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Abstract

Ischemic stroke is one of the leading causes of death in the world, and thus is a major public health
concern. Atherosclerosis, also known as atherogenesis, is a crucial risk factor for cerebral
ischemia, yet how it develops remains largely unknown. It has been found, however, that
angiopoietin-like protein 4 (ANGPTL4), a protein expressed in vascular endothelial cells, plays a
role in the pathophysiology of atherosclerosis and may therefore be involved in ischemic stroke.
ANGPTL4 activity is associated with endothelial cell integrity, inflammation, oxidative stress, and
lipid metabolism. ANGPTLA4 also serves as a potent inhibitor of the lipoprotein lipase, and may
inhibit atherogenesis via regulating inflammatory signaling and lipid metabolism. In addition,
ANGPTLA4 plays a role in the regulation of oxidative stress. However, there currently exists a
controversy on the role of ANGPTL4 in endothelial cells. Some studies indicate that ANGPTL4
can protect the integrity of endothelial cells, while others have shown that it can be destructive to
the endothelium, thereby leading to the initiation of atherosclerosis. Thus, the effects of
ANGPTL4 on development of atherosclerosis and thereby ischemic stroke, are undefined. Further
research is needed to better understand ANGPTL4-mediated signaling pathways in endothelial
function and to determine its potentials as therapeutic target for atherosclerosis and ischemic
stroke.
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1. Introduction

Ischemic stroke, the most common stroke subtype, which occurs when an artery to the brain
is blocked, is the second leading cause of death and disability in the world, and as such, has
a great impact on public health (Fang et al., 1999; Towfighi et al., 2010). A crucial risk
factor for ischemic stroke is atherosclerosis, which is the formation of an arterial plague that
leads to stenosis and occlusion of the artery by its expansion, or acute obstruction of the
vessel by the rupture-induced thrombus. Atherosclerosis also involves the hardening of the
arterial wall due to the accumulation of cells, cholesterol, and an over-expressed
extracellular matrix. Consequently, it is an important risk factor for cardio- and
cerebrovascular diseases. Additionally, the pathophysiology of atherosclerosis includes
abnormal lipid metabolism and glycometabolism (Rasmussen-Torvik et al., 2011; Stout,
1981; van Diepen et al., 2013), inflammation (van Diepen et al., 2013), and endothelial
dysfunction (Mudau et al., 2012).

Recently, it was found that angiopoietin-like protein 4 (ANGPTL4), a secreted protein
involved in the regulation of vascular permeability, angiogenesis and inflammatory
responses, may play a significant role in the pathophysiology of atherosclerosis (Georgiadi
etal., 2013; Katano and Yamada, 2014). The present review therefore seeks to clarify the
relationships among ANGPTLA4, atherosclerosis, and ischemic stroke.

2. Atherosclerosis

In western societies, atherosclerosis is the underlying cause of approximately 50% of all
deaths (Lusis, 2000). Though it is not completely clear how atherosclerosis occurs,
endothelial cell dysfunction, inflammation, oxidative stress, and abnormal lipid metabolism
are known to contribute to the pathology (Fig. 1). (Hartman and Frishman, 2014; Hodis,
1999; Wong et al., 2012).

