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Abstract

Background Angptl4 is a secreted protein involved in the
regulation of vascular permeability, angiogenesis, and
inflammatory responses in different kinds of tissues.
Increases of vascular permeability and abnormality chan-
ges in angiogenesis contribute to the pathogenesis of tumor
metastasis, ischemic-reperfusion injury. Inflammatory
response associated with Angptl4 also leads to minimal
change glomerulonephritis, wound healing. However, the
role of Angptl4 in vascular permeability, angiogenesis, and
inflammation is controversy. Hence, an underlying mech-
anism of Angptl4 in different kind of tissues needs to be
further clarified.
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Methods Keywords such as angptl4, vascular permeabil-
ity, angiogenesis, inflammation, and endothelial cells were
used in search tool of PUBMED, and then the literatures
associated with Angptl4 were founded and read.

Results Data have established Angptl4 as the key mod-
ulator of both vascular permeability and angiogenesis;
furthermore, it may also be related to the progression of
metastatic tumors, cardiovascular events, and inflammatory
diseases. This view focuses on the recent advances in our
understanding of the role of Angptl4 in vascular perme-
ability, angiogenesis, inflammatory signaling and the link
between Angptl4 and multiple diseases such as cancer,
cardiovascular diseases, diabetic retinopathy, and kidney
diseases.

Conclusions Taken together, Angptl4 modulates vascular
permeability, angiogenesis, inflammatory signaling, and
associated diseases. The use of Angptl4-modulating agents
such as certain drugs, food constituents (such as fatty acids),
nuclear factor (such as PPARa), and bacteria may treat
associated diseases such as tumor metastasis, ischemic-
reperfusion injury, inflammation, and chronic low-grade
inflammation. However, the diverse physiological functions
of Angptl4 in different tissues can lead to potentially dele-
terious side effects when used as a therapeutic target. In this
regard, a better understanding of the underlying mechanisms
for Angptl4 in different tissues is necessary.

Keywords Angptl4 - Vascular permeability -
Inflammation - Angiogenesis
Introduction

In the whole body, one of the main roles of endothelial
cells is to function as gatekeepers or an endothelial barrier
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that regulates transport of solutes, large molecules, and
cells across the vessel wall. In response to the extracellular
environment, the disrupted endothelial barrier causes vas-
cular permeability changes. Vascular permeability is a
highly coordinated process that is regulated and maintained
through three compartments including paracellular junc-
tions, transcellular pathways and heterotypic (inflammatory
cells and mural cells) interactions. Mural cells include
pericytes, smooth muscle cells and macrophages [1]. In
recent years, several researches have focused on the con-
tribution of pericytes as important partners in the control of
vascular permeability, such as the blood-brain barrier [2].
Besides, transcellular pathways play important roles in the
control of vascular permeability, such as channels, vesi-
culo-vacuolar organelles (VVOs) and caveolae [3-5]. In a
study of Miyawaki-Shimizu et al., it was found that siRNA
knockdown of Cav-1 resulted in an increased lung vascular
permeability [6]. Furthermore, maintenance of barrier
function also requires the integrity of endothelial junctions
between contacting endothelial cells. In endothelial cell
architecture, there are three types of junctions: the adherent
junctions (AlJs); the tight junctions (TJs) and the gap
junctions. Emerging data has indicated that the communi-
cation between adherent junctions and TJs is important for
permeability regulation [1]. However, there is no evidence
that gap junctions participate in vascular permeability.
Normally, moderate vascular permeability contributes the
fluid exchanges between blood and tissues. On the other
hand, increases of vascular permeability are related to
several diseases, such as inflammatory diseases, ischemia—
reperfusion injury and tumor metastasis. Therefore, to keep
vascular permeability homeostasis, endothelial cell integ-
rity must be maintained.

There are several agents and signaling pathways that
regulate vascular permeability including inflammatory
mediators, vascular endothelial growth factor (VEGF) and
angiopoietin (Ang) Tie receptor signaling. Histamine,
thrombin and bradykinin exposure, as inflammatory
mediators, are pointed out to result in an increase in vas-
cular permeability. These processes are involved in Rho
activation [7]. Besides, VEGF activates multiple signaling
pathways downstream of VEGFR2 that have been impli-
cated in vascular permeability [8, 9]. Furthermore, Tie
receptors and their ligands are critical regulators of vas-
cular maturation. Angl/Tie2 signaling has been reported to
inhibit VEGF-mediated vascular permeability through
several downstream signaling cascades [10]. Angiopoietin-
like protein (ANGPTL4) shares structural and functional
similarity with angiopoietins and also plays an important
role in vascular permeability.

