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Abstract: Focal segmental glomerulosclerosis (FSGS) involves podocyte injury. In patients with
nephrotic syndrome, progression to end-stage renal disease often occurs over the course of 5 to
10 years. The diagnosis is based on a renal biopsy. It is presumed that primary FSGS is caused by
an unknown plasma factor that might be responsible for the recurrence of FSGS after kidney trans-
plantation. The nature of circulating permeability factors is not explained and particular biological
molecules responsible for inducing FSGS are still unknown. Several substances have been proposed
as potential circulating factors such as soluble urokinase-type plasminogen activator receptor (su-
PAR) and cardiolipin-like-cytokine 1 (CLC-1). Many studies have also attempted to establish which
molecules are related to podocyte injury in the pathogenesis of FSGS such as plasminogen activator
inhibitor type-1 (PAI-1), angiotensin II type 1 receptors (AT1R), dystroglycan(DG), microRNAs, metal-
loproteinases (MMPs), forkheadbox P3 (FOXP3), and poly-ADP-ribose polymerase-1 (PARP1). Some
biomarkers have also been studied in the context of kidney tissue damage progression: transforming
growth factor-beta (TGF-β), human neutrophil gelatinase-associated lipocalin (NGAL), malondialde-
hyde (MDA), and others. This paper describes molecules that could potentially be considered as
circulating factors causing primary FSGS.

Keywords: primary FSGS; biomarkers; glomerulonephritis

1. Introduction

Focal segmental glomerulosclerosis (FSGS) is a pattern of glomerular lesion resulting
from podocyte injury characterized by the occlusion of glomerular capillary loops by
sclerotic material [1]. Sclerosis is focal (less than 50% of all glomeruli affected with light
microscopy) and segmental (less than 50% of the glomerular tuft affected) [2]. It is the
most common cause of nephrotic syndrome in adults in the USA and it recurs in 30–40% of
patients after renal transplantation [3]. In the Polish adult population in a nationwide study,
FSGS was the second most common diagnosis in renal biopsies (15% of cases, 16.2–16.8% of
nephrotic syndrome) [4]. In the Italian population, FSGS accounted for 12.3% of nephrotic
syndrome, which was similar to other European studies [5–7].

Clinical manifestations of primary FSGS are massive edemas, rapid onset of heavy
nephrotic-range proteinuria, and severe hypoalbuminemia [8].

The diagnosis is established based on renal biopsy. FSGS classification is based on mor-
phologic changes in the Columbia classification published in 2004, which distinguishes five
variants: collapsing, tip, cellular, perihilar, and not otherwise specified (NOS) variant [1].
The Columbia classification is presented in Table 1.
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Table 1. The Columbia classification of FSGS.

FSGS/Variant Inclusion Criteria Exclusion Criteria

FSGS not otherwise
specified (NOS)

At least 1 glomerulus with segmental
increase in matrix obliterating the capillary

lumina. There may be segmental glomerulus
capillary wall collapse without overlying

podocyte hyperplasia.

Exclude perihilar,
cellular, tip, and

collapsing variants.

Perihilar variant

At least 1 glomerulus with perihilar
hyalinosis, with or without sclerosis >50% of
glomeruli with segmental lesions must have

perihilar sclerosis and/or hyalinosis.

Exclude cellular,
tip, and

collapsing variants

Cellular variant

At least 1 glomerulus with segmental
endocapillary hypercellularity occluding

lumina, with or without foam cells
and karyorrhexis.

Exclude tip and
collapsing variants.

Tip variant

At least 1 segmental lesion involving the tip
domain (outer 25% of tuft next to origin of
proximal tubule). The tubular pole must be
identified in the defining lesion. The lesion
must have either an adhesion or confluence
of podocytes with parietal or tubular cells at

the tubular lumen or neck. The tip lesion
may be cellular or sclerosing.

Exclude collapsing
variant. Exclude any

perihilar sclerosis

Collapsing variant
At least 1 glomerulus with segmental or
global collapse and overlying podocyte

hypertrophy and hyperplasia
None

The KDIGO (Kidney Disease: Improving Global Outcomes) guidelines proposed
another classification that distinguished four types of FSGS: primary, secondary, genetic,
and FSGS of undetermined cause [9], which are presented in Table 2.

Table 2. The KDIGO classification of FSGS.

Etiology

Primary

FSGS with diffuse
process effacement and

nephritic syndrome
(often sudden onset
amenable to therapy

Secondary

Adaptive changes
to glomerular

hyperfiltration (normal or
reduced nephron mass,
segmenta foot process

effacement, proteinuria
without nephritic

syndrome

Viral: HIV,
probably: HCV,

CMV,
parvovirusB19

Drug induced: mTOR
inhibitors, calcineurin

inhibitors, anthracyclines,
heroin(adulterants),

direct-acting antiviral
therapy (ledipasvir,
sofosbuvir, heroin

(adulterants), lithium,
IFN, anabolic steroids

Genetic Familial Syndromic Sporadic

FSGS of
undetermined

cause

Segmental foot
process effacement

Proteinuria
without nephritic

syndrome

No evidence of
secondary cause
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Primary FSGS is a clinical-pathologic syndrome supposed to be caused by circulating
permeability factors that lead to podocyte injury with podocyte foot process effacement.
The high incidence of recurrence in the kidney allograft of proteinuria suggests that the
circulating factor is present in recipients [10]. This hypothesis is confirmed by the fact
that the implementation of plasmapheresis reduces proteinuria and decreases glomerular
permeability. However, to date, post-transplant FSGS is the only form of FSGS that has
been attributed to a circulating factor. The etiology of primary FSGS is still unidentified. It
is known that antigens localized on podocytes may have a key role in the initiation and
progression of the lesion observed in FSGS [11,12].

The causes of secondary FSGS include, but are not limited to, drug toxicity, adaptive
changes to glomerular hyperfiltration, or virus-associated issues.