The earliest event in atherogenesis is endothelial cell dysfunction, which contributes to the
formation and progression of an atherosclerotic plaque (Sitia et al., 2010). Under normal
physiological conditions, endothelial cells maintain a relaxed vascular tone, a low level of
oxidative stress, and a balance between pro- and anti-inflammatory molecules. However, this
is disrupted in the presence of certain stimuli, such as oxidative stress. This results in a
decrease in the production of nitric oxide, along with the induction of angiotensin II,
plasminogen activator inhibitor 1, endothelin-1, cellular adhesion molecules, pro-
inflammatory cytokines (interleukins 1, 2, and 6), and tumor necrosis factor-a (Dessi et al.,
2013; Sitia et al., 2010). These all promote the recruitment of monocytes/macrophages into
the sub-endothelial space where they form foam cells by phagocytizing oxidized lipids,
creating the hallmark of a fatty streak lesion (Mehrabian and Allayee, 2004; Siegel et al.,
2013). Though fatty streaks are not clinically significant, they are the precursors of advanced
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lesions, characterized by the accumulation of lipid-rich necrotic debris and smooth muscle
cells (Lusis, 2000). Smooth muscle cells, activated by angiotensin Il and other growth
factors, will then migrate into the intimae, proliferate, and form an intermediate lesion
(Siegel et al., 2013). Smooth muscle cells can produce cytokines, such as platelet derived
growth factor, transforming growth factor f, interferon gamma, macrophage inhibitory
factor and monocyte chemoattractant protein, contributing to the initiation and propagation
of the inflammatory response (Doran et al., 2008; Gomez and Owens, 2012). If
inflammation continues unabated, the accumulation of mononuclear cells, the migration and
proliferation of smooth muscle cells, and the formation of fibrous tissue, will lead to the
further enlargement and restructuring of the lesion. Eventually it will become a complex
core of lipid and necrotic tissue covered by a fibrous cap, called a complicated lesion (Ross,
1999). These lesions can either continue expanding until they totally block blood flow, or
they can result in an acute occlusion of the vessel by the rupture-induced thrombus (Lusis,
2000). This eventually leads to ischemic stroke (Madden, 2012). Some studies have also
indicated that free fatty acids can trigger the inflammatory response that leads to the
initiation of atherosclerosis (Dasu and Jialal, 2011; Schwartz and Reaven, 2012; Soto-Vaca
et al., 2013; Tripathy et al., 2003).

3. Angiopoietin-like 4 (ANGPTL4)

The human ANGPTLA4 gene is well conserved across different species and shares a very
similar amino acid sequence with mice and chimpanzees, approximately 77% and 99%,
respectively (Zhu et al., 2012). The gene is located on chromosome 19p13.3, and encodes a
45-65 kDa glycoprotein (Zhu et al., 2012). ANGPTL4 belongs to the family of
angiopoietins and angiopoietin-like proteins, which are characterized by the presence of an
N-terminal coiled-coil domain and a C-terminal fibrinogen-like domain (Kim et al., 2000).
ANGPTLA4, discovered in 2000, was originally classified as an adipokine, as it is associated
with lipid metabolism (Zhu et al., 2012). Recently, however, studies have found that
ANGPTLA4 is also involved in the regulation of vascular permeability, angiogenesis, and
inflammatory responses (Georgiadi et al., 2013; Guo et al., 2014; Katano and Yamada,
2014). ANGPTLA4 can be induced by glucocorticoid and nuclear hormone receptors, such as
the peroxisome proliferator-activated receptor B/6, which is able to induce the expression of
ANGPTL4 via a peroxisome proliferator-activated receptor response element in both human
and mouse ANGPTLA4 genes (Guo et al., 2014). ANGPTL4 may also be induced by hypoxia
and fasting, and can thus be downregulated by hyperoxia treatment (Drager et al., 2013;
Goodin et al., 2013; Lichtenstein and Kersten, 2010; Quintero et al., 2012). It has been
suggested that ANGPTL4 is involved in atherogenesis (Georgiadi et al., 2013; Lichtenstein
et al., 2010). Lichtenstein et al. found that ANGPTL4 can prevent macrophage activation
and foam cell formation (Lichtenstein et al., 2010). Moreover, Georgiadi et al. showed that
over-expression of ANGPTLA4 protects against atherosclerosis development (Georgiadi et al.,
2013). The mechanisms by which ANGPTL4 regulates atherogenesis are, however, still not
entirely known.
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3.1. ANGPTL4 in endothelial cell integrity

3.1.1. Endothelial cell function—Endothelial cells are the major component of the
endothelial barrier, which regulates the transportation of solutes, large molecules, and cells,
across the vessel wall. Disruption of the endothelial barrier leads to changes in vascular
permeability. There are three types of junctions that help to maintain the integrity of the
endothelium: adherence junctions, tight junctions, and gap junctions. The adherence and
tight junction proteins are directly linked to the actin cytoskeleton, and are connected to
adjacent endothelial cells (Komarova and Malik, 2010). Loss of endothelial cell integrity is
an early event following oxidant-mediated injury, which contributes to the initiation of
atherosclerosis (Simoneau et al., 2012). There are several agents and signaling pathways that
regulate vascular permeability, including thrombin, histamine, vascular endothelial growth
factor (VEGF), and angiopoietin.