The ANGPTL proteins (ANGPTL1-8) are secreted pro-
teins, which belong to the ANG-like family and have been
found in both humans and mice, except for Angptl5. The

@ Springer

human ANGPTLA4 gene is well conserved among different
species and shares ~77 % amino acid sequence similarity
with the mouse [11]. The human ANGPTL4 gene is located
on chromosome 19p13.3 and encodes a glycoprotein with a
molecular mass of ~45-65 KDa. Similar to other members
of this family, Angptl4 contains a N-terminal coiled-coil
structure and a C-terminal fibrinogen-like domain [12].
Currently, Angptl4 is considered to be an orphan ligand
because information regarding its potential binding partner
is lacking [13]. However, the function of this protein is
regulated by agonists, such as peroxisome proliferators-
activated receptors (PPARSs), glucocorticoid receptors and
protein kinase C (PKC) agonists, and inhibitors (such as
angiotensin blockers, resistin, leptin and insulin) of known
receptors and inflammatory signaling molecules [14, 15]. In
mice, Angptl4 is expressed in adipose tissue, liver, skeletal
muscle, heart, skin and the intestine. Whereas, In humans,
Angptl4 is produced by several tissues including liver, blood
plasma, placenta, small intestine, heart and adipose tissue
[16, 17] This is mediated by glucocorticoid and nuclear
hormone receptors PPARs, which stimulate Angptl4
expression via a PPAR-response element in the human and
mouse ANGPTLA4 gene. Besides, the expression of Angptl4
in cadiomyocytes, endothelial cells and tumor tissues is
elevated by hypoxic conditions. Furthermore, transforming
growth factor B (TGFp) can also elevate Angptl4 expression
in primary tumor cells to prime metastasis [18].

The function of Angptl4 appears to be tissue dependent.
Originally discovered in the liver as pivotal regulators of
lipid metabolism, Angptl4 is also involved in vascular per-
meability, angiogenesis and inflammatory signaling.
Compared to the pathological state, podocytes have a lower
expression in normal conditions. Recently, it has been
demonstrated that overexpression of Angptl4 in podocytes
results in the development of the nephritic syndrome. This
process is associated with characteristic changes including
large-scale selective proteinuria, loss of glomerular base-
ment membrane (GBM) charge and diffuse fusion of
podocyte foot processes, which are caused by up-regulated
Angptl4. This result indicates that Angptl4 may have effects
on the barrier function of GBM [19]. Using Angptl4
knockout mice and overexpression mice, it was demon-
strated that Angptl4 inhibits the lung metastasis of
metastatic Lewis lung carcinoma (3LL) cells and B16F0
melanoma cells by alteration of vascular permeability [20].
However, in a study of Huang et al. [21] it was demonstrated
that Angptl4 produced by tumor tissue bound to inte-
grina5SP1, VE-cadherin and claudin-5, which are major
components of the adherens and tight junction proteins in
the endothelium. This process results in a disruption of the
endothelium. Knockdown of Angptl4 suppressed tumor
growth and angiogenesis in the model of glioma [22]. Fur-
thermore, using Angptl4 knockout mice, it has been
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Fig. 1 Schematic
representation of Angptl4
modulators, their effects on the
expression of target genes in
lipid and glucose metabolism,
vascular permeability,
angiogenesis, and inflammation

Modulators

PPAR agonists Toll-like receptors
HIF- « agonists
Glucocorticoid receptor Angiotersin recepior
hlockers

agonisis

and the relationship with
associated diseases

5

Cytoplasi

Abnormal
secrefion

Lipid metabolism
Glucose metabolism
Angiogenesis
Vessel permeability
Inflammatory modulation