Genetic FSGS is typically present in early childhood and can be a familial, syndromic,
or sporadic disease. Inheritance patterns are observed as autosomal dominant, autosomal
recessive, X-linked, or mitochondrial (matrilineal) [13]. Genetic FSGS may either be limited
to the kidney or be part of a broader syndrome with extrarenal involvement. It typically
manifests in early childhood. The most commonly seen monogenic forms of FSGS are
probably all known including the gene coding of slit diaphragm structure proteins, actin
cytoskeleton, or cell signaling, but new causative genes continue to be identified with a
growing number of variants of potential clinical significance [14] A study on a pediatric
population with steroid resistant nephrotic syndrome/FSGS identified genetic variants of
37 known genes in 41% of patients including genes coding podocin (NPHS2), phospholipase
C (PLCE1), RHO GTPase-activating protein 24 (ARHGAP24), Wilms tumor protein (WT1),
and inverted formin 2 (INF2) [15]. Genetic FSGS caused by podocyte function abnormalities
is usually resistant to corticosteroids. Calcineurin inhibitors may be more effective in
therapy due to the stabilization of the podocyte actin cytoskeleton [13].

The nature of circulating permeability factors is not explained and particular biological
molecules responsible for inducing FSGS are still unknown.

Several substances have been proposed as potential circulating factors such as soluble
urokinase-type plasminogen activator receptor (suPAR) and cardiolipin-like-cytokine 1
(CLC-1). There have also been many studies that have attempted to establish which
molecules are related to podocyte injury in the pathogenesis of FSGS such as plasminogen
activator inhibitor type-1 (PAI-1), angiotensin II type 1 receptors (AT1R), dystroglycan (DG),
microRNAs, metalloproteinases (MMPs), forkheadbox P3 (FOXP3), and poly-ADP-ribose
polymerase-1 (PARP1). Some biomarkers have also been studied in the context of kidney
tissue damage progression: transforming growth factor-beta (TGF-β), human neutrophil
gelatinase-associated lipocalin (NGAL), malondialdehyde (MDA), and others [10].

This paper describes molecules that could potentially be considered as circulating
factors causing primary FSGS. The biomarkers can be divided into three groups:

• Potential circulating permeability factors (Table 3),
• Biomarkers potentially contributed to podocyte injury in the pathogenesis of FSGS

(Table 4);
• Biomarkers of kidney injury progression (Table 4).

We also present the biomarkers of possible influence on podocyte injury that have not
been studied in FSGS thus far, but may be of interest for future research.
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Table 3. The circulating permeability factors.

Biomarkers Analyzed Variables Population Results Clinical Utility References

suPAR
(experimental)

The effect of suPAR
on activation of

podocyte β3
integrin expression

in native and
graft kidneys

Three mice models Renal damage develops when
suPAR activates β3 integrin Not known [16]

Proteinuria/kidney
pathology

A primary culture
of human

podocytes and two
mouse models

Amiloride inhibits podocyte
uPAR induction and
reduces proteinuria

Identification of amiloride
anti-proteinuric properties [17]

Proteinuria Mouse model
Injection of recombinant suPAR in
wild-type mice did not induce
proteinuria within 24 h

suPAR do not induce
proteinuria [18]

suPAR
(clinical)

suPAR serum
level (ELISA)

78 pts with FSGS,
25 pts with MCD,

7 pts with
preeclampsia, 16
pts with MN, 22
healthy subject

Positive correlation between
increased suPAR and
decreased eGFR;
suPAR elevated in 2/3 of pts with
primary FSGS but not in other
glomerular diseases

Identification serum suPAR
as a circulating factor [16]

Circulating levels of
individual soluble

suPAR forms to
assess the risk of
FSGS recurrence

after transplantation
(ELISA, TR-FIA)

55 pts with primary
FSGS, 15 pts with

non-FSGS
glomerular

diseases,
15 healthy subjects

- suPAR levels significantly
elevated in FSGS compared
to healthy controls;

- large variability in suPAR
levels in FSGS with not
significantly higher suPAR
levels compared to
glomerular diseases

- suPAR levels did not differ
between recurrent and
non-recurrent FSGS
after KTx

- suPAR using the com-
mercial ELISA not ap-
pear to be a useful
marker for FSGS

- suPAR(I) assessed by
TR-FIA assay is a po-
tential biomarker for
FSGS

[19]

Plasma suPAR
level (ELISA)

74 pts with
primary FSGS

14 pts with
secondary FSGS
controls: healthy

subjects, MCD, MN

- suPAR levels in primary
FSGS significantly higher
compared to MCD

- suPAR levels negatively
correlated with creatinine
clearance at presentation
but positively correlated
with crescent formation in
primary FSGS

suPAR do not differentiate
primary and secondary

FSGS
[20]

Serum suPAR
level (ELISA)

164 pts with
primary FSGS

(the North
America–based

FSGS clinical trial
and PodoNet)

- suPAR levels elevated in
the majority of
primary FSGS

- an negative correlation of
suPAR to eGFR

suPAR levels correlate
with remission [21]

Plasma suPAR
level (ELISA)

38 pts with
primary FSGS

Rituximab was ineffective at
producing a sustained remission

Sustained high suPAR levels
are marker of disease

resistance to treatment
[22]

Plasma suPAR
level (ELISA)

7 pts with
primary FSGS,

21 pts with
secondary FSGS

6 pts with
recurrence of FSGS

after KTx,
32 healthy subjects,

60 pts with GN

- Higher suPAR levels
in FSGS;

- suPAR levels do not differ
between primary and FSGS
or recurrent FSGS
after KTx;

Higher suPAR predictive for
progression to ESRD [23]
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Table 3. Cont.