3.1.2. The two-sided role of ANGPTL4 in endothelial cell integrity—Though
ANGPTL4 is widely expressed in vascular endothelial cells, its role in endothelial cells is
controversial (Galaup et al., 2006; Huang et al., 2011; Kim et al., 2000). Kim et al. reported
that ANGPTLA4 protects endothelial cells from apoptosis through endocrine activity (Kim et
al., 2000). Galaup et al. also reported that ANGPTL4 inhibited the increase in histamine-
induced vascular permeability (Galaup et al., 2006). They further showed that the expression
of the VEGF Receptor-2 (R-2) and vascular endothelial (VE)-cadherin were decreased,
while Src kinase phosphorylation increased. Following ischemia—reperfusion in ANGPTL4-
deficient mice, Src kinase signals downstream of the VEGFR-2. This leads to altered VEGF-
R2/VE-cadherin complexes, and disruption of adherence junctions in the endothelial cells,
resulting in an increase in vascular permeability (Galaup et al., 2012). However, treatment
with recombinant ANGPTL4 was able to reverse the dissociation of the VEGF-R2/VE-
cadherin complex, and reduce myocardial infarct size (Galaup et al., 2012). Bouleti et al.’s
finding was in line with previous results, as they showed that ANGPTL4 could reduce the
loss of vascular integrity in ischemic stroke by attenuating Src kinase signaling.
Accordingly, the brain water content of ANGPTLA4-treated mice was decreased, compared to
vehicle-treated animals (Bouleti et al., 2013). Ito et al. also found that both VEGF-induced
angiogenesis and vascular leakiness in vivo were inhibited by administration of ANGPTL4
(Ito et al., 2003). Additionally, Goodin et al. found that the activation of ANGPTL4 may
protect against cerebral edema by inhibiting VEGF signaling (Goodin et al., 2013).

Several pathways may be involved in the regulation of endothelial cell integrity and
atherosclerosis by ANGPTL4: (1) ANGPTL4 can counteract VEGF signaling, thereby
diminishing Src-signaling downstream (Bouleti et al., 2013). The myosin light chain kinase
(MLCK) activity is then also inhibited, leading to reduced MLCK-dependent endothelial
hyperpermeability (Dudek et al., 2002; Rigor et al., 2013). (2) Activation of Src family
kinases, and the subsequent VE-cadherin phosphorylation, plays a key role in the induction
of permeability by growth factors and inflammatory cytokines (Gavard et al., 2008;
Lambeng et al., 2005). Orsenigo et al. found that the Src-mediated VE-cadherin
phosphorylation occurs mostly in veins. Inhibition of Src by ANGPTL4 blocks VE-cadherin
phosphorylation and the bradykinin-induced increase in vessel permeability (Orsenigo et al.,
2012). (3) ANGPTLA4 can inhibit the recruitment of phosphorylated Src to the VEGFR-2
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after VEGF stimulation by activating phosphatidylinositol 3-kinase (PI13K)/Akt signaling,
thus protecting the VEGFR-2/VE-cadherin complexes from disruption, and preserving
vascular integrity (Dudek et al., 2002; Liu et al., 2006; Rigor et al., 2013). These all show a
role for ANGPTL4 in endothelial cell integrity/disruption. It is well established that
endothelial cell dysfunction is the earliest event in atherogenesis, which is an important risk
factor for ischemic stroke. As such, it is believed that ischemic stroke may be prevented by
the protection of endothelial cell integrity (Fig. 2). On this basis, ANGPTL4 may be a viable
therapeutic target for ischemic stroke.