Tumor metastasis
Tumor growth
Wound healing

Nephritic syndrome
Ischemic reperfusion injury

demonstrated that Angptl4 regulates vascular permeability
and angiogenesis in retinal via endothelial cell junction
organization during development and in pathological con-
ditions [23]. These results indicate that Angptl4 plays an
important role in vascular permeability and angiogenesis.
However, the role of Angptl4 in vascular permeability and
metastasis is controversial because lacking of understanding
of how ANGPTL4 modulates vascular permeability [21].
Taken together, these data have established Angptl4 as a
key modulator of both vascular permeability and angiogen-
esis; furthermore, it also may be related to the progression of
metastatic tumors, cardiovascular events and inflammatory
diseases. This view focuses on recent advances in our
understanding of the role of Angptl4 in vascular permeability,
angiogenesis, inflammatory signaling and the link between
Angptl4 and multiple diseases such as cancer, cardiovascular
diseases, diabetic retinopathy, kidney disease (Fig. 1).

ANGPTLA4 is master regulator of vascular permeability
and angiogenesis

The full-length Angptl4 protein undergoes proteolytic
processing by proprotein convertases at the linker region

(Lys168 and Lev169 in humans, Lys170 and Met171 in the
mouse), producing the nAngptl4 and the carboxyl terminus
of Angptl4. The cleavage of Angptl4 seems to be tissue
dependent. Angptl4 is present in mouse blood plasma in
several forms of around 30 kDa. In humans, the liver
secretes the cleaved nAngptl4, which is associated with
lipid metabolism, whereas adipose tissue secretes the full-
length form. Therefore, the proteolytic processing and
perhaps oligomerization may be important for Angptl4
function [24]. Interestingly, the carboxyl terminus of
Angptl4 that is mainly produced by endothelial cells is a
master regulator of vascular permeability and angiogenesis
[25-27].

Angptl4 mRNA was detected in both epithelial cells and
endothelial cells such as podocytes in kidney, human pul-
monary microvascular endothelial cells (HPMVECs),
human umbilical vein endothelial cells (HUVECs) [28,
29]. Among them, endothelial cells are major effector cells
of Angptl4 on vascular permeability and angiogenesis.
Until now, there has been controversy about the role of
angptl4 in vascular permeability and angiogenesis. Some
studies have demonstrated that Angptl4 inhibits vascular
permeability and angiogenesis. It has been demon-
strated that Angptl4 markedly inhibits the proliferation,
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chemotaxis and tubule formation of endothelial cells.
Moreover, it has been recognized that Angptl4 prevents
vascular leakiness that is induced by VEGF [30]. Further-
more, another study has demonstrated that the carboxyl
terminus of Angptl4 inhibits VEGF-induced cell prolifer-
ation, migration, and tubule formation in HUVECs [31]. It
was recognized that this effect was via suppression of the
Raf/MEK/ERK signaling pathway [29]. In addition, a
recent study has found that tumor-derived Angptl4 sup-
presses in vitro vascular tube formation and proliferation of
human umbilical vascular endothelial cells, possibly
through the MEK pathway [32].

On the other hand, Angptl4 seems to be a proangiogenic
factor. In an early study, it was reported that Angptl4 was
induced by ischemia and recognized as a proangiogenic
factor in renal cell carcinoma [33]. Moreover, Cazes et al.
[34] have demonstrated that full length Angptl4 induced by
hypoxia accumulated in the subendothelial extracellular
matrix (ECM) of hypoxia endothelial cells through heparin
and, therefore, reduced endothelial cells adhesion. In
addition, it has been proved that Angptl4 modulates the
balance between triglyceride-rich lipoproteins and chylo-
microns via inhibiting endothelial lipase and lipoprotein
lipase anchored at the surface of endothelial cells [34].
Moreover, knockdown Angptl4 resulted in increased
lipolysis products such as oxidized fatty acids that lead to
endothelial cells inflammation [34]. These processes may
be associated with endothelial cells growth and migration.
VEGF, as one of the angiogenic factors, plays an important
role in permeability. Using Angptl4 knockout mice, it has
been demonstrated that the dissociation of VEGFR2/VE-
cadherin complexes caused adherens junction disruption.
The same authors also found that knockdown Angptl4 led
to severe destabilization of the VEGFR2/VE-cadherin
complex because of Src kinase phosphorylation enhance-
ment. The disrupted adherens junctions are correlated with
increased vascular permeability and eventually lead to
reperfusion injuries in acute myocardial infarction [35].
Besides, Angptl4 is highly expressed in retinal vascular
plexus induced by hypoxia. In proliferative retinopathies,
hypoxia-induced angiogenesis is involved in disruption of
the vascular barrier. Perdiguero et al., have demonstrated
that Angptl4 modulates sprouting, branching and matura-
tion of the retinal vascular plexus. In the Angptl4 knockout
mice, endothelial cell differentiation was altered in the
microvascular plexus. Furthermore, it has been proved that
Angptl4 mediates the permeability of the retinal vascular
and protects vessels from oxygen-induced obliteration.
This phenomenon indicates that Angptl4 controls vascular
permeability and angiogenesis via endothelial cell junction
organization and pericyte coverage during development
and in pathological conditions [23]. Vascular junctions
have been recognized as significant modulators of vascular
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permeability. It has been demonstrated that the tumor-
secreted c-terminal fibrinogen-like domain of angiopoietin-
like 4 (cAngptl4) modulates vascular integrity through
disruption of VE-cadherin and claudin-5. This indicates
that Angptl4 promotes tumor metastasis by increasing
vascular permeability [21].