Biomarkers Analyzed Variables Population Results Clinical Utility References

Plasma and
urinary suPAR
levels (ELISA)

52 pts with
secondary FSGS,

8 pts with
Alport-FSGS,
20 pts with

obesity-related
FSGS, 24 pts
with diabetic
nephropathy

Plasma and urinary suPAR levels
in secondary FSGS group were
significantly higher than in
healthy controls

- no significant difference
between study groups

- the plasma suPAR level
was not correlated with
eGFR and urine protein.

suPAR might be a useful
marker of FSGS-associated

podocytopathy but not
necessarily a circulating

permeability factor

[24]

Plasma and
urinary suPAR
levels (ELISA)

241 pts with GN
(Neptun cohort)

- plasma suPAR level at
baseline inversely
correlated with eGFR,

- urine suPAR/creatinine
ratio positively correlated
with the urine
protein/creatinine ratio

Results do not support a
pathological role for suPAR

in FSGS
[18]

Serum suPAR
level (ELISA)

476 non-FSGS CKD,
44 FSGS active

disease,
10 FSGS remission

- eGFR is a potent
determinant of
suPAR levels

Results do not support a
pathological role for suPAR

in FSGS
[25]

Serum suPAR
level (ELISA)

69 Japanese pts
with biopsy-proven

glomerular
diseases in a

cross-sectional
manner

- Lower suPAR levels in
FSGS pts treated with
steroids and/or
immunosuppressants

suPAR do not differentiate
primary FSGS from

the other GN
[26]

Plasma and urinary
pretransplant suPAR

levels (ELISA)

86 kidney
transplant

recipients, 10
healthy controls

- Serum and urine suPAR
levels correlated with
proteinuria and
albuminuria

- Serum suPAR elevated in
all transplant candidates
compared with healthy
controls but not
differentiate disease
diagnosis

- Urine suPAR was elevated
in cases of recurrent FSGS
compared with all other
causes of ESRD.

Results do not support a
pathological role for suPAR

in FSGS
[27]

CLC-1
(experimental)

Isolated rat
glomeruli using an

in vitro assay of
albumin

permeability (P(alb))

Rat model

The downregulation of
JAK2/STAT3 signaling could
relate to the circulating
permeability factor by
inhibiting CLC-1

Monomeric CLCF1 increases
P(alb), the heterodimer

CLCF1-CRLF1 may protect
the glomerular

filtration barrier

[28]
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Table 4. Potential biomarkers in FSGS.

Biomarker Pathophysiologic Mechanism Clinical Utility References

Angiotensin II type 1
receptors (AT1R)

- AT1R-Abs dysregulate AT1R receptors and lead
to podocyte injury; in animals induce
post-transplant FSGS;

- The expression of AT1R in the kidney allograft
biopsy correlated with a significantly higher
risk of graft loss, serum levels of AT1R-Abs is
increased in pts with recurrence FSGS after KTx;

- Type D allele of the ACE gene is a risk factor for
the progression to ESRD in patients with FSGS.

Prognostic factor of
post-transplant FSGS

prognostic factor of graft loss
prognostic factor of in ESRD

[29–35]

Metalloproteinases
(MMP)/ tissue
inhibitors of

metalloproteinases
(TIMPs)

- Remodeling extracellular matrix and fibrosis;
- Elevated expression was observed in podocytes

during inflammation;
- The level of MMPs and TIMPs were higher in

patients with FSGS.

Differentiation FSGS with
other glomerulopathies [36–41]

Dystroglycans
(DG)

- Alpha and beta DG anchors mechanically the
podocyte cytoskeleton to the glomerular
basement membrane;

- Beta-DG transports important matrix proteins
such as: perlecan, agrin, proteoglycans;

- Increased DG expression in renal biopsies in
patients with FSGS.

Differentiation FSGS with
other glomerulopathies [42–45]

MicroRNAs (miR-192
and miR205, miR-186)

- Take part in processes occurring after renal
transplantation, including delayed
graft function;

- Overexpression of miR-193a induces foot
process effacement in podocytes;

- Serum miR-192 and miR205 levels were
increased in FSGS pts versus MCD pts.

Prognostic factor of delayed
graft function

differentiation FSGS with
other glomerulopathies

[46–49]

Plasminogen activator
inhibitor type-1 (PAI-1)

- Deficiency or inhibition of PAI-1 activity causes
remodeled plasmin generation and
glomerulosclerosis;

- PAI-1 mRNA expression correlated with the
level of proteinuria in GN;

- Glomerular PAI-1 mRNA expression was
significantly higher in patients with MCD
and FSGS;

- Serum PAI-1 levels did not correlate with the
clinical parameters in GN.

Potential role in the
development of GN [50–54]

Forkheadbox P3
(FOXP3)

- A transcription factor which influences the
maintenance of the regulatory T-cell (Treg)
phenotype and function;

- Tregs and FOXP3 play a role in the
pathogenesis of proliferative and crescentic
forms of glomerulonephritis.

Identification of recipients at
high risk for acute rejection;
predictive marker kidney

allograft outcome.

[55,56]

Transforming growth
factor-beta (TGF-β)

Promotion of podocyte apoptosis, proliferation and
matrix deposition; glomerular hypertrophy,
extracellular matrix accumulation in
tubulointerstitium and interstitial fibrosis

Predictive marker of renal
failure in FSGS;

predictive marker of
response to steroid treatment

[57–66]
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Table 4. Cont.

Biomarker Pathophysiologic Mechanism Clinical Utility References

Human neutrophil
gelatinase-associated

lipocalin (NGAL)

- NGAL is accumulated in the human proximal
tubules, early released from tubular epithelial
cells, occurs following damage, levels of NGAL
expression correlate with the degree of
kidney injury

Prognostic factor of AKI
and ESRD

prognostic factor of graft loss
biomarker of

tubulointerstitial lesions in
FSGS pts

[16,47,67–75]

Malondialdehyde
(MDA)

- MDA is a biomarker of oxidative stress; causes
lipid peroxidation;

- Elevated levels of MDA in plasma, urine, and
glomeruli in patients with FSGS with normal
kidney function.

