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Abstract. Angiopoietin-like proteins are a group of seven
proteins whose structure is different from that of angiopoi-
etins in linkage to Tie2 or Tiel receptors. Angiopoietin-like
protein 4 (ANGPTL4), which is also known as peroxisome
proliferator-activated receptor-y (peroxisome proliferator-acti-
vated receptors-y) angiopoietin-related or fasting-induced
adipose factor, exists in two isoforms: Hyposialylated
ANGPTL4 with a high-isoelectric point (high-pI), and
normal sialylated ANGPTL4 with a neutral isoelectric
point (neutral-pl). The present review discusses the role of
ANGPTL4 in podocypopathies. Neutral-pI ANGPTL4 may
also reduce proteinuria by binding B5 integrin and is secreted
in various glomerulonephritis, while high-pI ANGPTL4 is
upregulated in minimal change disease (MCD), modifying
slight diaphragm power and increasing protein loss. In experi-
mental animal models, high-pI ANGPTL4 is present in higher
concentrations in MCD relapses than in disease remission.
The administration of N-acetylmannosamine converts high-pl
ANGPTL4 to neutral-pI ANGPTL4 and intraperitoneal
epigallocatechin-3-gallate reduces the glomerular expression
of ANGPTL4, with a reduction in albuminuria. Glomerular
ANGPTLA4 upregulation appears earlier in animal models,
suggesting that the dysregulation of glomerular ANGPTL4
may result in foot process damage. Serum ANGPTL4 and
proteinuria are likely reduced following glucocorticoid
therapy. A high pI ANGPTL4/neutral pI ANGPTLA4 ratios or
their ratio compared to soluble urokinase-type plasminogen
activator receptor could identify a marker for the differential
diagnosis between early focal segmental glomerulosclerosis
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and MCD, in younger patients or in those who are not eligible
for a kidney biopsy.
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1. Introduction

Angiopoietin-like proteins are a group of seven proteins
whose structure is comparable to that of angiopoietins;
however, they do not bind to Tie2 or Tiel receptors (1).
Angiopoietin-like proteins are present in the majority of
the mammals' reign, apart from angiopoietin-like protein 5,
which is exclusively human. Angiopoietin-like protein 8, also
known as betatrophin, is another form of angiopoietin-like
protein, characterized by N-terminal domains similar to
angiopoietin-like protein 3, without a C-terminal fibrinogen-
like domain (2).

Angiopoietin-like protein 1, or angioarrestin, is an inhibitor
of vascular endothelial growth factor (VEGF), which has been
demonstrated to block the STAT3 pathway and, consequently,
angiogenesis in hepatocellular carcinoma (3). Angiopoietin-like
protein 2 activates nuclear factor-kB (NF-«kB) and plays a role
in inflammatory diseases, reactive oxygen species production
and carcinogenesis (4-6). Angiopoietin-like protein 3 inhibits
lipoprotein lipase (LPL), similar to a angiopoietin-like protein
4 (ANGPTLA4), and together with angiopoietin-like protein
8, they are involved in lipid metabolism. Moreover, both
angiopoietin-like proteins 3 and 8 are more highly expressed
in hepatocellular carcinoma (7).

Angiopoietin-like protein 5 and angiopoietin-like protein
7 play a role in the expansion of hematopoietic stem cells and
lung cancer. While angiopoietin-like protein 7 appears to be
associated with the inhibition of cancer, increased levels of
angiopoietin-like protein 5 have been shown to be associated
with the poor survival of patients with non-small cell lung
cancer (8).
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Angiopoietin-like protein 6 is expressed in keratinocytes
and the liver. This protein binds to ERK1 and ERK?2, regu-
lating epidermal proliferation. It is involved in psoriasis and
appears to interact with E-cadherin as a poor prognostic factor
in colon cancer (9).