Angptl4 as one regulator of inflammatory signaling

Additionally, recent studies have indicated that Angptl4 is
involved in regulating inflammatory signaling. It is well-
known that Angptl4 is a gene involved in glucose and lipid
metabolism. The hypoxia level can stimulate the expres-
sion and secretion of Angptl4 in human adipocytes.
Therefore, oxygen may negatively regulate Angptl4
mRNA expression in adipocytes [36]. Furthermore, the
hypoxia of adipose tissue causes chronic inflammation and
macrophage infiltration in white adipose tissue [36]. Based
on the previous results, we predicate that Angptl4 may
have a connection with inflammation.

Increased lipid uptake is associated with a stimulation of
inflammatory related genes. In a study of Lichtenstein et al.,
it has been demonstrated that Angptl4 that is induced by
chyle protects against severe proinflammatory effects of
saturated fat through inhibiting fatty acid uptake into mes-
enteric lymph node macrophages. They also found that the
level of inflammatory factors such as IL-6 was elevated in
Angptl4 knockout mice on a high-saturated-fat diet. In
addition, infiltrates of neutrophils and macrophages were
observed in the liver of Angptl4 knockout mice [37]. This
result indicates that Angptl4 is involved in the inflammation.

Toll-like receptor activators are believed to be regula-
tors of Angptl4. In a study of Brown et al. [38] it has been
found that the level of Angptl4 is increased in the hypo-
thalamic, pituitary, cortical and adipose tissues following
treating with LPS in mice. Furthermore, using antagonists
of TLR4 signaling pathways, it was concluded that the
expression of Angptl4 may be partially regulated by
NF-KB and the P38MAPK pathways in N1-neuronal and
3T3-L1 adipocyte cells [38]. Another study also found that
LPS increased the expression of Angptl4 in heart, muscle,
and adipose tissues [39]. However, LPS did not increase
the expression of Angptl4 in either muscle or adipose tis-
sues in TLR4 knockout mice; this result indicated that the
LPS effect may be mediated through the TLR4 pathway.
The same authors also found that one of TLR2 activators
(zymosan) increases the expression of Angptl4 in liver,
heart, muscle, and adipose tissues. Besides, several cyto-
kines such as interleukins, TNF-o, IFN-y have been
pointed out to be involved in Angptl4 expression [40].
However, a direct effect of Angptl4 on inflammatory
pathways needs to further investigated.
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Angptl4 in tumor growth and metastasis

Tumor metastasis depends on an increased vascular leaki-
ness and on the steps of intravasation and extravasation,
which are involved in the migration of tumor cells across
the disrupted endothelium. Several tumor-derived products
have been pointed out to increase vascular permeability.
Tumor secreted products recognize the tumor microenvi-
ronment, and, therefore, lead to corrupting normal
neighboring cells and recruiting them for tumorigenesis. It
is well known that endothelial cell activation in tumor
growth and metastasis is regulated by several factors such
as growth factors, proinflammatory cytokines, chemokines
and derivatives of arachidonic acid.