Prognostic factor of
glomerulosclerosis in FSGS [73,76]

2. Potential Circulating Permeability Factors
2.1. Soluble Urokinase-Type Plasminogen Activator Receptor

Soluble urokinase-type plasminogen activator receptor (suPAR) is the soluble form
of the urokinase-type plasminogen activator receptor (uPAR) and is a membrane-bound
45–55 kDa protein [77]. It expresses on many immunologically active cells (e.g., monocytes,
neutrophils). SuPAR is a glycosylphosphatidylinositol (GPI)-anchored three-domain (DI,
DII, and DIII) protein (such as β-integrins of leukocytes and b3 integrin in podocytes). It
is responsible for signaling complexes with various transmembrane proteins including
integrin, caveolin, and G-protein-coupled receptors [10]. Elevated levels of suPAR in plasma
have been observed in immune system activation, in many inflammatory diseases (sepsis,
malaria, tuberculosis, rheumatoid arthritis, HIV), malignant neoplasms (e.g., ovarian
cancer), and also in FSGS [57,77,78].

In the experimental model of FSGS, it was shown that circulating suPAR activates the
podocyte β3 integrin in both native and grafted kidneys, causing foot process effacement,
proteinuria, and FSGS-like glomerulopathy [16]. Recent experimental study on human
podocytes and two mouse models showed that suPAR by itself is not the cause for direct
podocyte injury, in vitro or in vivo [17].

Some experimental studies have been published on the relation of suPAR to proteinuria
therapy. Zhang et al. found that amiloride, a potassium-sparing diuretic, could inhibit
uPAR expression and the activation of the β3 integrin of podocytes in vitro and also in 5/6
nephrectomy rat models in vivo. This experimental study showed that amiloride could
reduce proteinuria and glomerular sclerosis [79].

Wei et al. observed that significantly elevated suPAR serum concentrations were
reported in patients with FSGS when compared to healthy subjects [16]. Significantly in-
creased suPAR serum levels in FSGS and lower in patients with membranous nephropathy
or minimal change disease and lowest in normal individuals were also reported. There
was no significant difference in the suPAR levels between the patients with primary and
patients with secondary FSGS. The suPAR levels increased in the order of tip variant, to a
not otherwise specified variant and a cellular variant [20].

Sun et al. compared the suPAR concentrations in the most common types of secondary
FSGS (Alport-FSGS, obesity-related FSGS, diabetic nephropathy-related FSGS) to a control
group (56 healthy donors and 74 patients with primary FSGS, 14 with MCD, and 29 with
membranous nephropathy). In the study group, the plasma suPAR levels were higher
compared to the control group. The authors also showed that the plasma suPAR level in
the patients with secondary FSGS was higher than in the primary FSGS. On the other hand,
the urinary suPAR level was lower in the secondary than in the primary FSGS. They did
not find a correlation between the increased suPAR and decreased GFR, however, this study
had a limitation in the number of patients (only 52 cases) [21]. A recent study showed that
patients with treatment-resistant primary FSGS with a high suPAR level and evidence of
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podocyte activation were resistant to rituximab therapy [22]. The study by Winnicki et al.
showed that patients with FSGS presented significantly higher suPAR levels than patients
with other glomerulonephritis and healthy individuals. This applied to subjects with and
without chronic kidney disease. Moreover, a higher plasma suPAR level was predictive for
progression to end-stage renal disease [23].

A more recent study by Sun showed that both the plasma and urinary suPAR levels
in the secondary FSGS were significantly higher than in the healthy controls. There was
no significant difference in the levels of plasma and urinary suPAR in the Alport-FSGS,
obesity-related FSGS, and diabetic nephropathy groups. Moreover, the plasma suPAR
levels were not correlated with the kidney filtration function and proteinuria [24].

Many studies have shown that higher suPAR level correlated with a decreased level
in eGFR [8,18,25,26].

Elevated serum suPAR was observed in all transplant candidates with advanced renal
disease compared with the healthy controls, however, it did not differentiate primary
kidney disease diagnosis. Pretransplant urine but not serum suPAR levels were reported to
identify cases of recurrent FSGS in kidney transplant candidates [27].

SuPAR was postulated to be a predictive marker of kidney allograft outcome. Elevated
plasma levels of suPAR were seen in recipients with recurrent FSGS after kidney trans-
plantation, and the suPAR concentrations correlated with the presence but not with the
degree of proteinuria. The SuPAR concentration of one year after kidney transplantation
was higher in patients with recurrent FSGS compared to patients with normal kidney
function. The incidence of recurrence of FSGS after transplantation was higher in patients
with higher plasma suPAR levels before transplantation [16]. In contrast, a recent study
showed that intact suPAR levels were not significantly different between the recurrent
FSGS and non-recurrent FSGS after transplantation [19].

The above-mentioned studies showed that plasma suPAR could be a useful marker of
glomerular diseases with various podocytopathies and an important pathogenetic factor
of FSGS, but do not discriminate primary FSGS from secondary forms and thus cannot be
regarded as the only circulating permeability factor.

2.2. Cardiolipin-Like-Cytokine 1

Cardiolipin-like-cytokine 1(CLC 1) is also known as cardiolipin-like-cytokine factor
1(CLCF 1), neurotrophin-1, or B-cell-stimulating factor 3 (NNT-1 or BSF-3) [24]. It belongs
to the IL-6 family [24,58,80,81]. It takes part in the development of the central nervous
system through the formation of motor neurons. CLC-1s transcripts are present in the
skeletal muscle and in serum during massive motor neuron cell death [82,83].

It is postulated that CLC-1 regulates the activity of neutrophils and has immunomod-
ulatory properties after its interaction with soluble receptor CLF (soluble receptor cytokine-
like factor-1). This connection influences the proper formation of the extracellular matrix
and its dysregulation leads to a disturbance in the concentration of collagen type I and III
and the deposition in the liver, thereby finally causing fibrosis [84].

CLC-1 was postulated as a permeability factor in recurrent FSGS. The correlation
between the decreased expression of nephrin (which influences the reorganization of actin
cultured podocytes) and increased CLC-1 that altered glomerular permeability was de-
scribed. Moreover, the monoclonal antibody against CLC-1 blocked the effect of FSGS sera
on albumin permeability [80,85]. Other studies have suggested that the downregulation
of JAK2/STAT3 signaling could relate to the circulating permeability factor by inhibiting
CLC-1 [28]. The CLC-1 affinity for galactose could be blocked by galactose itself [85]. The
use of galactose for the reduction in albumin permeability and proteinuria was investi-
gated. However, the studies involved few individual patients with FSGS and still remain
controversial. In 2015, Trachtman et al. published the results of the FONT Trial. They
examined alternative treatments in FSGS such as adalimumab or galactose compared to the
standard medical therapy. This trial showed that galactose therapy for 26 weeks could have
a potential value in FSGS treatment, causing a reduction in proteinuria in 42% of the treated
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patients. However, more research studies with a higher number of patients with earlier
stages of FSGS are necessary in order to establish the relationship between albuminuria
and fibrosis [86–88].