The present review discusses the role of ANGPTL4 in
podocypopathies. For this purpose, a search was performed on
the Medline, Embase, Cochrane Central Register of Controlled
Trials (CENTRAL), Ovid and google scholar databases to
identify relevant articles. A search was made for articles in
the English language. The following key words were used:
Angiopoietin-like protein OR angiopoietin-like protein 4 OR
ANGPTL OR ANGPLT4; proteinuria OR nephrotic syndrome
OR minimal change disease OR mcd OR focal and segmental
glomerulosclerosis (FSGS) OR focal and segmental glomeru-
losclerosis OR podocytopathies; Animal studies OR in vitro
OR human studies.

2. Angiopoietin-like protein 4

ANGPLT4 is also known as peroxisome proliferator-activated
receptor-y (peroxisome proliferator-activated receptor-y)
angiopoietin-related or Fasting-induced adipose factor, and
its gene is located in chromosome 19p13.3. This protein has a
molecular weight of 45-65 kDa and is composed of 406 amino
acids, including four cysteines responsible of sulfide linkages,
three N-terminal glycosylation sites and a fibrinogen-like
C-terminal domain. Following cleavage, the N-terminal
fragment spreads around as an oligomeric protein, while
C-terminal protein as a monomer.

ANGPLT4 is produced by several tissues, including
the liver, blood plasma, placenta, small intestine, heart and
adipose tissue, induced by both glucocorticoid and nuclear
hormone receptors via a peroxisome proliferator-activated
receptor-y-response element located in the human ANGPLT4
gene (10). The function of ANGPLT4 is tissue-dependent; thus,
it may be involved in the regulation of vascular permeability,
angiogenesis, tumor metastasis and ischemia-reperfusion
injury (11).

ANGPLT4 interacts with $1 and B5-integrin of the renal
extracellular matrix, modifying the podocyte cytoskel-
eton (12,13). The inflammatory response associated with
ANGPLT4 overexpression can lead to the development of podo-
cytopathies and nephrotic syndrome, while lower glomerular
levels of this protein have been shown to be associated with
a reduced apoptotic rate of podocytes (14), improving their
repair processes (15). However, the intravenous administration
of recombinant ANGPLT4 has been found to reduce protein-
uria in rat models of nephrotic syndrome due to membranous
nephropathy and diabetic kidney disease (15).

Two forms of ANGPLT4 are known on the basis of their
sialylation state: Hyposialylated ANGPLT4, which has a
high-isoelectric point (high-pI), while normal sialylated
ANGPLT4 has a neutral isoelectric point (neutral-pI) (16).
The second isoform is the most secreted, particularly by bone
and muscle, in response to hypertriglyceridemia (17) and,
unlike the hyposialylated ANGPLT4, neutral-pl ANGPLT4
may also reduce proteinuria by binding B5 integrin, as has
been demonstrated in an experimental model (16). Previous
studies have indicated that neutral-pI ANGPLT4 is secreted

in podocytopathies and other glomerulonephritis, while
high-pI ANGPLT4 is upregulated in minimal change disease
(MCD) (16,17). Furthermore, ANGPLT4 can increase reactive
oxygen species production, as it spurs NADPH oxidase 1 (18)
and increases the levels of pro-inflammatory interleukins
(such as interleukin-6), the O,/H,0, ratio and the synthesis of
serum amyloid A protein (10).

According to the study by Clement et al (15), normal
sialylated angiopoietin-like protein 4 can protect the
glomerular endothelium, while the hyposialylated form may
be a cause of injury in MCD, as the glomerular secretion of
ANGPLT4 can influence the glomerular basement membrane
charge, modifying its diaphragm power and increasing protein
loss (16). The expression of ANGPLT4 is also increased in
renal cancer cells and metastatic disease, although its role in
tumor progression remains unclear (19,20).