Angptl4, as a secreted protein, is associated with angi-
ogenesis and vascular permeability. Numerous studies have
demonstrated that Angptl4 is involved in tumor growth and
metastasis such as lung cancer, hepatic carcinoma, breast
cancer, kidney cancer and gastric cancer. However, the role
of Angptl4 in tumor formation remains controversial. Early
studies demonstrated that ANGPTL4 prevented tumor
growth and metastasis by inhibiting vascular leakiness. In a
study of Galaup et al. [20] it was found that ANGPTL4
remarkably prevented metastasis through the inhibition of
vascular permeability in the mice which were injected with
metastatic Lewis lung carcinoma cells and B16F0 mela-
noma cells. The underlying mechanism of its role in tumor
metastasis was believed to be inhibition of endothelial cell
adhesion, migration and sprouting caused by ECM-bound
form of ANGPTL4 [31]. On the hand, Angptl4 was
believed to be a pro-angiogenic and pro-metastasis factor.
It has been demonstrated that tumor-derived ANGPTL4
promotes cell survival and tumor growth through the PI3K/
PKB and ERK signaling pathway [41]. Furthermore, the
same phenomenon was also observed in renal cell carci-
noma [33]. It was found that the mRNA and protein levels
of ANGPTLA4 expression were increased in renal cell car-
cinoma, though there was no ANGPTL4 expression in
other benign and malignant tumors of the kidney cells [33].
These findings indicate that ANGPTL4 may be a diag-
nostic marker of renal cell carcinoma. This effect of
Angptl4 on tumor growth was believed to be involved in
promoting sprouting of vascular endothelial cells caused by
Angptl4 during ischemia [33]. Furthermore, the promotion
effect of Angptl4 on tumor metastasis was also found in
breast cancer, gastric cancer, esophageal squamous cell
carcinoma, colorectal cancer and Kaposi’s sarcoma [42—
44]. In a study of Ma et al., it was found that ANGPTL4
up-regulated by the viral G protein-coupled receptor pro-
moted angiogenesis and vascular permeability in Kaposi’s
sarcoma. The underlying mechanism that Angptl4 pro-
motes tumor metastasis was recognized and that the
C-fibrinogen-like domain of ANGPTL4 activates specific

integrins and disrupts connection of cell-cell and cell-
matrix to modulate vascular permeability, thereby pro-
moting tumor metastasis. In addition, Angptl4 has been
recognized as one of the genes that is involved in breast
cancer to lung metastasis. It has been demonstrated that
TGFp-induced Angptl4 disrupts vascular endothelial cell-
cell junctions, increases the permeability of the lung cap-
illaries, therefore promoting the steps of metastasis [18].
Recently, in a study of Takada et al. [32] it was found that
the wild-type Angptl4 inhibits gastric cancer metastasis,
whereas the mutant ANGPTL4 with a somatic 21-bp
deletion in exon 1 is associated with the progression of
gastric cancer. Taken together, the role of Angptl4 in tumor
growth and metastasis is controversial and the underlying
mechanism for regulation of Angptl4 on tumor needs to be
further elucidated.

Angptl4 in inflammatory diseases

Inflammatory disease is a type of inflammatory mediator
increase caused by infection or non-specific infection.
Increasing evidence indicates the possible involvement of
Angptl4 in the development of inflammatory disease such
as minimal change disease (MCD), wound healing, and
low-grade chronic inflammation.

Minimal change disease

Each glomerulus in the kidney is composed of capillary
loops constructed by fenestrated endothelium and foot
processes of podocytes. A GBM is produced by both cell
types including endothelial cells, mesangial cells, parietal
epithelial cells of the Bowman’s capsule, and podocytes.
Podocytes are highly specialized epithelial cells that line
the urinary surface of the glomerular capillary and are
involved in capillary permeability. The role of podocytes in
the kidney mainly modulates hydrostatic ultrafiltration of
blood plasma and retains vital proteins. Disruption of
podocytes’ function results in proteinuria and, possibly,
renal failure.