In summary, the precise role of CLC-1 in the pathogenesis of primary as well as
secondary FSGS is still unknown.

3. Biomarkers Potentially Contributed to Podocyte Injury or Cell Signaling in the
Pathogenesis of FSGS

In the following paragraphs, we discuss the biomarkers that potentially contribute
to podocyte injury or cell signaling, which may play a role in the pathogenesis of FSGS.
We chose biomarkers that have been studied in primary FSGS or other types of glomeru-
lopathies, especially MCD (angiotensin II type 1 receptor, metalloproteinases, microRNAs,
dystroglycans). We also included biomarkers that have not yet been studied on FSGS, but
may be of research interest: plasminogen activator inhibitor type, forkheadbox P3, and
poly ADP-ribose polymerase-1.

The biomarkers are below sorted by decreasing confirmation level of the research data.

3.1. Angiotensin II Type 1 Receptor

Angiotensin II type 1 receptors (AT1R) are present on endothelial cells and podocytes.
It is known that angiotensin-converting enzyme inhibitors and AT1R antagonists have a
protective role in renal tissue damage and proteinuria.

It is supposed that angiotensin II type 1 receptor antibodies (AT1R-Abs) dysregulate
AT1R receptors, which leads to podocyte injury, glomerular endotheliosis, and subsequent
proteinuria [29]. In animals, AT1R-Abs have been shown to induce malignant hypertension,
preeclampsia, and post-transplant FSGS [30]. In an experimental model of glomerulonephri-
tis, AT1R activation hampered mRNA expression of the molecules of the slit diaphragm,
which led to proteinuria [89].

AT1R-Abs is associated with vascular rejection of kidney allografts in the absence of
human leukocyte antigen antibodies (anti-HLA) [90]. A case report of AT1R-Abs present
with newly diagnosed collapsing FSGS and antibody-mediated rejection 1 month after renal
transplantation was published [91]. It was also observed that the expression of AT1R in the
tubular epithelium of biopsy samples was associated with a significantly higher risk of graft
loss [31]. Moreover, the presence of AT1R-Abs was described as a risk factor for transplant
injury. AT1R expression in renal transplant biopsy may help predict transplant rejection.
Both anti-AT1R antibodies in serum and the expression of AT1R in kidney allograft biopsies
could be useful biomarkers in the prediction of graft loss [32].

The role of AT1R-Abs in the pathogenesis of FSGS recurrence after renal transplanta-
tion was evaluated. Correlation between AT1R-Abs and post-transplant FSGS recurrence
was observed. Increased serum levels of AT1R-Abs in patients with recurrence FSGS after
transplantation were observed, suggesting that AT1R-Abs may be a useful marker for
post-transplant FSGS [33,34].

The role of AT1R in primary FSGS has also been evaluated in some studies. Poly-
morphism of the renin-angiotensin system in children with nephritic syndrome was an
important risk factor in the prognosis in progression to end-stage renal disease. The poly-
morphism is related to the insertion or deletion of the 287 bp fragment of intron 16 in the
ACE gene. The other polymorphisms are A1166C polymorphism in AT1R and M235T
polymorphism in angiotensinogen. Type D allele of the ACE gene was described as a risk
factor for the progression to ESRD in patients with FSGS. However, the authors underlined
that genetic polymorphism is one of many factors determining prognosis and the most im-
portant is steroid response [92]. Similar findings were described by Frishberg et al., where
the D allele had a dominant and adverse influence on renal function in young patients with
FSGS [35].
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3.2. Metalloproteinases and Tissue Inhibitors of Metalloproteinases

Metalloproteinases (MMP) are multidomain enzymes and zinc-containing endopepti-
dases. They are responsible for remodeling extracellular matrix, fibrosis, and are present in
several organs including the kidney [36,36]. Both MMP-2 and 9 were found in the serum of
patients with chronic kidney disease and in mesangial cells. Their elevated expression was
observed in podocytes during inflammation [38–40]. Increased concentration of MMP-9
was found in many types of renal injury such as FSGS, IgA nephropathy, nephritis in
Henoch-Schonlein disease, and post-streptococcal glomerulonephritis [39,93,94]. MMP-9
also takes place in the pathology of glomeruli in HIV-associated nephropathy [95]. It is
known that the MMP-9/NGAL ratio is a better biomarker in the differentiation of MCNS
(minimal change nephrotic syndrome) and FSGS in children with nephrotic syndrome
than the individual use of each molecule [94,96]. MMP-2 concentrations were increased in
tubulointerstitial fibrosis in patients with diabetic nephropathy [97].

In renal transplant recipients, proteinuria was significantly associated with elevated
concentrations of plasma MMP-2 and urine MMP-2. In plasma, increased tissue inhibitors
of metalloproteinases were also observed, which inhibit the degradation of the extracellular
matrix (ECM) by MMPs and lead to excessive deposition of ECM proteins [98]. Czech et al.
compared the concentration of MMPs and their inhibitors in patients with FSGS to patients
with steroid-sensitive nephrotic syndrome. The level of MMPs and tissue inhibitors of
metalloproteinases (TIMPs) were higher in patients with FSGS [41]. In patients with FSGS,
increased MMP-2 and unchanged MMP-9 plasma concentrations were observed [38]. MMP-
2 was used to investigate the response to treatment in patients with FSGS. Patients were
divided into two groups, steroid-sensitive and non-sensitive, depending on their response.
In the results, MAPK/MMP-2 was observed to be upregulated in glomeruli isolated from
steroid-non-sensitive patients [99].