ANGPLT4 and lipid metabolism. The oligomerization of
ANGPLTH4 reduces the activity of LPL in uptaking free fatty
acids (FFAs) in muscle cells and adipose tissue, causing hyper-
triglyceridemia, as demonstrated in experimental models with
high-pl titers of angiopoietin-like protein (17). Oligomerization
stabilizes ANGPLT4 following cleavage (12,21) and the
N-terminal interaction with lipoprotein lipase is transient;
however, it causes the permanent inactivity of this enzyme,
inducing its conversion from a dimeric to monomeric inactive
form. Some mutations of ANGPLT4, as those regarding Cys76
and Cys80, reduce the inhibitory effects of ANGPLT4 on
LPL (22). This protein carries out its role in lipid metabolism by
inhibiting the fasting signal in the hypothalamus cortex, where
it is expressed (12). Furthermore, some genetic mimicry of
ANGPTLA4 appear to be related to a reduced risk of developing
coronary heart disease in patients with diabetes (23). It is known
that free fatty acids increase ANGPLT4 through the activation
of peroxisome proliferator-activated receptor (peroxisome
proliferator-activated receptor), in particular in the case of a
high FFA/albumin ratio, as occurs in proteinuric diseases such
as MCD, characterized by the selective urinary loss of albumin
and in analbuminemic experimental models. Moreover,
according to the study by Clement ef al (21), the transgenic
expression of adipose aP2-ANGPLT4 gene increases serum
ANGPLT4, but does not affect proteinuria, differently from
the selective overexpression of podocyte NPHS2-ANGPLT4,
which induces proteinuria and the loss of glomerular basement
membrane charge, reflecting the different roles of the isoforms
of ANGPLTA4. Leptin appears to be directly or indirectly
implicated with angiopoietin-like protein regulation, as it can
inhibit ANGPLT4 mRNA transcription (10). Moreover, it has
been demonstrated that ANGPLT4 overexpression is related
to inflammation and hypoxia, particularly in adipose tissue,
causing chronic inflammation and macrophage infiltration in
white adipose tissue (24).

ANGPLT4 and MCD. MCD is a podocytopathy, representing
the most frequent cause of nephrotic syndrome in children and
one of the most frequent in adults. It is characterized by selec-
tive proteinuria (often without hematuria), hypertension and
edema (25). The typical histological lesions are visible with
electron microscopy, which reveals the effacement and fusion
of podocyte foot processes in the absence of electron-dense
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deposits. In 1974, Shalhoub (26) suggested that T-lymphocytes
play a primary role in the pathogenesis of MCD and further
studies confirmed an association between MCD and atopy or
an increased number of the T-helper 2 (Th2) cell subset (27,28).
The disease is usually cortico-sensitive, with a remission rate
of up to 90% of cases, unlike other podocytopathies, such as
FSGS, in which complete remission is achieved in 30-40% of
patients (29-31).

In 2004, Reiser et al (32) demonstrated that lipopolysac-
charide (LPS) upregulates B7-1 (CD80), increasing proteinuria
and in 2016, Liu (33) proposed the existence of an association
between B7-1 and the modified charge of glomerular base-
ment membrane induced by ANGPLT4, although this is not
yet completely clear. A previous study using a child popula-
tion, demonstrated that ANGPTL4 worsens the nephrotic
syndrome, with a reduction of podocin and actin on podocyte
foots (34). Similarly, recombinant ANGPTL4 animal models
or treatment that reduced it, as reported in a review of 2014,
seemed to be related with an improvement in the nephrotic
syndrome (35). Similar results were found in another animal
study at 21 weeks of follow-up (36). The observation of murine
models of MCD, such as puromycin aminonucleoside-affected
glomeruli, has revealed a deficiency in heparan sulfate
proteoglycans compared to healthy glomeruli (37).

ANGPLT4 appears to induce the effacement of podocyte
foot processes by activating signals at the podocyte-glomer-
ular basement membrane interface binding avfp5 integrin (38);
consistently, ANGPLT4 is poorly expressed in normal glom-
eruli, although it is overexpressed in mouse models of MCD,
both locally as confirmed by the in situ hybridization of
capillary loop, and in serum and urine (24,39).