Angptl4, also called fasting-induced adipose factor
(FIAF), was introduced as a novel adipokine influencing
glucose and lipid homeostasis. It has been demonstrated
that serum Angptl4 levels are significantly increased in
end-stage renal disease and involved in markers of renal
function in control subjects. Angptl4 is well known for its
role in the regulation of plasma triglyceride concentrations.
Furthermore, hypertriglyceridemia is a characteristic of the
nephritic syndrome seen in MCD. In a study of Clement
et al., it has been demonstrated that ANGPTL4 expression
is up-regulated in podocytes from experimental rodent
models of nephritic syndrome and human MCD and,
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therefore, results in the secretion of hyposialylated ANG-
PTLA4 into the glomerular capillary wall and proteinuria in
MCD rats. They also found that podocyte-specific over-
expression of ANGPTL4 (NPHS2-Angptl4) in rats led to
large-scale albuminuria, loss of GBM charge and fusion of
podocyte foot processes. However, adipose tissue-specific
overexpression of Angptl4 (aP2-Angptl4) only increases
circulating concentrations of ANGPTL4, but does not lead
to proteinuria; this result indicates that proteinuria in MCD
requires glomerular production of ANGPTLA4. In addition,
feeding NPHS2-Angptl4 rats the sialic acid precursor
N-Acetyl-D-mannosamine (ManNAc), results in a decline
in albuminuria. Furthermore, from a clinical perspective,
sialic acid precursors might provide increased efficacy in
treating MCD [19, 45]. However, the upstream mecha-
nisms that cause increased podocyte ANGPTL4 expression
are not known and need to be further elucidated.

Wound healing

Normal wound healing needs to go through several pro-
cesses of inflammation, re-epithelialization, matrix
remodeling and related cellular activity events [46]. Upon
skin injury, keratinocytes use various signaling molecules
to promote reepithelialization for efficient wound closure.
Angptl4, secreted by keratinocytes, plays an important role
in wound healing. Using Angptl4 knockout mice, it has
been demonstrated that wound reepitheliazation is delayed
with impaired keratinocytes migration. They also found
that suppression expression of Angptl4 using si-RNA led to
impaired migration associated with diminished integrin-
mediated signaling B1 and BS, which is important for cell
migration. Later, the same authors found that Angprl4 was
a novel matri-cellular protein whose expression was up-
regulated by PPAR[/S in response to inflammation during
wound healing. Keratinocytes secreted by Angptl4 inter-
acted with vitronectin and fibronectin in the wound bed and
regulated the availability of the local ECM by delaying
their proteolytic degradation. In addition, Angptl4 specifi-
cally interacts with integrins B1 and B5 that reside on the
surface of wound keratinocytes which activate integrin-
mediated intracellular signaling and accelerate the wound
healing process. Using Angptl4 knockout mice, it has been
demonstrated that wound re-epithelialization was delayed
[34, 47]. These results may be attributed to the impairment
of Angptl4-deficient keratinocytes.

Chronic low-grade inflammation
Low-grade inflammation is a type of nonspecific and per-
sistent chronic inflammation characterized by increase of

nonspecific inflammatory markers such as c-reactive pro-
tein (CRP), tumor necrosis factorot (TNF-a), interleukin-1
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(IL-1) and VEGF. Until now, atherosclerosis, diabetes and
obesity are recognized as chronic low-grade inflammation
[48].

It is well-known that the plasma triglyceride level is a
risky factor for cardiovascular disease. Patients with
hypertriglyceridemia have increased plasma levels of
remnants from CMs and VLDL, which penetrates the
endothelium, and can lead to the development of athero-
sclerosis and coronary heart disease. As a typical
ANGPTL4 family member, Angptl4 contains an N-termi-
nal coiled-coil domain that modulates lipid metabolism and
irreversibly inhibits LPL activity by disrupting LPL
dimerization [49]. Furthermore, LPL is produced from
different types of cells, such as cardiomyocytes, adipocytes
and macrophages. Macrophage foam cells play an impor-
tant role in atherosclerosis [50]. In a study of Georgiadi
et al., it has been demonstrated that recombinant Angptl4
decreased uptake of oxidized low density lipoprotein by
macrophages, possibly through lipolysis in dependent and
independent mechanisms. Furthermore, Angptl4d was
expressed in human atherosclerosis lesions and localized in
macrophages. However, in the early study, it was found
that Angptl4 deficiency protected ApoE (—/—) against
progression of atherosclerosis and suppressed the ability of
the macrophages to become foam cells in vitro [51]. These
results indicate that Angptl4 is highly correlated with
inflammatory changes and progression of atherosclerosis.
However, inconsistent results have been reported con-
cerning the effects of Angptl4 on coronary atherosclerosis.
In a study of Folsom et al. [52] it has been demonstrated
that an Angptl4 loss of function mutation (E40K variant)
was involved in the incidence of coronary artery disease.
Those carrying at least one 40K variant showed a lower
mean triglyceride and 40K carriers had a lower CAD
incidence. However, in another study, it was found that
40K carriers had a higher CAD risk independent of tri-
glyceridle and HDL-C concentrations but had a
significantly lower triglyceride.

