. 2020;16(11):1932–48. doi: http://
doi.org/10.1080/15548627.2019.1705007. PubMed PMID: 
31865844.

59.	Teh YM, Mualif SA, Lim SK. A comprehensive insight 
into autophagy and its potential signaling pathways as a 
therapeutic target in podocyte injury. Int J Biochem Cell 
Biol. 2022;143:106153. doi: http://doi.org/10.1016/j.
biocel.2021.106153. PubMed PMID: 34974186.

60.	Hartleben B, Gödel M, Meyer-Schwesinger C, Liu S, Ulrich 
T, Köbler S, et al. Autophagy influences glomerular disease 

susceptibility and maintains podocyte homeostasis in aging 
mice. J Clin Invest. 2010;120(4):1084–96. doi: http://doi.
org/10.1172/JCI39492. PubMed PMID: 20200449.

61.	Heintz L, Meyer-Schwesinger C. The Intertwining of autophagy 
and the ubiquitin proteasome system in podocyte (Patho)
physiology. Cell Physiol Biochem. 2021;55(S4):68–95. doi: http://
doi.org/10.33594/000000432. PubMed PMID: 34523304.

62.	Chévrier M, Brakch N, Céline L, Genty D, Ramdani Y, Moll S, 
et al. Autophagosome maturation is impaired in Fabry disease. 
Autophagy. 2010;6(5):589–99. doi: http://doi.org/10.4161/
auto.6.5.11943. PubMed PMID: 20431343.

63.	Liebau MC, Braun F, Höpker K, Weitbrecht C, Bartels V, Müller 
RU, et al. Dysregulated autophagy contributes to podocyte 
damage in Fabry’s Disease. PLoS One. 2013;8(5):e63506. doi: 
http://doi.org/10.1371/journal.pone.0063506. PubMed PMID: 
23691056.

64.	Li Y, Kang YS, Dai C, Kiss LP, Wen X, Liu Y. Epithelial-to-
mesenchymal transition is a potential pathway leading to podocyte 
dysfunction and proteinuria. Am J Pathol. 2008;172(2):299–
308. doi: http://doi.org/10.2353/ajpath.2008.070057. PubMed 
PMID: 18202193.

65.	Lee HS. Mechanisms and consequences of TGF-β overexpression 
by podocytes in progressive podocyte disease. Cell Tissue Res. 
2012;347(1):129–40. doi: http://doi.org/10.1007/s00441-011-
1169-7. PubMed PMID: 21541658.

66.	Tuttolomondo A, Simonetta I, Riolo R, Todaro F, Di Chiara 
T, Miceli S, et al. Pathogenesis and molecular mechanisms of 
anderson–fabry disease and possible new molecular addressed 
therapeutic strategies. Int J Mol Sci. 2021;22(18):10088. 
doi: http://doi.org/10.3390/ijms221810088. PubMed PMID: 
34576250.

http://doi.org/10.34117/bjdv8n1-358
http://doi.org/10.33594/000000077
http://doi.org/10.33594/000000077
https://pubmed.ncbi.nlm.nih.gov/30990584
http://doi.org/10.1038/s41581-020-0309-2
https://pubmed.ncbi.nlm.nih.gov/32704047
https://pubmed.ncbi.nlm.nih.gov/32704047
http://doi.org/10.1152/ajprenal.00415.2023
http://doi.org/10.1152/ajprenal.00415.2023
https://pubmed.ncbi.nlm.nih.gov/38601984
http://doi.org/10.1080/15548627.2019.1705007
http://doi.org/10.1080/15548627.2019.1705007
https://pubmed.ncbi.nlm.nih.gov/31865844
https://pubmed.ncbi.nlm.nih.gov/31865844
http://doi.org/10.1016/j.biocel.2021.106153
http://doi.org/10.1016/j.biocel.2021.106153
https://pubmed.ncbi.nlm.nih.gov/34974186
http://doi.org/10.1172/JCI39492
http://doi.org/10.1172/JCI39492
https://pubmed.ncbi.nlm.nih.gov/20200449
http://doi.org/10.33594/000000432
http://doi.org/10.33594/000000432
https://pubmed.ncbi.nlm.nih.gov/34523304
http://doi.org/10.4161/auto.6.5.11943
http://doi.org/10.4161/auto.6.5.11943
https://pubmed.ncbi.nlm.nih.gov/20431343
http://doi.org/10.1371/journal.pone.0063506
https://pubmed.ncbi.nlm.nih.gov/23691056
https://pubmed.ncbi.nlm.nih.gov/23691056
http://doi.org/10.2353/ajpath.2008.070057
https://pubmed.ncbi.nlm.nih.gov/18202193
https://pubmed.ncbi.nlm.nih.gov/18202193
http://doi.org/10.1007/s00441-011-1169-7
http://doi.org/10.1007/s00441-011-1169-7
https://pubmed.ncbi.nlm.nih.gov/21541658
http://doi.org/10.3390/ijms221810088
https://pubmed.ncbi.nlm.nih.gov/34576250
https://pubmed.ncbi.nlm.nih.gov/34576250