3.3. Dystroglycans

Dystroglycans are components of the neuromuscular junction. Dystroglycan (DG) is
an important element of the dystrophin–glycoprotein complex (DGC), which connects the
subsarcolemmal cytoskeleton to the basal lamina in skeletal muscle [100].

The dystroglycan gene is expressed as a precursor protein that is posttranslationally
divided inside into an extracellular peripheral membrane protein called alpha-dystroglycan
(156 kDa) and a transmembrane protein, beta-dystroglycan (43 kDa) [42,43,100–106].

Mutations in genes encoding glycosyltransferases that cause glycosylation and ex-
tracellular matrix binding activity of a-dystroglycan (a-DG) prompt congenital muscular
dystrophies (CMDs) with symptoms from the central nervous system [107].

In the kidney, alpha and beta DGs mechanically anchor the podocyte cytoskeleton
to the glomerular basement membrane [100,108]. Beta-DG transports important matrix
proteins such as perlecan, agrin, and proteoglycans [42,43].

Studies about the role of DG in glomerulopathies are ambiguous. A decreased con-
centration of alpha and beta dystroglycan has been described in patients with MCD in
comparison with the normal level in cases with FSGS [44]. The expression of β-chain DG in
the podocytes did not differ in MCD and FSGS and, moreover, the presence of β-chain DG
in podocytes did not influence the steroid sensitivity [45]. On the other hand, Giannico et al.
observed increased DG expression in renal biopsies in patients with FSGS [44,109].

3.4. MicroRNAs (miR-192, miR205, and miR-186)

MicroRNAs (miRNAs, miRs) are responsible for many physiological, developmental,
and pathological processes. MicroRNAs are present in serum, plasma, and urine [110,111].
MiR-192 and miR-205 are highly organ-specific and expressed in the renal cortex, while
other MicroRNAs are present in many tissues. MiR-192 and miR-205 were revealed to be
more abundant in the kidneys than in other organs in rats. MicroRNAs seem to be perfect
biomarkers because they are comparatively stable.
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In transplantology, miRNAs take part in processes occurring after renal transplantation
including delayed graft function (DGF) and acute rejection. Seven miRNAs were identified
in DGF kidneys (miR-182, miR-106b, miR-20a, miR-21*, miR-18a, miR-17, and miR-106a).
Mir-182-5p is described as a key regulator of postischemic acute kidney injury. In acute
cellular rejection, four miRNAs (miR-150, miR-155, miR-663, miR-638) were identified as
important upregulators [46].

There are 48 miRNAs associated with IgAN. Four of them, miR-148a-3p, miR-150-5p,
miR-20a-5p, and miR-425-3p, had increased expression in patients with IgAN relative to
the control group. Dozens of microRNAs were described as connected with lupus nephritis.
Some were used as markers for early stages of the disease, while some were examined in
renal failure and some in predicting proteinuria [112].

The serum concentration of miR-192 and miR205 was increased in FSGS cases versus
patients with MCD [47]. Overexpression of miR-193a in mouse podocytes induced foot
process effacement and a catastrophic collapse of the entire podocyte-stabilizing system and
eventually glomerulosclerosis by the inhibition of WT1, which controls the differentiation
and homeostasis of podocytes and maintains the expression of several genes that are
essential for the podocyte structure. Moreover, the upregulation of miR-193a was observed
in the glomeruli of FSGS patients [48,49].

Below, we present the biomarkers of possible influence on podocyte injury or cell sig-
naling that have not been studied in FSGS thus far, but may be of interest for future research.

3.5. Plasminogen Activator Inhibitor Type-1

Plasminogen activator inhibitor type-1 (PAI-1) is involved in tissue homeostasis by
inhibiting plasmin-mediated metalloproteinase (MMP) activation. Many studies have
suggested that deficiency or inhibition of PAI-1 activity causes fibrosis in different organs
(liver, lung, and kidney). The dysregulation of plasmin-mediated MMP activity attenuates
collagen degradation and its increased accumulation. This process causes fibrotic matrix
deposition in tissues [50].

Dysfunction of PAI-1 leads to fibrin accumulation in vessels, which can cause
atherothrombosis. This process is especially observed in patients with type 2 diabetes
mellitus. Increased expression of PAI-1 in vessels leads to vascular inflammation by pro-
moting neointima formation and inhibiting the clearance of platelet fibrin thrombi. In
oncology-related studies, elevated PAI-1 concentrations have been observed in various
types of tumor tissues or plasma compared with the controls. Furthermore, PAI-1 is useful
as a prognostic factor, particularly in breast cancer. It also promotes tumor vascularization
and causes cell dissemination and the formation of metastases [113].

Hamano et al. investigated the concentration of PAI-1 in different primary and sec-
ondary glomerulopathies in 80 renal biopsy specimens. Glomerular PAI-1 mRNA expres-
sion was significantly higher in patients with MCD and FSGS in comparison to patients
with other types of glomerulopathies. Moreover, PAI-1 mRNA expression correlated with
the level of proteinuria, which suggests that the increased expression of PAI-1 mRNA in
glomeruli could be an important factor in the progression of glomerular changes in various
types of glomerulonephritis [51].

It was shown that fibrinolytic activity dependent on PAI-1 could promote the develop-
ment of glomerulonephritis. Lee et al. analyzed the expression of PAI-1 on podocytes in
IgA nephropathy and found a strong reactivity of PAI-1 in the proximal tubules. However,
no correlation between the plasma concentrations of PAI-1 and its staining intensity or
pattern of expression on the podocytes and tubules was observed. It was found that the
serum PAI-1 levels did not correlate with the clinical parameters [52]. Another study
described the increased expression of PAI-1 in the mesenchyme of glomerular and renal
tubules with the increasing severity of the mesangial proliferative glomerulonephritis. This
suggests that PAI-1 plays an important role in the development of mesangial proliferative
glomerulonephritis [53].
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By inhibiting plasminogen activators and reducing glomerular mesangial matrix
turnover, PAI-1 decreases plasmin generation and plasmin-mediated matrix degradation.
Therapy with a mutant human PAI-1 (PAI-1R), which connects to the vitronectin matrix
but does not inhibit the plasminogen activators, could increase plasmin generation and
decrease the matrix accumulation in experimental glomerulonephritis. PAI-1R reduced
glomerulosclerosis due to competing with endogenous PAI-1, remodeled plasmin genera-
tion, and inhibited inflammatory cell infiltration. This led to a decreased local production
of TGF-β1 and reduced matrix accumulation [54].