Obese subjects often present a low-grade chronic
inflammation in the white adipose tissue, which seems to
play an important role in the development of obesity-
related diseases. It is well known that the inflammation
process is related to the hypoxic state. In a study of
Quintero et al., it has been found that hyperoxia decreased
cell viability, increased intracellular ROS content and then
provoked an inflammatory response in adipocytes. Using
Angptl4 knockout mice, it has been demonstrated that mice
display higher body fat accumulation and are extremely
sensitive to systematic inflammation after addition of sat-
urated fatty acids. In addition, Angptl4 knockout mice
showed a protection from high-fat-diet-induced obesity,
which was attributed to decreased expression of peroxi-
somal proliferators-activated receptor coactivators [36].
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It is well known that Angptl4 is associated with glucose
metabolism. However, until now, the mechanism of Ang-
ptl4 regulation glucose metabolism is not clear. In patients
with type 2 diabetes, levels of angptl4 in serum were sig-
nificantly lower than those in healthy persons, indicating
that low level of angptl4 may be a causative factor of this
disease [53]. On the other hand, it has been found that
overexpression of Angptl4 could decrease glucose toler-
ance in liver but not affect glucose level in periphery [54].
In addition, diabetes complication such as diabetic reti-
nopathy is also recognized as low-grade inflammation.
Angiogenesis is correlated with disruption of the vascular
barrier that leads to plasma leakage, subsequent edema, and
vision loss in proliferative retinopathy, such as proliferative
retinopathies. ANGPTL4 is a secreted glycoprotein that is
induced by hypoxia and regulates context dependent
angiogenesis and vascular permeability. It has been well-
known that ANGPTL4 is highly expressed in retinal
endothelial cells during development and oxygen-induced
retinopathy. Using Angptl4 knockout mice, it has been
demonstrated that endothelial cells show a defect in

Table 1 Summary of the effects of Angptl4 on several diseases

sprouting, branching and a delay in the maturation of the
retinal vasculature during developmental angiogenesis.
Furthermore, pathological neovascularization is impaired
in Angptl4 knockout mice in a model of retinopathy of
prematurity [23]. These results indicate that loss of Angptl4
impairs sprouting angiogenesis both in developmental and
in pathological conditions. Recently, Angptl4 was proved
to be an angiogenic factor released from retinal pigment
epithelium cells (ARPE) under a high glucose condition.
The same authors found that Angptl4 was one of the
highest up-regulated genes under high glucose and the
recombinant Angptl4 promoted all of the elements of
angiogenesis in human retinal endothelial cells [55].
Therefore, Angptl4 may be a potential candidate molecule
involved in diabetic retinopathy.

Angptl4 in ischemic reperfusion injury

Restoration of blood supply in ischemia tissue limits the
extent of acute infarction, but it also causes microvascular

