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Abstract

Background: Glomerulopathies are the main cause of ESRD.
Primary or secondary causes of glomerular diseases com-
prise more than 70% of cases that end up in renal replace-
ment therapies. Summary: The total glomerular mass that
each individual contains is key to maintaining normal kidney
function. Diabetes, hypertension, and any primary or sec-
ondary glomerulopathy may threaten the normal glomeru-
lar function. In fact, any glomerular insult may alter the glo-
merular filtration barrier, which in turn is composed by the
podocyte, the glomerular basement membrane, and the
capillary endothelial cell. Deposition of immune complexes,
antibodies, or complement components at the subepitheli-
al, intramembranous, or subendothelial space, and muta-
tions in podocyte, slit diaphragm, or glomerular basement
membrane proteins or enzymes are the main etiologies of
glomerular alterations. Podocytes are glomerular cells that
do not divide under normal circumstances. In this respect,
maintenance of the absolute podocyte number per glomer-

ulus is critical for normal glomerular function. As the insult
progresses, podocytes start to detach from the glomerular
basement membrane. When the podocyte loss is over 40%
in a glomerulus, glomerulosclerosis develops, and oblitera-
tion of the glomerulus is the rule. In clinical grounds, this
phenomenon is diagnosed mainly by proteinuria and a de-
cline in glomerular filtration rate. Key messages: In this re-
view article, the impact of podocyturia in glomerular diseas-
es and the main mechanisms of podocyte detachment are
discussed. Finally, potential targets of therapeutic approach

are suggested. © 2020 The Author(s)
Published by S. Karger AG, Basel

Background

CKD is associated with an elevated rate of morbidity,
kidney failure, the requirement for dialysis or kidney
transplantation, and elevated mortality compared to the
general population [1]. The worldwide prevalence of
CKD is estimated to be approximately between 10 and
15% and is a major contributor to the costs of health care
[2]. Proteinuria and estimated glomerular filtration rate
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(eGFR) are currently the most widely used predictors of
CKD prognosis and kidney involvement [3].

Several studies have shown that the assessment of
podocyturia may be an effective biomarker of kidney
damage, mainly due to glomerular diseases [4-6]. Podo-
cytes are highly differentiated glomerular cells with lim-
ited capacity for cell division that form the interdigitat-
ing foot processes located on the outer surface of the
glomerular capillaries in Bowman’s capsule [7]. Podo-
cytes are essential for the permeability of the capillary
filtration barrier and prevent the leakage of macromol-
ecules and blood cells to the glomerular filtrate. Progres-
sive detachment of podocytes eventually leads to pro-
teinuria and progressive kidney failure [7-9]. Several
unique proteins such as podocalyxin, podocin, nephrin,
and synaptopodin are located on podocytes or in their
shed extracellular vesicles [10-12]. The effacement of
podocyte foot processes and the secondary increased
concentrations of podocytes in the urine in patients with
glomerular diseases have been shown to correlate with
clinical severity and progression and ought to be taken
into consideration in order to evaluate the degree of glo-
merular involvement and of renal function prognosis
[12-16].

Assessment of Podocyturia

Current methodologies for the evaluation of podocy-
turia in patients are challenging [17-19]. Methods em-
ploying immunofluorescence of specific podocyte pro-
teins are based on colorimetric interpretation and, as
such, lack of exact quantitative analysis. Moreover, cell
counting to evaluate podocyturia is time-consuming, of-
fers a limited sensitivity, is operator-dependent, and is
also expensive owing to the need to use specific antibodies
[17, 18]. The quantitative analysis of mRNAs by qPCR
has been used to quantify specific podocyte protein
mRNAs in urine and in podocytes as well [20, 21], but the
quality is limited, leading to increased variability [22, 23].
Liquid chromatography coupled to tandem mass spec-
trometry was also developed [24-26]. However, as podo-
cyturia has not been validated, it should not be employed
in clinical grounds. It can be used as an additional tool to
assess the degree of glomerular damage at early or sub-
clinical stages of glomerular diseases, as it detects glomer-
ular involvement even before proteinuria ensues. More-
over, the diagnosis of podocyturia is not only related to
the method employed and to the skill of the operator but
also to the tagged podocyte protein. Subpopulations of
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podocytes may be encountered at different stages of the
same glomerular disease or in different glomerulopathies
[27, 28].