The particular role of the PAI-1 system in FSGS has not been elucidated thus far.

3.6. Forkhead Box P3

Forkheadbox P3 (FOXP3) is a transcription factor that influences the maintenance of
the regulatory T-cell (Treg) phenotype and function. Tregs preserve immune homeostasis
by the inhibition, activation, and influence on the function of other leukocytes. They are
responsible for the suppression of inflammation. Mutation of the FOXP3 gene leads to
immunodysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome with
dermatitis, enteropathy, diabetes, thyroid disorders, and anemia [114].

The role of Tregs and FOXP3 in the pathogenesis of proliferative and crescentic forms
of glomerulonephritis was evaluated. Experimental studies on the depletion of regula-
tory T-cell (DEREG) mice that express the diphtheria toxin receptor under control of the
foxP3 (forkhead box P3) gene promotor were performed. Treg cell dysregulation caused
glomerulonephritis with glomerular crescent formation [55].

Other studies on FOXP3 mRNA expression showed an important role in the long-
term outcomes for kidney allografts and it was shown to be useful in the identification
of recipients at high risk for acute rejection. In a quantitative analysis of FOXP3 mRNA
in peripheral blood mononuclear cells (PBMCs) and urine-sediment cells of patients with
acute rejection, Barabadi et al. revealed a correlation between the concentration of FOXP3
mRNA in urinary sediment and PBMCs. A negative correlation was observed between the
levels of FOXP3 mRNA and serum creatinine concentration during an episode of acute
rejection. The authors suggested that monitoring of FOXP3 mRNA in PBMCs and urine
may be useful for predicting kidney allograft outcome [56].

In renal transplant biopsies, FOXP3 mRNA expression was increased in rejection
(T-cell and antibody-mediated) compared to non-rejection samples and correlated with
T-cell-associated transcripts, younger donor age, and longer time posttransplant. This
indicated that the expression of FOXP3 mRNA is a time-dependent feature of inflammatory
infiltrates in kidney tissue [115]. Expression of FOXP3 was elevated directly after kidney
transplantation. On the other hand, in recipients with chronic rejection, lower levels of
FOXP3 expression have been described [116].

Thus far, there have been no published studies on FOXP3 expression in the context of
FSGS. However, its influence on the kidney allograft outcome suggests a possible role in
FSGS and in other types of glomerulonephritis.

3.7. Poly ADP-Ribose Polymerase-1

Poly ADP-ribose polymerase-1 (PARP-1) is a nuclear protein that regulates gene ex-
pression as a coactivator of transcription and protein functions via poly(ADP ribosyl)ation.
Poly(ADP ribosyl)ation has a multifaceted influence on protein activation as well as down-
regulation. The activation of the poly(ADP-ribose) polymerase (PARP) plays a role in the
pathophysiology of various diseases associated with oxidative stress. PARP-1 repairs DNA
damage and maintains genome integrity [117,118].

Many studies on PARP-1 as a multifunctional molecule with a therapeutic potential
have been performed in various medical fields.

In oncology, it has been shown that the elevated expression of PARP-1 is an indepen-
dent negative prognostic marker in mucosal melanomas [67]. Nuclear-cytoplasmic PARP-1
expression was also an unfavorable prognostic marker in lymph node-negative early breast
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cancer [119]. PARP-1 activation is responsible for cisplatin-induced cell death and tissue
injury by oxidative stress. Mukhopadhyay et al. suggested that PARP-1 inhibition may
prevent cisplatin-induced nephrotoxicity [120].

In neurology, the PARP-1 inhibitor has been described as adjunctive therapy for
treatment in the early stage of Alzheimer’s disease [121]. In cardiology, pharmacological
inhibition of PARP-1 may exert a beneficial influence in the alleviation of myocardial is-
chemia, different types of heart failure, cardiomyopathies, circulatory shock, cardiovascular
aging, and cardiovascular complications connected with diabetes mellitus [122].

In kidney allografts, PARP-1 expression was described to positively correlate with
serum creatinine levels at biopsy as well as with delayed graft function [123]. On the other
hand, inactivation of PARP-1 is thought to be protective in acute kidney injury-induced
interstitial fibrosis [124]. This was confirmed in an experimental study by Zhengs et al.,
who showed that gene ablation of PARP-1 protects the kidneys from ischemic injury [125].

An important role of PARP-1 in chronic renal dysfunction was reported by Słomińska et al.,
who observed elevated levels of nicotinamides Met2PY and Met4PY in the plasma of
children with chronic renal disease. High levels of Met2PY and Met4PY inhibit PARP-1
activity. This mechanism was proposed to exert a beneficial influence and protect renal
cells against oxidative stress injury, leading to cell apoptosis. In contrast, a correlation
between the concentration of nicotinamide and renal insufficiency was observed. It was
hypothesized that nicotinamide metabolites may be protective in the short-term whereas
chronic exposure is probably detrimental because of the impairment of the DNA repair
mechanism [126].

There have been no published studies on the direct correlation between PARP-1 and
inducing FSGS. Nonetheless, PARP-1 is a molecule that influences detrimental processes
related to oxidative stress. The foregoing research suggests that it could be an important
mechanism initiating renal failure, leading to FSGS.

4. Biomarkers of Kidney Injury Progression

Below, we present the biomarkers of non-specific kidney injury progression that
have been studied in FSGS, or have not been studied so far, but may be of interest for
future research.

4.1. Transforming Growth Factor-Beta

Transforming growth factor-beta (TGF-β) is a cytokine with pleiotropic effects. It is
responsible for differentiation, proliferation, and other immune functions in many types of
cells. Numerous cells produce TGF-β and express its receptor. TGF-β controls many other
growth factors positively and negatively [58–62].