Despite the positive outcomes attained from ANGPTL4 treatment, as described above, other
groups have presented findings that contradict these. For example, Huang et al. reported that
the c-terminal fibrinogen-like domain of ANGPTLA4 could disrupt the integrity of the
vascular endothelium by directly interacting with integrin a5p1, VE-cadherin and claudin-5
in a sequential manner. ANGPTL4 can bind to integrin a5p1 and activate integrin a5p1-
mediated Rac1/PAK signaling to weaken cell—cell contacts (Huang et al., 2011).
Furthermore, it was also found that ANGPTL4 could lead to the degradation of VE-cadherin
and claudin-5, resulting in endothelial cell disruption (Huang et al., 2011). Padua et al.
reported that tumor cell-derived ANGPTL4 disrupted vascular endothelial cell—cell
junctions, increased the permeability of lung capillaries, and facilitated the trans-endothelial
transport of tumor cells (Padua et al., 2008). We postulate, based on these findings, that the
different effects of ANGPTL4 on vascular integrity may be dependent on the specific tissue
type, the physiology and pathophysiology micro-environment. Further studies are needed to
clearly delineate the functions and effects of ANGPTL4 on the endothelium.

3.2. ANGPTLA4 in inflammation

3.2.1. Inflammation in atherosclerosis—Inflammatory processes are a part of the
initiation, progression and rupture of lipid-rich atherosclerotic plaques (Montero-Vega,
2012; Ross, 1999). At every stage of the disease, the inflammatory response in atherogenesis
is mediated by monocyte-derived macrophages and specific subsets of T lymphocytes
(Jonasson et al., 1986; Ross, 1999). The role of macrophages in foam cell formation in the
vascular wall has been well established (Van Eck et al., 2000).

Several factors and agents can induce inflammation, including lipoproteins, homocysteine,
hypertension, diabetes, etc (Ross, 1999; Siegel et al., 2013). Circulating free fatty acids are
also known as risk factors for cardiovascular inflammation. Soto-Vaca et al. found that free
fatty acids may induce low-grade inflammation in human coronary arterial cells (Soto-Vaca
et al., 2013). Furthermore, Dasu and Jialal found that free fatty acids exacerbated high
glucose-induced toll-like receptor expression and activity in monocytes with excess
superoxide release, enhanced nuclear factor-xB (NF-xB) activity, and increased the release
of pro-inflammatory factors (Dasu and Jialal, 2011). Furthermore, Tripathy et al. reported
that increased FFA concentration induced oxidative stress, thereby promoting inflammation
(Tripathy et al., 2003).

3.2.2. ANGPTL4 in inflammation and atherosclerosis—Lipoprotein lipase,
produced by macrophages, has pro-atherogenic effects via the bridging of lipoproteins to
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cells and the extracellular matrix, thus promoting the retention of lipoproteins in the artery
wall and the formation of foam cells (Makoveichuk et al., 2012). Lipoprotein lipase is also
able to hydrolyze triglycerides, releasing fatty acids in plasma lipoproteins for metabolic use
in muscles and adipose tissue. ANGPTL4 serves as a potent inhibitor of lipoprotein lipase.
Hence, it can inhibit atherogenesis via regulating inflammatory signaling. Lichtenstein et al.
found that ANGPTL4, induced by chyle, protected against the severe pro-inflammatory
effects of saturated fats by inhibiting the low density lipoprotein-dependent uptake of fatty
acids by macrophages in the mesenteric lymph node. They also found that ANGPTL4
reduced macrophage foam cell formation, inflammatory gene expression, and the chyle-
induced activation of the endoplasmic reticulum (Lichtenstein et al., 2010). Their results
indicate that ANGPTLA4 is involved in both inflammation and atherogenesis. Moreover,
Georgiadi et al. demonstrated that ANGPTL4 reduced foam cell formation and decreased
atherosclerosis in atherosclerosis-prone apolipoprotein E*3-Leiden mice. In their study, the
authors found that ANGPTL4Tg.E*3-Leiden mice exhibited less pro-inflammatory markers,
with decreased accumulation of monocytes/macrophages in the atherosclerotic plaque,
suggesting an anti-inflammatory role of ANGPTL4 in atherosclerosis development. It
should be pointed out that the levels of plasma triglycerides and cholesterol were similar
between ANGPTL4Tg.E*3-Leiden mice and control E*3-Leiden mice, which indicated that
the anti-inflammatory effect of ANGPTLA4 did not rely on its mediation of lipid metabolism
(Georgiadi et al., 2013).