In particular, in puromycin aminonucleoside-affected
glomeruli, there is a glucocorticoid sensitive overexpression
of high-pI ANGPLT4. This isoform is present at a higher
concentration in the case of MCD relapses and it is not detect-
able during disease remission, membranous nephropathy and
FSGS (16). Furthermore, increased serum levels of high-pl
angiopoietin-like protein have been found in patients with
MCD (17). The administration of N-acetylmannosamine
(ManNAc), which converts high-pI ANGPLT4 to neutral-pl
ANGPLT4, has been demonstrated to lead to a reduction in
albuminuria of 40% (39).

According to Davin (40), the hyposialylated form is a medi-
ator of proteinuria in MCD, through its binding to glomerular
basement membrane and endothelial cells: Specifically,
in glomeruli, it binds to endothelial alpha V beta5 integrin
(at the very least) and modifies putative-podocyte feedback
loops to reduce proteinuria. Furthermore, increased serum
levels of high-pl angiopoietin-like protein have been found in
patients with MCD (40).

In addition, according to the study by Li ef al (41), urinary
ANGPLT4 may represent an earlier biomarker of podocyte
injury in a rat model of damage induced by adriamycin.
Another study found that ANGPLT4 glomerular expression
and urinary excretion exhibited the same trend, associated with
the early stage proteinuria (42). Proteinuria then continued to
increase despite the decrease in ANGPLT4 levels. Glomerular
ANGPLT4 upregulation appeared significantly earlier than
the changes in desmin and synaptopodin in rats with damage
induced by adriamycin, suggesting that adriamycin and
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glomerular ANGPLT4 may result in foot process effacement
and cytoskeletal damage. When rats with damage induced
by adriamycin received tacrolimus administration, it resulted
in preventing desmin enhanced expression and reversing the
reduction in synaptopodin. Moreover, the immunosuppressive
effects of tacrolimus significantly reduced angiopoietin-like
protein 4 glomerular countenance and urinary release (43).

In another study on an animal model of cisplatin-induced
acute kidney injury, increased levels of mRNA and neutral
ANGPLT4 were observed in proximal tubules, probably
associated with lipoprotein lipase damage (44).

Glucocorticoid therapy appears to reduce proteinuria, as
well as serum ANGPLT4 levels within 6 days; however, it
remains unclear whether it is a direct impact on ANGPLT4
expression, or whether this relation is subject to a reduction of
nephrotic syndrome manifestations (proteinuria and hypoal-
buminemia), which act as a stimulus for the renal synthesis of
ANGPLT4 (26).

ANGPLT4 and other podocytopathies. Both in humans and
experimental models, there is no modification in the expres-
sion of ANGPLT4 mRNA in collapsing type FSGS, in
contrast to what occurs in MCD (36). Clement et al reported
a significant upregulation of ANGPLT4 in experimental MCD
as opposed to FSGS, and anti-Thyl.1 (mesangial proliferative)
glomerulonephritis (MsPGN) (15).

Conversely, urinary ANGPLT4 is overexpressed in FSGS
during relapses and appears to be associated with proteinuria
in relapsing FSGS and other glomerulopathies, excluding
MCD (45). Furthermore, serum ANGPLT4 levels appear to
be reduced in association with LPS podocyte injury, whereas
urinary and glomerular ANGPLTA4 levels appearto beincreased.
No changes have been found in mesangial cells (46). In in vitro
experiments, LPL and puromycin aminonucleoside-induced
injury caused minimal change disease. This can explain the
similar ANGPLT4 evolution (45).

When comparing patients with MCD, FSGS and membra-
nous nephropathy, elevated circulating levels of high-pI and
oligomeric neutral-pl ANGPLT4 have been detected only
in relapsing MCD (24). Furthermore, the hyposialylated
form is not upregulated in membranous syndrome or other
glomerulopathies.

