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Podocytopathies (minimal change disease (MCD) and focal segmental glomerulosclerosis (FSGS)) together with membranous
nephropathy are the main causes of nephrotic syndrome. Some changes on the expression of nephrin, podocin, TGF-β, and slit
diaphragm components as well as transcription factors and transmembrane proteins have been demonstrated in podocytopathies.
Considering the pathogenesis of proteinuria, some elucidations have been directed towards the involvement of epithelial-
mesenchymal transition. Moreover, the usefulness of some markers such as TGF-β1, nephrin, synaptopodin, dystroglycans, and
malondialdehyde have been determined in the differentiation between MCD and FSGS. Experimental models and human samples
indicated an essential role of autoantibodies in membranous glomerulonephritis, kidney damage, and proteinuria events. Megalin
and phospholipase-A2-receptor have been described as antigens responsible for the formation of the subepithelial immune
complexes and renal disease occurrence. In addition, the complement system seems to play a key role in basal membrane damage
and in the development of proteinuria in membranous nephropathy. This paper focuses on the common molecular changes
involved in the development of nephrotic proteinuria.

1. Introduction

A variety of primary and systemic kidney diseases, trigger an
excessive protein loss in the urine [1]. Diseases that progress
to nephrotic syndrome are grouped into three categories:
antibody-mediated diseases (e.g., lupus, membranoprolifer-
ative glomerulonephritis, and membranous nephropathy);
metabolic disorders (e.g., diabetes, amyloidosis, and Fabry
disease) and podocytopathies [2, 3]. The main primary
glomerulopathies that course with proteinuria are podocy-
topathies (minimal change disease and focal segmental
glomerulosclerosis), and membranous nephropathy. The
podocytopathies are characterized by changes in podocytes.
These changes may be at the structural or molecular levels,
and some proteins have been shown as a pivot of renal injury
and proteinuria development [4].

2. Podocytopathies

Podocyte dysfunction may have idiopathic, genetic, or reac-
tive etiologies. The latter involves response to various insults,
including mechanical stress, medications, toxins, viral infec-
tions, and as yet unidentified circulating proteins [5]. focal
adhesion kinase (FAK) plays an important role in the foot
process effacement commonly seen in podocytopathies [6,
7].

Focal segmental glomerulosclerosis (FSGS) involves
changes in the slit membrane [8, 9] as well as in the cytoskele-
ton and cell stress [8–10]. Furthermore, FSGS may occur
due to a collapse of the capillary loop, which could be
HIV-1 associated [11]. Mutations in WT1 gene can also
cause Denys-Drash syndrome [12]. Alterations in podocyte
proteins or mutations in their coding gene play an important
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role in the pathogenesis of podocytopathies. Changes in
nephrin, as well as in the nephrin homologue Neph1 [13],
in CD2-associated protein (CD2AP) [14, 15], in mFAt1 [16],
or in podocin [17] have been described. Autosomal recessive
changes in NPHS2 gene causes steroid-resistant nephrotic
syndrome [12, 18, 19]. NPHS2 gene polymorphisms cause
proteinuria in patients with minimal change disease (MCD)
[20]. It has been proposed that apoptosis, necrosis, or loss
of cellular adhesive interaction induce podocyte detachment
from the GBM, playing a central role in the FSGS-mediated
hyperfiltration process. Modifications in the foot process
cytoskeleton may lead to nephrotic syndrome development,
being podocalyxin believed to be responsible for foot pro-
cess stability [21, 22]. Another component of the luminal
membrane is a transmembrane tyrosine-phosphatase named
GLEPP-1, which might function as a receptor [23] or regulate
both the pressure and the filtration rates [24]. The expression
of GLEPP-1 seems to be downregulated in patients with
FSGS and collapsing glomerulopathy but at normal levels
in MCD cases [25]. It has been recently demonstrated that
podocalyxin is increased in nephrotic syndromes [26].

The pathogenesis of glomerular sclerosis seen in FSGS
might to be caused by an increase in glomerular profibrotic
cytokines, such as IL-13 and IL-4 [27–30], whereas other
studies suggested the increase of TGF-β levels in this process
[30, 31].

The TGF-β pathway controls cellular responses to many
chronic glomerular injuries, thereby leading to an increase
in the production of extracellular matrix, an increase in
podocyte number and area, and apoptosis [32–37]. The
TGF-β signaling pathway may act as a key mediator in
cellular mechanisms responsible for glomerulosclerosis and
interstitial fibrosis [35]. A mediator of TGF-β signaling,
Smad7, is strongly expressed in clinical cases of podocyte
injury. In vitro culture of mice podocytes in the presence
of TGF-β showed that both Smad7 and TGF-SS1 are related
to cell apoptosis, suggesting that Smad7 participates in the
progressive reduction of podocytes [38].

Some studies have shown that higher renal expression
of TGF-β1 would be observed in children with FSGS in
comparison to patients with MCD. This finding suggests that
TGF-β1 gene transcription in the kidneys may suggest the
development of FSGS renal lesions [39].