3.2.3.  From ANGPTLA4 to ischemic stroke: possible pathways in inflammation
—There are several pathways involved in ANGPTL4’s regulation of inflammation: (1)
Acute elevation of plasma free fatty acids can activate the pro-inflammatory 1«B kinase/
IxB-a/NF-xB and c-Jun N-terminal kinase pathways, resulting in the increased hepatic
expression of several pro-inflammatory cytokines, including tumor necrosis factor-a,
interleukin-1p and interleukin-6 (Boden, 1998; Boden et al., 2005; Itani et al., 2002; Ozcan
et al., 2004). (2) The elevation of fatty acids may activate toll-like receptor-4 signaling in
adipocytes and macrophages, leading to activation of the NF-xB pathway, which then
activates the transcription of certain pro-inflammatory genes that encode molecules such as
cytokines, chemokines and other effectors of the innate immune response (Dasu and Jialal,
2011). (3) Increased concentration of plasma free fatty acids induces the accumulation of
fatty acid coenzyme A and diacylglycerol, and activates protein kinase C, which has been
shown to activate nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, elevating
reactive oxygen species, and decreasing nitric oxide in vascular endothelial cells (Boden,
1998). ANGPTLA can inhibit the activation of lipoprotein lipase, and thus decrease the
production of fatty acids. (4) Sarang et al. found that Src family kinases were involved in the
regulation of pro-inflammatory cytokine production. ANGPTL4 can inhibit Src kinase
signaling, reducing the expression of several pro-inflammatory cytokines as a result (Sarang
et al., 2011). Since inflammation plays a key role in every stage of atherogenesis, and
atherogenesis is a crucial risk factor for ischemic stroke, we postulate that the inhibition of
inflammation by ANGPTLA4 can retard the process of atherosclerosis-related ischemic stroke

(Fig. 3).
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3.3. ANGPTLA4, oxidative stress, and atherosclerosis

3.3.1. Oxidative stress in atherosclerosis—Increasing evidence has highlighted the
role of oxidative stress in the promotion of atherosclerotic cardiovascular disease. Firstly,
oxidative stress can induce endothelial cell dysfunction, the initial step of atherogenesis.
Secondly, oxidative stress causes oxidation of low density lipoproteins, which are
phagocytized by macrophages, promoting the formation of foam cells. Thirdly, the increase
in reactive oxygen species reduces the production and consequent bioavailability of nitric
oxide, resulting in vasoconstriction, platelet aggregation, and adhesion of neutrophils to the
endothelium. In addition, oxidative stress may affect atherogenesis by increasing
transcription factors such as activator protein 1 and NF-xB, which can further increase the
expression of adhesion molecules (Mogiatzi et al., 2009). Factors that lead to atherosclerosis,
such as free fatty acids, also facilitate the production of reactive oxygen species, increasing
oxidative stress (Wang et al., 2009; Zhou et al., 2009, 2013).

3.3.2. ANGPTL4 in oxidative stress—Recently, Georgiadi et al. found that the
induction of ANGPTLA4 by dietary fatty acids was mediated by peroxisome proliferator-
activated receptor p/6. This was part of a feedback mechanism to protect cardiomyocytes
from lipid overload and the resulting fatty acid-induced oxidative stress (Georgiadi et al.,
2010). However, Zhu et al., from their study in tumors, arrived at a different conclusion.
They demonstrated that ANGPTL4 elevated superoxide (O,7°) levels and maintained a high
superoxide/hydrogen peroxide (O2™*/H,05) ratio in tumor cells. ANGPTL4 deficiency
resulted in diminished O,™* production and a reduced O, */H,0,, ratio, creating a cellular
environment conducive to apoptosis (Zhu et al., 2011). Further research is needed to verify
the relationship between ANGPTL4 and oxidative stress.