Podocyte and the Glomerulus

The podocyte is a highly differentiated cell phyloge-
netically mainly devoted to avoid the loss of the huge
amount of proteins delivered to the kidney every day [7,
8]. As an example, if we consider an average normal se-
rum albumin concentration of 4.5 g/dL, a daily filtered
blood volume of 200 L faces the glomerular mass with
9 kg of albumin. However, none or minute amounts of
albumin are normally excreted in the urine. The success-
ful task podocytes perform may explain why these cells
have been highly preserved along life on Earth. Podocytes
also intervene in many other important functions that
turn the glomerular apparatus an efficient structure.
Podocytes secrete components of the glomerular base-
ment membrane, as vascular endothelial growth factor, a
molecule that maintains glomerular endothelial fenestrae
patent and open, to augment the filtration surface. Podo-
cytes also interact with the immune system, as antigen-
presenting cells, as receptors of complement components
and of immunoglobulins [10, 17]. Their delicate and pre-
cise foot process interaction with the slit diaphragm,
basement membrane, and adjacent endothelial cells de-
termines the characteristics of the protein-devoid glo-
merular ultrafiltrate. However, their location in the outer
space of the glomerular filtration barrier and lying against
the constant flow of the filtrate may be hypotheses to ex-
plain the reason why they are unable to divide under nor-
mal circumstances [7, 8, 10, 17]. As mentioned above,
podocytes can undergo karyokinesis but not cytokinesis.
Interestingly, in an individual, the highest amount of
podocytes is reached at birth, slowly declining along the
decades [5, 14]. Therefore, it is critical to maintain the
normal mass of podocytes, in order to avoid loss of pro-
teins in the urine. It is well known that proteinuria is a
marker of progression of kidney disease and is also a risk
factor for cardiovascular disease [3, 29].

In the last 20 years, over 50 genetic mutations leading
to deletions or structural modifications of podocyte pro-
teins have been reported as important causes of podocy-
topathies and of secondary causes of focal and segmental
glomerulosclerosis. Besides genetic factors, podocyte
dysregulation and injury leading to proteinuria may also
be due to still not yet identified permeability factor/s, like-
ly active in minimal change disease or primary focal seg-
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mental glomerular sclerosis (FSGS, leading to the modi-
fication of the glomerular barrier permselectivity in the
absence of any inflammatory changes [22]. Podocytes can
also react through specific receptors to a variety of in-
flammatory mediators, including cytokines, reactive oxy-
gen species, and complement products released during
glomerular inflammatory conditions [30].

Podocytes can suffer from hemodynamic challenges,
due to their downstream localization from the glomerular
basement membrane, which expose these cells to con-
stant stress, further amplified in hyperfiltration condi-
tions [8, 30]. In addition, hyperfiltration due to a reduced
number of functioning nephrons can also induce hemo-
dynamic and architectural podocytopathic changes,
which can be detected in both primary and secondary
forms of FSGS. In these various conditions, podocyte ac-
tivation by immunological and/or hemodynamic factors
triggers a cascade of protein kinase activity leading to re-
active oxygen species release, endoplasmic reticulum
stress, protein unfolding abnormalities, and mitochon-
drial damage. The podocyte stress burden impacts the in-
tegrity of the cytoskeleton and slit diaphragm, promoting
cell functional and anatomic damage, detachment, and
death [8, 10, 14, 31].

Itis of interest for understanding the podocyte damage
in conditions with expansion of the mesangial area, as it
occurs in IgA nephropathy (IgAN), to consider the func-
tional relationship between glomerular capillaries and the
folding pattern of the glomerular basement membrane
[32]. The peripheral outpocketings of the glomerular
basement membrane form a continuous channel system
that is open to the mesangial area and contains the capil-
laries. The mechanical stability of this system is largely
maintained by the mesangial cells, which insert along the
paramesangial aspect of the glomerular basement mem-
brane. In conditions of increased mesangial area, there is
a lengthening of the mesangial axis, followed by the pro-
lapse of the capillary and the associated podocyte detach-
ment with loss into the urinary space [32, 33]. Thus, the
podocyte stress and adaptation observed in podocytopa-
thies manifest as alterations in podocyte charge or shape,
an active process that occurs due to actin cytoskeleton
rearrangement that precedes podocyturia [8, 13, 30].