Evidences suggested that podocytes may succumb the
epithelial-mesenchymal transition (EMT) after antigenic
encounter. In this phenomenon, podocytes lack their specific
epithelial cell markers such as nephrin, P-cadherin, and
zonula occludens-1 and acquire markers specific for mes-
enchymal cells such as desmin, fibroblast-specific protein-
1, matrix metalloproteinase-9, type I collagen, α-smooth
muscle actin, and fibronectin. These changes may lead to
a damage in glomerular filtration barrier, which results in
proteinuria [40–42].

Elevated TGF-β1 production might induce the expres-
sion of integrin-linked kinase (ILK), a protein that is related
to the pathogenesis of many nephropathies that course with
proteinuria. The upregulation of ILK in the podocytes may
determine the occurrence of EMT in these cells via snail
transcription factor induction [43].

Podocytes of patients with FSGS and membranous
nephropathy present lower expression of nephrin mRNA
than cells from patients with MCD [44]. Apparently, EMT
events are more frequently associated to FSGS and membra-
nous nephropathy than to MCD.

Nephrin is an important component of the slit dia-
phragm. It also functions as a potent recruiter of other
proteins to podocyte membrane such as podocin and CD2AP
[45]. Intracellular domains of the nephrin protein are
tyrosine phosphorylated by Src family kinases [46]. The
phosphorylated tyrosine residues of nephrin might bind
to Nck adaptor proteins and consequently induce a local
polymerization of actin [47, 48]. In adult mice, it has
been shown that inhibition of Nck expression in podocytes,
promoted a fast induction of proteinuria, glomerulosclerosis,
and the morphological changes observed in foot processes.
These results suggest that Nck proteins might contribute to
keep intact the glomerular filtration barrier in adults [49].

The foot processes are composed by actin cytoskele-
ton which main components are actin itself, α-actinin,
and synaptopodin [50, 51]. Some nephrotic syndromes
may present a cytoskeleton reorganization after upregula-
tion of α-actinin [21]. Dominant mutations in α-actinin-
4 (ACTN4) gene are associated with FSGS occurrence
[52]. The expression of synaptopodin is generally pre-
served in nephrotic syndromes as MCD, but reduced in
FSGS [53]. The expression of other podocyte cytoskeleton-
bound proteins, such as the dystroglycans, are kept
unaltered in FSGS, but decreased in active MCD [54].
Some studies suggest an important interaction between
actin cytoskeleton structure and some components of
the slit diaphragm as podocin, nephrin and CD2AP [55,
56].

The nephrotic syndromes are known by their changes
in podocytes as the effacement of podocyte foot processes,
as well as structural changes in cytoskeleton and molecular
reorganization of slit diaphragm [57]. The B7-1 molecule
(CD80) is a transmembrane protein commonly encountered
only in the cell surface of B lymphocytes and antigen
presenting cells [58–60]. Reiser et al. have shown that under
stress conditions B7-1 might be expressed on podocytes,
which may cause reorganization of actin cytoskeleton and
modulation of molecules component of the slit diaphragm
[61]. It suggests that B7-1 might be directly involved in the
pathogenesis of the nephrotic syndrome.

Sometimes the differentiation between FSGS and MCD
cases is very difficult, mainly when renal biopsies present
inadequate numbers of glomeruli. In such cases, the typical
FSGS focal sclerosis is unable to be evidenced [4]. In
these cases, the discovery of other markers is urgently
needed. Malondialdehyde is a lipid peroxidation marker
induced by oxidative stress that may occur in acute or
chronic nephropathies [62, 63]. It has been observed
that urinary and serum levels of malondialdehyde as well
as its glomerular expression were elevated in patients
with FSGS when compared to MCD cases [64, 65].
This indicates that tissue expression of oxidative stress
markers should be considered as differential diagnostic
tools.
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3. Membranous Nephropathy

Membranous nephropathy (MN) is one of the most common
causes of the nephrotic syndromes in adults, corresponding
to 20 percent of the cases [66–68].

The main pathogenic mechanism involved in MN is the
deposition of immune complexes, in subepithelial regions
that leads to a progressive thinning of the glomerular
capillary [68, 69]. For more than 50 years [66, 67, 69–71], the
Heymann nephritis model, was induced in rats immunized
with a crude kidney-cortex preparation. The data collected
from this model suggested that subepithelial glomerular
depositions occur due to the circulating immune complexes,
caused by membrane fractions from rat renal brush border
[66–69, 71–74]. Additionally, with the advent of the passive
Heymann nephritis model, it was observed that rats treated
with antibodies directed against brush-border proteins also
had the same subepithelial depositions, suggesting that
circulating immune complexes are not necessary for this
event [75, 76].