Proliferative and fibrotic lesions in glomeluropathies are associated with elevated
expression of tissue growth factors such as fibroblast growth factor (FGF), platelet-derived
growth factor (PDGF), epidermal growth factor (EGF), and TGF-β. Integrin-linked kinase
(ILK) is a protein involved in the pathogenesis of many nephropathies with proteinuria.
An increased concentration of TGF-β induces ILK expression [127].

Pretransplant peripheral blood TGF-β gene expression was found to negatively influ-
ence immediate post-transplant kidney allograft function [128]. Compared with normal
kidney tissue, a high gene expression of TGF-β1 was identified in kidneys retrieved from
brain dead donors. Moreover, a higher decrease in TGF-β gene expression during warm
ischemia was seen in kidney allografts with better function up to 24 months [129].

Increased TGF-β urinary concentration in patients with FSGS and IgAN compared
to other types of glomerulopathy and healthy controls have also been reported. However,
there was a significant correlation between the urinary TGF-beta levels and the grade of
interstitial fibrosis [130]. Glomerular diseases characterized by extracellular matrix accu-
mulation (including FSGS) all showed a significantly increased expression of the three
TGF-beta isoforms in glomeruli and the tubulointerstitium [63]. TGF-β promotes podocyte
apoptosis, proliferation, and matrix deposition [64,65]. It also causes hypertrophy of the
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glomeruli, leading to high intracapillary pressure and protein loss [77,131,132]. TGF-β syn-
thesis is controlled by cell-cycle regulatory proteins positively and negatively. An increased
TGF-β1 gene expression was observed in biopsies in patients with progressive FSGS. TGF-
β1 gene expression was noted in 18 of 20 steroid-resistant (SR) children with nephrotic
syndrome caused by FSGS compared to 3 of 14 steroid-sensitive patients. Later, two of
these patients developed FSGS. This suggests that the transcription of the TGF-β1 gene
could be a predictive marker of renal failure in FSGS [66]. Experimental studies showed
that TGF-β mRNA in the kidneys was absent in the early-phase nephrotic syndrome but
could later induce the accumulation of extracellular matrix. Elevated urinary TGF-β levels
were observed in FSGS cases in the late stage of the disease, where sclerotic lesions were
advanced [133].

Smad2, Smad3, and Smad7 are molecules that are stimulated by TGF-β receptors.
Elevated expression of their phosphorylated (active) forms was observed in patients with
FSGS [134–136]. Smad7 was found to play a role in podocyte injury by inducing cell
apoptosis [136]. On the other hand, Smad7 could inhibit active forms of Smad2 and Smad3
by stopping their phosphorylation [135].

The results of many studies suggest that TGF-β could be an ideal candidate for a
biomarker, which is observed in kidney lesions in FSGS [137]. However, its precise role in
the pathogenesis of FSGS has not been elucidated yet.

4.2. Human Neutrophil Gelatinase-Associated Lipocalin

Human neutrophil gelatinase-associated lipocalin (NGAL), also referred to as Lipocalin-
2, Siderocalin, Uterocalin, and 24p3, is a 25 kDa protein covalently connected to gelatinase
in human neutrophils. It is found in several human tissues including the kidney, trachea,
lungs, stomach, and colon at very low concentrations [68].

Increased serum levels of NGAL in patients with renal dysfunction have been shown [69].
NGAL is a renal lipocalin that is highly accumulated in the human proximal tubule during
ATN and its synthesis is significantly upregulated within hours of ischemia-reperfusion
injury. Urine NGAL is an early predictor of AKI. This increase in NGAL precedes the
elevation in serum creatinine by several hours to days [68–70].

In pathology, isoenzymes of NGAL are observed in glomeruli and renal tubular cells,
which causes elevated urinary excretion of NGAL, while at the same time, filtration is
not elevated because of the injury in the glomerular capillary wall [71,138]. Zhang et al.
confirmed that urinary NGAL is a good biomarker of tubulointerstitial lesions in FSGS
patients and could be useful in diagnosing FSGS, detecting acute tubulointerstitial lesions,
and predicting treatment response [47]. Urinary NGAL in children with FSGS was used
as a marker of chronic kidney disease progression with a decrease in both the glomerular
filtration rate and the level of proteinuria [138].

4.3. Malondialdehyde

Malondialdehyde (MDA) is the main end-product of the degradation and autoxidation
of polyunsaturated fatty acids or their esters formed in all cells [72]. MDA is genotoxic and
cytotoxic and it takes part in the pathogenesis of different diseases and pathologic processes
(diabetic nephropathy, aging and Alzheimer’s disease, radiation damage, mutagenesis, and
carcinoma). MDA is a biomarker of oxidative stress. Elevated MDA urinary levels induced
by oxidative stress and causing lipid peroxidation were observed in patients with chronic
kidney disease [73–75,79,139,140].

Kuo et al. observed elevated levels of MDA in plasma, urine, and glomeruli in pa-
tients with FSGS with normal kidney function [76]. They also found that the increased
concentration of MDA in urine significantly impacted the sclerosing score of glomeru-
losclerosis. In contrast, in patients with MCD, the urinary MDA level was not increased.
This fact once more indicates that oxidative stress takes place in the pathogenesis of FSGS.
Moreover, the glomerular MDA level in kidney biopsies correlated well with the degree of
glomerulosclerosis in patients with idiopathic FSGS [76].
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Further studies are needed on the role of MDA in the development of FSGS as well as
on the prognostic value of MDA in this disease.

5. Conclusions

A better understanding of the pathogenesis of FSGS and the role of various molecules
in the pathology of podocyte injury may lead to the implementation of etiology-targeted
therapy. The above-mentioned biomarkers are proposed to be involved in decreasing the
permeability of the glomerular membrane. The multitrophic mechanism of action of the
presented biomarkers (immunomodulation, modification of gene expression, in oxidative
stress process or in the cell matrix) showed that podocyte injury is a result of heterogeneous
processes. Further studies are needed to discover the permeability factor or factors and to
translate the experimental data into clinical settings.
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