Podocyturia and Glomerular Diseases
In glomerular diseases, any insult directed to the en-

dothelial cell, to the glomerular basement membrane,
and/or to the podocyte itself will determine a disruption

Podocyturia and Glomerular Diseases

in the proper function of the glomerular filtration bar-
rier. With respect to the podocyte, the consequences of
this derangement will cause an adaptation of the cell to
remain in place at any cost. Morphologically, this is ob-
served as podocyte foot process effacements, which are
associated with proteinuria and hyperfiltration at the
initial phases. Moreover, when the situation is not cor-
rected or balanced, then podocytes start to detach, podo-
cyturia ensues, proteinuria increases, and glomerular
filtration rate decreases [8, 14, 23]. This advanced and
irreversible situation is histologically reported as glo-
merulosclerosis, with tuft adherences and different de-
grees of mesangial expansion. It is believed that when
over 40% of the podocyte population per glomerulus is
lost, with focal and segmental glomerulosclerosis as the
main picture of the kidney biopsy, the glomerulus starts
a “point of no return,” and glomerular obliteration is the
irreversible result [14].

Primary FSGS is defined as a podocytopathy since
podocyte injury with cytoskeleton disorganization and
foot process effacement are the initiating mechanisms
leading to loss of adaptation and detachment from the
glomerular basement membrane. Large podocyte loss re-
sults in focal adherence to parietal epithelial cells and
scarring. At this point, an absolute 40-50% podocyte loss
per glomerulus is supposed to have occurred [10, 14]. As
a result, activated parietal epithelial cells start to synthe-
tize extracellular matrix and then migrate to a segment of
the glomerular tuft where denudated podocyte-depleted
glomerular basement membrane exists. It is from this site
that podocytes are detached, the matrix is deposited, and
FSGS develops [24].

In the spectrum of glomerular diseases, it has been
demonstrated that podocyte detachment is the mecha-
nism by which proteinuria appears and glomerular filtra-
tion rate decreases. We have demonstrated that one of the
mechanisms by which podocytes detach is when the uro-
kinase-type plasminogen activator receptor (uPAR), a
multi-domain glycoprotein which normally binds to uro-
kinase plasminogen activator, which is located at the bas-
al site of the podocyte, and also couples with integrins
aVP3 or a3P1, which are responsible for the attachment
of the cell to the basement membrane [23, 25, 26]. Briefly,
integrins are transmembrane receptors for various extra-
cellular membrane components, including laminin, vit-
ronectin, collagens, and fibronectin. They activate kinas-
es that phosphorylate key molecules for cell-cell and cell-
matrix interactions [25, 26]. Thence, the mentioned
interaction causes the engulfment of the uPAR-integrin
complex by the podocyte, with the subsequent intracel-
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lular contraction of actin filaments. For instance, the
binding of uPAR to podocyte aV3 induces foot process
effacement and eventually podocyte detachment [23, 25,
26]. In the experimental model of LPS-induced nephrop-
athy, uPAR is the key factor for mediating foot process
effacement and proteinuria by interaction with aVf3,
leading to integrin activation and podocyte damage [26,
34].

It is this persistent stimulation of the contractile cyto-
plasmic apparatus, the main cause of podocyte stress, that
determines the detachment of the cell. Therefore, the de-
nuded glomerular basement membrane is covered by ad-
jacent podocytes in order to avoid the loss of proteins in
the urine. When the absolute number of podocytes is de-
creased enough, the basement membrane becomes de-
nuded permanently, proteinuria becomes a permanent
finding, and glomerulosclerosis appears as a chronic ir-
reversible feature [10, 14, 31].

Another relevant integrin member playing a role in
podocyte survival and involved in acquired damage is
a3p1, which binds with its intracellular domain cytoskel-
etal actin and with the extracellular domain fibronectin,
collagen, and laminin, reacting also with activated T cells
via CD80 (B7-1), a costimulatory receptor on antigen-
presenting cells. This molecule was found to be induced
in experimental models of glomerular diseases with pro-
teinuria, following the activation of innate immune sig-
naling via TLR-4 by bacterial endotoxin (LPS) [34]. CD80
modifies the actin cytoskeleton of podocytes and modu-
lates slit diaphragm disposition. Addition of TNFa to cul-
tured podocytes causes CD80 upregulation, actin reorga-
nization, and podocyte injury [35]. In humans, CD80 was
upregulated in several proteinuric states, including pri-
mary FSGS [36]. Under podocyte stress conditions, the
increased expression of CD80 on the podocyte surface
leads to high urinary CD80 excretion, as detected in dif-
ferent proteinuric conditions [37, 38].