Afterwards, megalin was found to be the rat antigen
involved in this process. Megalin is expressed in the basal
surface of the podocyte foot process, the same subepithelial
space where immune complexes are formed. That was the
first evidence that podocytes could be engaged with the
formation of immune complexes. After the development of
genome sequencing techniques, specific megalin epitopes
were discovered and were associated with the formation
of immune complexes [66, 69, 71–74]. Concomitant with
megalin discovery, a new experimental model for MN
was established by rabbit immunization with cationic fetal
bovine serum. This procedure led to the observation that
exclusively immunized animals were capable of having
subepithelial IgG and C3 deposits, while the animals that
received anionic or neutral serum had complex deposits
in the mesangium. This experimental model of Heymann
nephritis has been reproduced in dogs, cats, rabbits, rats, and
mice [77]. Likewise, proteinuria was more intense in animals
that received the cationic serum, showing that podocytes
might not play a key role in the formation of immune com-
plexes [72–74, 78]. Renal cortex analysis of mice that devel-
oped MN after immunization with fetal calf serum by cDNA
microarrays, showed that 175 genes had altered expression
in relation to normal kidneys, and metallothionein-1—Mt-
1, cathepsin D—CtsD, and laminin receptor LAMR-1-1,
previously associated with injury, inflammation, and cell-
matrix interactions, were overexpressed. This increase in
expression was confirmed by Western blotting, and CtsD
and Mt-1 were expressed predominantly in tubulointerstitial
compartment and LAMR-1 in glomeruli, distribution evi-
denced by immunohistochemistry [74].

Other enzymes such as DPP IV, NEP, or aminopeptidase
A were also recognized as target antigens for circulating
antibodies in animal models. NEP enzyme is located in
the Bowman’s capsule and proximal tubule in both human
and rabbit kidneys. The DPP IV enzyme, however, is also
found in podocytes, indicating that these two enzymatic
antigens may participate in the pathogenesis of membranous
nephropathy [67, 68].

The first human antigen to be linked with an autoim-
mune cause of the disease was the phospholipase A2
receptor (PLA2R). This antigen is expressed in podocytes
and it is a member of the mannose receptor family acting
as a transmembrane receptor for secreted phospholipases.
The interaction between PLA2R and its specific antibody
might potentiate the activation of the complement cascade,
which, in turn, might damage the filtration membrane
and induce proteinuria [71, 78]. Recent studies have
shown an association between the presence of phospholi-
pase A2 receptor (PLA2R) in 70% of patients with MN
[79].

The role played by the complement system seems to be
essential for the development of the disease. That would
be reasonable given the fact that IgG immunoglobulin
binding to complement fraction C1q induces proteinuria
[66, 69, 71]. Analysis of the glomerular capillary area in
kidney biopsies collected from membranous nephropathies
demonstrates the presence of C5b-9 membrane attack
complexes of the complement system. Animal models
demonstrated that podocyte lesions might be mediated
by reactive oxygen species (ROS) produced in response
to the glomerular membrane damage and the deposi-
tion of the immune complexes. These ROS might have
their damaging effect on the matrix proteins enhanced
by lipid peroxidation. The C5b-9 complex might dam-
age the podocyte DNA directly or through the induction
of ROS production. Podocyte lesion might increase the
expression of matrix metalloproteinase-9 (MMP-9) in these
cells, which might induce collagen IV degradation and
alterations in nephrin expression. Thus, lipid peroxida-
tion, complement system activation, and ROS production
would provide future therapeutic targets for membranous
nephropathy [66, 68, 69, 71, 72]. Another molecule of
the complement system which has recently been related
to the membranous nephropathy is C4d [80]. C4d is
generated by the classical or lectin complement pathway.
This fragment is highly stable and covalently binds to
cell surfaces. Patients with MN show deposition of C4d
in situ and it is believed that this molecule is involved
in the pathogenesis of this disease. However, interest-
ingly, such as this deposit is not seen in cases of min-
imal lesion disease, this molecule has great potential as
a tool in the differential diagnosis between these two
entities [80].

Immunoglobulin subclasses IgG1 and IgG4 are regularly
found in MN, being identically deposited in the glomeruli,
but presenting a conflicting expression in patients with
antenatal form of the disease. Evaluation of the production
profile of IgG1, IgG4, and anti-NEP antibodies have shown
that IgG4 alone is not enough to produce nephropathy.
Children born from mothers who produced decreased anti-
NEP antibody levels, but sustained IgG4 subclass, did not
present any renal alteration. On the other hand, children
whose mother produced all classes of antibodies did present
renal failure at birth. One suitable explanation would be that
the Fc portion of the IgG classes would differentially interact
with complement system and induce variable cellular lesions
[66–68, 70–72, 78].
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4. Conclusion

The mechanisms of proteinuria in primary glomerulopathies
are complex and depend on all the components of the
glomerular filtration barrier. In primary membranous
glomerulopathy, some molecules such as megalin and phos-
pholipase A2 receptor have been considered as being the
antigens responsible for subepithelial immune complexes,
which change the glomerular permeability. In both FSGS
and MCD podocytopathies, the molecular changes observed
in proteins from the cytoskeleton, cell transmembrane, and
slit diaphragm induce foot process effacement and changes
in negative charges, resulting in strong proteinuria. The
understanding of the mechanisms involved in each clinical
entity is extremely important for the best treatment choice
and adequate patient followup.
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