Soluble urokinase-type plasminogen activator receptor: A
potential confounding factor in FSGS. MCD and FSGS are
often considered as two faces of the same disease. Of note,
similar mechanisms are present in these conditions, including
ANGPLT4 involvement through the soluble urokinase-type
plasminogen activator receptor (SuPAR). Its pathogenetic role
in FSGS is currently a topic of debate among scientists (47).
Soluble urokinase-type plasminogen activator receptor is a
glycosylphosphatidylinositol-anchored membrane glycopro-
tein, composed of three homologue domains termed DI, DII
and DIII, and found in an insoluble form of 35-60 kDa or a
soluble form 20-50 kDa, with different molecular masses
depending on the site of glycosylation. Its secretion increases
in an inflammatory status and its serum levels are associated
with chronic kidney disease and a decline in the glomerular
filtration rate (48-50). It is found in FSGS at high serum levels
during disease flare, while lower levels are associated with
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Figure 1. ANGPTL4 can link to two types of integrins: avfl and avp5. These interactions active different pathogenetic pathways: The activation of
Src-kinases (avpl) with the phosphorylation of nephrin and the activation of Rac (avf35) with the overproduction of ROS through NOX1 stimulation.
ANGPTLA4, angiopoietin-like protein 4; ROS, reactive oxygen species; NOX1, NADPH oxidase 1.

remission of the disease. Apart from its role in the regulation of
chemotaxis, suPAR can interact with a3p1 and avf3 integrins
which have both a structural role binding vitronectin mole-
cules and podocyte actin-based cytoskeleton to the glomerular
basement membrane, and a role in intracellular signaling.
suPAR is able to induce vitronectin-dependent avp3-integrin
activation, thus modulating the Racl pathway and increasing
the production of contractile fibers in cultured podocytes
and murine models, determining foot process effacement.
Conversely, Bl integrin can modulate the Src-kinase family
that phosphorylates nephrin and, consequently, regulates actin
polymerization, and 35 can regulate laminin and fibronectin
distribution (51) (Fig. 1).

Furthermore, nephrin expression is reduced with the
increased expression of ANGPTL4 following treatment with
palmitic acid, perhaps mediated by the AMP activated protein
kinase/phosphor-acetyl-coA carboxylase pathway (52).

ANGPTL4 and peroxisome proliferator-activated recep-
tors. Peroxisome proliferator-activated receptors are
steroid/thyroid nuclear hormone receptors involved in meta-
bolic homeostasis and distinct in three forms: Peroxisome
proliferator-activated receptor a (NR1CI1), peroxisome
proliferator-activated receptor y (NR1C3) and peroxisome
proliferator-activated receptors /0 (NR1C2). Their activa-
tion can, in turn, reduce hypertriglyceridemia (peroxisome
proliferator-activated receptor a), serum glucose in type
2 diabetes, independent of the insulin-glucose effect

(peroxisome proliferator-activated receptor y), or provide
benefit to steatohepatitis in metabolic syndrome, as well
as reducing the regulation of the molecule NF-xB (peroxi-
some proliferator-activated receptors 3/9) (53). Peroxisome
proliferator-activated receptor y expression is low in the
glomerular basement membrane, whereas it increases after
damage. Peroxisome proliferator-activated receptors o and vy
are also ANGPTL4 and leptin targets (10,53).

ANGPTL4 mRNA expression is lower in heterozygous
peroxisome proliferator-activated receptor y-mutant mice
than in non-mutant mice; conversely, the leptin level is
higher (49). In embryonic mouse fibroblast NIH 3t3 cells,
ANGPTL4 mRNA expression is low prior to the administra-
tion of pioglitazone, although its expression multiplies 2 h
after treatment (54). On the contrary, Lu et al demonstrated
that paeoniflorin restores podocyte features and upregulates
peroxisome proliferator-activated receptor y expression,
decreasing ANGPTLA4 levels in the kidney, in an experimental
model of nephrotic syndrome (55). In a model of puromycin
aminonucleoside nephropathy, Yang (51) demonstrated that
the early administration of peroxisome proliferator-activated
receptor agonist reduced overall sclerosis and decreased
ANGPTLA4 expression (Fig. 2).

