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COMMENTARY
Podocytes
The Role of Lysosomes in the Development of Nephrotic
Syndrome
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Podocytes are terminal, visceral epithelial cells that lack
proliferative properties, making intracellular homeostasis
essential for their integrity. Podocytes are characterized by
interdigitating foot processes. Secondary foot processes
surround glomerular basement membrane and together with
the glomerular basement membrane and endothelial cells
generate the glomerular ﬁltration barrier, regulating the
protein trafﬁc through our kidneys. Podocytes are critical for
the maintenance of glomerular morphology and function.
Furthermore, they represent a frequent target of injury, as it
happens in case of genetic mutations, immune disorders,
infections, hemodynamic defects, toxic exposure, or metabolic alteration.1
Congenital or acquired alterations in podocytes are
frequently involved in different kidney diseases, including
minimal change disease, focal segmental glomerulosclerosis,
membranous nephropathy, Fabry disease, diabetic nephropathy, HIV-associated nephropathy, lupus nephritis, and preeclampsia.1e3 These conditions are mostly characterized by
proteinuria and eventually by a full nephrotic syndrome.
Lysosomes represent an essential intracellular component
with digestive and recycling properties.4 Lysosomes are
critical for cellular activity in podocytes,5 due to their
scavenging ability, as demonstrated by the emerging
knowledge that lysosome dysfunction may relate with
glomerular disease.
Mutations in genes encoding for lysosomal proteins or
proteins involved in lysosomal activity are known causes of
genetically determined nephropathies, such as Fabry disease, Tay-Sachs disease, cystinosis, and Nieman-Pick disease. ASAH1 encodes for lysosomal acid ceramidase (AC)
and ASAH1 mutations in humans cause autosomal recessive

disorders, such as Farber lipogranulomatosis and spinal
muscular atrophy with progressive myoclonic epilepsy.6e8
In this issue of The American Journal of Pathology, Li
et al9 demonstrated that ceramide accumulation in podocytes may lead to cellular damage and nephrotic syndrome,
in mice. A knockout mouse strain (Asah1ﬂ/ﬂ/PodoCre) with a
podocyte-speciﬁc deletion of the a subunit (main catalytic
subunit) of lysosomal acid ceramidase (AC) was used in this
study. Ceramide accumulation, determined by liquid
chromatographyetandem mass spectrometry, was demonstrated in isolated glomeruli of Asah1ﬂ/ﬂ/PodoCre mice
compared with their littermates.9
Ceramides are lipids belonging to the family of sphingolipids. They are converted in sphingomyelin ﬁrst and then
sphingolipids, the main component of plasma membrane.
Plasma membranes are usually catabolized into lysosomes,
where ceramides are generated from degradation of sphingolipids and then regenerated. The interest in the molecular
biology and ceramide metabolism is due to the recognized
link between cellular clearance dysfunction and the pathogenesis of some lysosome-related disorders.10
AC is responsible for the hydrolysis of ceramide into
sphingosine and free fatty acid,11 and it may have a role in
the lysosomal system. Ceramide plays a central role in
metabolism of other cellular sphingolipids; therefore,
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alterations in ceramide metabolism may result in different
pathologies.
The synthesis and accumulation of ceramide in response to
cellular stress is known to mediate cancer cell death through
various mechanisms, including apoptosis and autophagy.
Enzyme ceramidase may represent a therapeutic target of
cancer.12e14 In fact, AC is overexpressed in a variety of
cancer cell lines, and the enzymatic inhibition by novel
speciﬁc inhibitors or other traditional cancer agents, alone or
in combination, induces apoptosis in cancer cells.15e17
Farber disease is a rare lysosomal storage disorder in which
the genetic mutation leads to decreased AC activity with ceramide accumulation, resulting in pathologic manifestations.
Farber disease is typically based on the cardinal triad symptoms: subcutaneous nodules, joint pain, and voice hoarseness.
These patients present enlarged liver and spleen along with
neurologic and respiratory complications.18 However, any
activity of ceramidase has not been recognized in kidney.