3.4. ANGPTLA4, triglycerides and atherosclerosis

Several clinical studies have suggested that high triglyceride content is an independent risk
factor for the development of atherosclerosis (lkeda et al., 2014; Labreuche et al., 2009;
Patsch et al., 1992; Schwartz and Reaven, 2012). Though there are many studies on the
relevance of triglycerides in atherosclerosis, the direct effect of triglycerides on the initiation
of atherosclerosis is not yet known, as triglycerides themselves cannot be detected in the
atherosclerotic region (Matsumoto et al., 2014). It has been reported that
hypertriglyceridemia can cause decreased serum high density lipoprotein cholesterol levels,
increased remnant lipoproteins, small low density lipoproteins and thrombogenic conditions.
In addition, triglyceride-rich lipoproteins were reported to be associated with endothelial
inflammation and dysfunction, which promotes atherosclerosis formation (Mano et al.,
1996; Miller et al., 2011; Nakaya, 2002; Wang et al., 2011).

Notably, it was found that over-expression of ANGPTLA4 in mice leads to extremely high
levels of triglycerides in blood, while ANGPTL4 knock-out mice had much lower
triglyceride levels in the blood (Yoshida et al., 2002). Against this background, ANGPTL4
may promote atherogenesis by increasing triglycerides. Conversely, ANGPTL4 can also
reduce the risk of atherogenesis by inhibiting lipoprotein lipase and decreasing the level of
fatty acids.
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4. ANGPTL4 and ischemic stroke

Several studies have shown that ANGPTL4 may reduce the risk of atherosclerosis in animal
models. Clinical studies are required to verify whether the same would be true in humans.
Katano et al. studied the role of ANGPTL4 in carotid plaques. They found that, in highly
calcified plaques, ANGPTL4 was up-regulated for anti-angiogenic modulation, in line with
the down-regulation of fibroblast growth factor receptor 2, which contributed to the stability
of the plaques (Katano and Yamada, 2014). It was highlighted that plaques, particularly
unstable ones, play a vital role in atherosclerotic diseases such as large-artery
atherosclerosis, coronary heart disease, and stroke. Understanding the relationship between
ANGPTL4 and the stability of atherosclerotic plaques would, therefore, enhance our
knowledge of and ability to intervene in these diseases.

5. Conclusion

ANGPTLA4 is involved in the pathophysiology of atherosclerosis and may therefore be
associated with ischemic stroke, as atherosclerosis is a major risk factor for ischemic stroke.
ANGPTL4 has effects on endothelial cell integrity, inflammation, oxidative stress, and lipid
metabolism. However, both positive and negative effects have been reported. The overall
effect of ANGPTL4 on atherosclerosis and ischemic stroke is therefore undefined. Further
research is needed to better understand ANGPTL4-mediated signaling pathways in
endothelial function and to determine its potentials as therapeutic target for atherosclerosis
and ischemic stroke.

List of abbreviations

ANGPTLA4 angiopoietin-like protein 4

NF-xB nuclear factor-xB

VEGF vascular endothelial growth factor

VE-cadherin vascular endothelial cadherin
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Fig. 1.
Potential links between ANGPTL4 and ischemic stroke.
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Fig. 2.
Possible pathways linking ANGPTL4, endothelial integrity, atherosclerosis, and ischemic

stroke. VEGF: vascular endothelial growth factor; MLCK: myosin light chain kinase; PI3K/
Akt: phosphatidylinositol 3-kinase (P13K)/Akt; NO: nitric oxide; Ang Il: angiotensin II;
ET-1: endothelin 1; IL-1,2,6: interleukins 1, 2, and 6.
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Fig. 3.
Possible pathways linking ANGPTL4, inflammation, atherosclerosis and ischemic stroke.

LPL: lipoprotein lipase; FFAs: free fatty acids; CoA: coenzyme A; DAG: diacylglycerol;
PKC: protein kinase C; ROS: reactive oxygen species; IKK: IkB kinase: JINK: c-Jun N-
terminal kinases; TLR4: toll-like receptor 4; TNF-a.: tumor necrosis factor-a.; SMCs:
smooth muscle cells.
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