A common point between ANGPTL4 and peroxisome
proliferator-activated receptors is hypoxia. ANGPTL4
has a hypoxia-inducible factor (HIF)-la-dependent
mechanism. Hypoxia-inducible factor is a heterodimeric
transcription factor with angiogenic activity. The A-subunit
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Proteinuria/Albuminuria

ﬂSerum albumin

Figure 2. ANGPTLA4 level is increased from HIF and proteinuria through two different pathways: HIF increases PPAR-y and proteinuria, which reduces serum
albumin and enhance FFA levels. These three consequences increase serum ANGPTL4 levels. ANGPTL4, angiopoietin-like protein 4; HIF, hypoxia-inducible
factor; FFA, free fatty acid; PPAR, peroxisome proliferator-activated receptor; LPL, lipoprotein lipase.

is oxygen-sensitive and contains proline residues (residues
402 and 564). Following the hydroxylation of these resi-
dues, von Hippel-Lindau tumor suppressor protein binds
HIF-la for degradation. If oxygenation is <5%, HIF-1a
binds to HIF-1B. It has been observed that the reduction of
HIF-1a expression decreases ANGPTL4 mRNA expression.
Conversely, peroxisome proliferator-activated receptors
/8, in synergy with HIF-1a, upregulate ANGPTL4 mRNA
expression (56,57).

Peroxisome proliferator-activated receptor y agonists
improve glomerulosclerosis in rat models administered
puromycin aminonucleoside, reducing the expression of
peroxisome proliferator-activated receptor y and restoring the
negative effects on glomeruli. In vivo, peroxisome prolifer-
ator-activated receptor y agonists increase VEGF expression
and reduce ANGPTL4 expression.

3. New treatments

In 2011, Clement et al (21) fed NPHS-ANGPTL4 transgenic
rats ManNAc, to examine its efficacy on a model of MCD.
The administration of ManNAc resulted in an increased
sialylation of ANGPTL4 and a main reduction of albuminuria
of ~40.6% (21).

Salvianolic acid A is a hydrosoluble substance effective
against peroxidative damage in the retina and kidneys. In
addition to low doses of prednisone, it has been demon-
strated to reduce proteinuria and high levels of triglycerides,
increase serum albumin more than steroids alone, as well
as prevent the deterioration of kidney function and even
revert foot processes fusion. In the same study, the authors
demonstrated that salvianolic acid A increased the levels of
synaptopodin and desmin in vivo, as well as in vitro, affecting
the RhoA-pathway and peroxisome proliferator-activated
receptor y expression (58).

In the same year, Liu and He (59) demonstrated that the
intraperitoneal administration of epigallocatechin-3-gallate
in mice ameliorated sclerosis and decreased proteinuria and
ANGPTL4 expression in renal tissue by suppressing the
HIF10/ANGPTL4 pathway.

In 2016, new therapeutic agents were proposed, such
as recombinant mutated human ANGPTL4, which was
demonstrated to significantly ameliorate proteinuria without
hypertrigliceridemia, or Bis-T-23 (60). This small molecule
has been investigated in several murine models of proteinuric
kidney diseases and stimulates actin-dependent dynamin
oligomerization and actin polymerization, reducing or even
preventing proteinuria (11,49).

4. Conclusion and future perspectives

It remains unclear whether FSGS and MCD are different
diseases or different manifestations of the same pathology;
however, MCD may represent an early form of FSGS.
CD80 lymphocytes and soluble urokinase-type plasminogen
activator receptor, despite both being elevated in FSGS and
MCD, have different profiles of expression in each of these
podocytopathies.

The role of ANGPTL4 in podocytopathies is increasingly
recognized, and may be adopted as an early predictor of MCD;
however, high levels of this protein in other diseases and its
impact on lipid metabolism make this hypothesis unlikely.

The high-pI ANGPTL4/neutral-pI ANGPTL4 ratio in
serum and urine or between the two isoforms of ANGPTL4
and soluble urokinase-type plasminogen activator receptor
should be further studied, in order to identify a marker that
allows for the differential diagnosis between early FSGS and
MCD. This may also lead to the development of appropriate
therapeutic protocols, in particular in younger patients or those
who are not eligible for a kidney biopsy.
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