Although intracellular ceramide protects against
neoplasm development through the induction of cell death,
studies have shown that the accumulation of ceramide in
cells can be involved in development of diabetic complications. Ceramide, in fact, inhibits several intracellular insulin pathways19: it activates a mitochondrial factor, the
protein phosphatase 2A, able to inactivate Bcl-2, which is
fundamental to controlling survival and apoptosis.20 Moreover, emerging lines of evidence indicate that renal lipid
dysregulation is one of the factors responsible for the
development of chronic kidney disease secondary to diabetic nephropathy.21,22
AdipoRon in vitro, an orally active synthetic adiponectin
agonist, binds both adiponectin receptors 1/2 and ameliorates
particularly kidney diabetic complications. AdipoRon lowered cellular ceramide levels by activation of AC, which
normalized ceramide to sphingosine-1 phosphate; it may
prevent lipotoxicity in the kidney, particularly in both
glomerular endothelial cells and podocytes. This process is
mediated through an improvement in lipid metabolism and
further prevents deterioration of renal function.23 The pathogenicity of ceramide in podocytes is the main topic investigated by Li et al.9 They suggest that the ceramide
accumulation in podocytes can cause cellular damage and
nephrotic syndrome. Their model showed high proteinuria
and albuminuria, unresponsive to the administration of the
steroids. Although no alterations were observed in the
glomeruli analyzed by light microscopy classic foot process
effacement and microvillus transformation was observed in
podocytes of 8-weekeold mice using electron microscopy. It
is unclear why the podocyte morphology remains unchanged
in the 4-weekeold mice. It is possible that the amount of
ceramide accumulation in 4-weekeold podocytes, due to AC
mutation, is not toxic enough to generate podocyte dysfunction at this stage. Another possibility is that, in the early stage
of development, podocytes still hold modular ability,
temporarily keeping structural adaptation capacity. Further
studies are required to investigate these aspects.
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Normally, acid sphingomyelinase catalyzes the hydrolysis of the sphingomyelin, producing ceramide. Li et al6 also
found a protective role of acid sphingomyelinase deletion in
a knockout mouse cell line with a podocyte-speciﬁc deletion
of the a subunit of acid ceramidase.
The use of AdipoRon in diabetic nephropathy reduces the
levels of ceramide in podocytes.23 The pathogenetic hypothesis of nephrotic syndrome onset secondary to accumulation of ceramide in podocytes is convincing, although
it needs further examination.
If the relationship between ceramide accumulation and
the development of some forms of nephrotic syndrome is
conﬁrmed, it would be useful to investigate Asah1 variants,
together with the other known genes responsible for
nephrotic syndrome, through next-generation sequencing or
whole generation sequencing techniques.
Should the hypothesis of Li et al9 be true, it will open new
diagnostic and pathogenetic deﬁnitions for the so-called
idiopathic steroid-resistant nephrotic syndromes, in the era
of precision medicine, and will offer new powerful therapeutic possibilities.
Furthermore, linking nephrotic syndrome to lysosomal
storage disorder represents a new paradigm of research in
which new insights may be born. However, future treatment
strategies, such as the use of enzyme replacement therapies,
would need to be investigated.
Enzyme replacement therapy is currently the standard of
care for several lysosomal storage disorders: Gaucher disease, Pompe disease, Fabry disease, mucopolysaccharidosis
(MPS) I, II, and VI, neuronal ceroid lipofuscinosis type 2,
and Niemann-Pick B.
In Fabry disease, podocytes have been implicated because
of the accumulation of globotriaosylceramide. Proteinuria is
also present in Fabry disease, and it is not responsive to
steroid therapy; it is usually subnephrotic.24 This highlights
the important role of lysosomes in the development of
kidney podocyte damage.
The role of lysosomes in maintaining the integrity of podocytes is evidenced by recent studies on rituximab, a chimeric
human IgG1 anti-CD20 monoclonal antibody with signiﬁcant
activity against CD20þ B cells. This monoclonal medication
has been adopted from the treatment of hematological diseases,
and it has been successfully used in the treatment of some
glomerulonephritides and nephrotic syndrome conditions, with
a probably immunologic pathogenesis. The ﬁrst aim of rituximab is to recognize CD20 on B lymphocytes, but it might also
bind sphingomyelinephosphodiesterase acidelike 3b and
regulate acid-sphyngomyelinase activity.25
In conclusion, podocytes are complex cells whose alterations may result in the pathologic loss of protein in the
urine. Mutations implicated in nephrotic syndrome in children and adults largely include genes encoding the structural
proteins of podocytes. Lysosomal disorders, characterized
by the accumulation of metabolites like ceramide, may be
part of podocyte-related diseases. Investigation of the
glomerular genomic background in the patients affected by
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lysosome disorder may provide new interesting insights in
kidney diseases. This opens the door not only to new
pathogenic scenarios of nephrotic syndromes but above all
therapeutic outlines, in terms of both enzyme replacement
therapy and targeted gene therapy.
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