Diseases Models Effects References
Tumor metastasis SCID female mice Promoted breast cancer [18]
MDA-MB-231 cell line Metastasis into lung [42]
Angptl4 knockout mice Promoted cancers metastasis [43]
Human colorectal cancers Promoted lymphatic invasion and venous  [20]
Human oesophageal squamous cell ~ invasion
carcinoma Inhibited lung metastasis of 3LL cells
Metastatic Lewis lung carcinoma
B16FO cells
Tumor growth LN229 glioblastoma Accelerated angiogenesis and tumor [22]
SCID female mice growth [21]
HMVEC Promoted breast cancer growth and [41]
Human tumor samples Metastasis into lung
Promoted tumor growth
Angiogenesis HUVECs Inhibited angiogenesis and vascular [29, 30]
permeability
Vessel permeability Human microvascular endothelial ~ Modulated angiogenesis in tumors and [33]
cell line ischemic tissues [32]
Gastric cancer patients Inhibited gastric cancer angiogenesis [44]
HUVECs Promoted KS angiogenesis and vessel
Human kaposi’s sarcoma (KS) permeability
Inflammatory diseases (nephrotic syndrome) Angptl4 knockout/transgenic mice Increased proteinuria [19]
Inflammatory diseases (wound healing) Angptl4 knockout mice Promoted wound healing [34]
Inflammatory diseases (chronic low-grade Angptl4 knockout mice Suppressed macrophages become foam [51]
inflammation) Angptl4 knockout mice cells [23]
Promoted retinal angiogenesis
Ischemic reperfusion injury (myocardial Angptl4 knockout mice Protected against myocardial infarction [35]
ischemic reperfusion)
Ischemic reperfusion injury (ischaemic stroke)  Angptl4 knockout mice Protected against ischaemic stroke [56]
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dysfunction and oxidative damage. It has been recognized
that increased vascular permeability is an important factor
for tissue damage after ischemia. In addition to the role of
Angptl4 in lipid metabolism, Angptl4 plays an important
role in capillary permeability and ischemic reperfusion
injury such as ischaemic stroke and myocardial ischemic
reperfusion injury.

A recent study demonstrated that coronary vascular
integrity was severely disrupted and junction disconnected
more frequently in ANGPTL4 knockout mice with confo-
cal images stained with VE-cadherin and CD31 antibody
after 4 h of reperfusion. It has been well-known that
ischemia promotes VEGF expression and leads to vascular
permeability and edema. Furthermore, they also found that
the expression of VEGFR2 and VE-cadherin was decreased
and the expression of phosphorylation of Src kinase, which
is a downstream signaling pathway of VEGFR2, was
increased in the ANGPTL4 knockout mice after 4 h
reperfusion until 18 h. Lastly, the phenomenon of an
increase in infarct size, no-reflow and post-ischemic
inflammation in ANGPTL4 knockout mice was found [35].
These results indicate that hypoxic induction of ANGPTL4
may modulate coronary vascular permeability during acute
myocardial infarction. Based on the results, they also found
that thANGPTLA4 induced infract size and the area of no-
flow decreased and the extent of hemorrhage declined.
These results indicate that hANGPTL4 induced preser-
vation of vascular integrity that reduced infarct size,
hemorrhage, and no-reflow, thereby conferring cardiopro-
tection. Therefore, ThANGPTL4 may be a target for
treating acute coronary infraction.

Vascular injury leads to edema in the brain during
stroke. Angptl4, as a regulator of endothelial barrier
integrity, might exert a protective effect during ischaemic
stroke [56]. Using Angptl4 knockout mice, it has been
demonstrated that the expression of VE-cadherin and
claudin-5 were reduced. Vascular damage and infarct
severity were increased in Angptl4 knockout mice. Fur-
thermore, they also found that treatment with recombinant
Angptl4 led to significantly decreased infarct sizes, integ-
rity of tight and adherens junctions were increased and the
vascular network was preserved. These results indicate that
Angptl4 protects not only the vascular network, but also
interendothelial junctions and controls inflammatory
response and edema. In addition, it has been demonstrated
that Angptl4 protects ischaemic stroke via Src signaling
downstream from VEGFR2.

Conclusion

As discussed above, vascular permeability and angiogen-
esis are involved in the pathogenesis of several diseases,
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such as tumor metastasis, ischemic-reperfusion injury and
inflammation (Table 1). It is conceivable that Angptl4
modulates vascular permeability, angiogenesis, inflamma-
tory signaling and associated diseases. In addition, Angptl4
expression is regulated by several factors. The use of
Angptl4-modulating agents, such as certain drugs, food
constituents (such as fatty acids), nuclear factor (such as
PPARa) and bacteria may treat associated diseases such as
tumor metastasis, ischemic-reperfusion injury, inflamma-
tion and chronic low-grade inflammation. However, the
diverse physiological functions of Angptl4 in different
tissues can lead to potentially deleterious side effects when
used as a therapeutic target. In this regard, a better
understanding of the underlying mechanisms for Angptl4
in different tissues is necessary.
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