This podocyte loss is accompanied by an important
inflammatory response, which initially does not imply
the affluence or inflammatory cells in kidney biopsies.
In this regard, B7-1/CD80 is also a marker present from
the initial phases of the inflammatory process of certain
glomerulopathies with necessarily no cellular inflam-
matory cell presence in a kidney biopsy [39]. Notewor-
thy, under abnormal conditions, there is an upregula-
tion of CD80 expression on podocyte surfaces, suggest-
ing that these cells may functionally turn into
antigen-presenting-like cells. We have reported that
CD80 urinary excretion is significantly increased in pa-
tients with Fabry disease as in those patients not consid-
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ered to be under therapy due to the lack of renal or ex-
trarenal compromise [37]. However, Fabry disease is not
generally considered a classical inflammatory entity, at
least from the histological point of view. This finding
suggests that inflammation is present from early stages
of the disease at the molecular level, without the histo-
logical correlation of the presence of inflammatory cells.
We have recently shown a higher degree of proteinuria
in patients with IgAN and S1 (segmental glomeruloscle-
rosis) in addition to M1 (mesangial proliferation) than
in those with M1 but without segmental sclerosis. Pa-
tients with S1 had a more rapid decline in the eGFR and
more persistent proteinuria and podocyturia after 7.5
years of follow-up [38]. Finally, we have reported in a
pilot study that in stable conditions, analyzed urinary
samples of patients with IgAN (unchanged eGFR and
proteinuria persistently <0.75 g/day in the last 12
months) presented the highest rates of urinary podocyte
loss compared to other primary or secondary glomeru-
lopathies or controls [15].

There are several histological hints that may suggest
that podocytes are under stress, with their cytoskeleton
contracted in a stage prior to detachment. Podocyte hy-
pertrophy, as observed in certain cases of glomeruloscle-
rosis, IgA nephropathy, and chronic diabetic kidney dis-
ease, may be an example of this statement [40-42].
Podocyte engorgement and slit diaphragm widening
due to the existence of cytoplasmic reabsorbed proteins
or the accumulation of mutated enzyme substrates, as
GB3 in the case of Fabry nephropathy, may be another
one [43, 44]. Primary endothelial swelling has also been
considered as a hallmark of severe entities such as pre-
eclampsia, in which podocyturia has been well charac-
terized. The elevated loss of podocytes in preeclampsia
may be secondary to the initial aggression to the glomer-
ular endothelium [16, 45]. We and others have also doc-
umented an elevated podocyturia count in Alport’s dis-
ease, where a mutation in glomerular basement mem-
brane collagen IV determinesarelentlessand progressive
malfunction of the glomerular filtration barrier [46]. In
proliferative glomerulonephritis, as extracapillary glo-
merulonephritis or membranoproliferative classes of lu-
pus nephritis, podocyturia is significantly increased
compared to non-progressors, as minimal change dis-
ease [5]. However, as mentioned previously, in non-pro-
liferative primary or secondary cases due to genetic
causes of focal and segmental glomerulosclerosis, podo-
cyturia is also elevated [6, 46].

Interestingly, podocytes are not always damaged at the
same cellular compartment level. In Fabry nephropathy,
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we have observed that the number of podocalyxin-posi-
tive urinary podocytes is decreased compared to the total
amount of these cells. This observation was present in all
patients, but significantly more pronounced in advanced
stages of the disease. In addition, we have reported that
the loss of podocalyxin may also be involved in podocyte
loss [27]. Therefore, these findings may not only suggest
that the glycocalyx is damaged early in Fabry nephropa-
thy but also indicate that the assessment of podocyturia
cannot depend on the tagging of a single podocyte pro-
tein. I believe that a thorough assessment of podocyturia
could be better accomplished by the identification of pro-
teins belonging to at least 2 different cellular compart-
ments, including the glycocalyx, the cytoplasm, the basal
side, and the foot process that lies contiguous to the slit
diaphragm.

Potential Therapeutic Implications

The pharmacological intervention to prevent or de-
crease the detachment of podocytes from the glomerular
basement membrane could avoid or diminish the devel-
opment of glomerulosclerosis. Amiloride may be an op-
tion, since this drug inhibits the synthesis of uPAR at the
mRNA level [47]. As a consequence of this inhibition, the
activation of aVP3 integrins would be dampened and
podocyte detachment decreased [46, 48, 49]. The CD80-
nephrin coupling is another potential therapeutic target
[35]. Abatacept (which interferes with the lymphocyte
CD28-antigen-presenting cell CD80 coupling) has been
reported to be associated with the development of IgAN.
Thus, CD80 emerges as another potential target to assess
in the therapy of IgAN [39].
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