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Abstract

Avrterial inflammation and remodeling, important sequellae of advancing age, are linked to the
pathogenesis of age-associated arterial diseases, e.g., hypertension, atherosclerosis, and metabolic
disorders. Recently, high-throughput proteomic screening has identified milk fat globule
epidermal growth factor VIl (MFG-E8) as a novel local biomarker for aging arterial walls.
Additional studies have shown that MFG-ES8 is also an element of the arterial inflammatory
signaling network. The transcription, translation, and signaling levels of MFG-E8 are increased in
aged, atherosclerotic, hypertensive, and diabetic arterial walls in vivo as well as activated vascular
smooth muscle cells (VSMC) and a subset of macrophages in vitro. In VSMC, MFG-ES8 increases
proliferation and invasion as well as the secretion of inflammatory molecules. In endothelial cells
(EC), MFG-ES8 facilitates apoptosis. In addition, MFG-E8 has been found to be an essential
component of the endothelial-derived microparticles that relay biosignals and modulate arterial
wall phenotypes.

This review mainly focuses upon the landscape of MFG-E8 expression and signaling in adverse
arterial remodeling. Recent discoveries have suggested that MFG-E8 associated interventions are
novel approaches for the retardation of the enhanced rates of VSMC proliferation and EC
apoptosis that accompany arterial wall inflammation and remodeling during aging and age-
associated arterial disease.
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Introduction

Central arteries are composed of 3 layers: the tunica intima, the tunica media and the tunica
adventitia. Over a lifespan, arterial endothelial cells (EC), vascular smooth muscle cells
(VSMC), as well as the elastin and collagen matrices in each layer are adversely remodeled
via intimal-medial thickening, collagen deposition, and elastin fiber fragmentation [1-3].
Under varying pathophysiological conditions, adverse arterial remodeling facilitates
endothelial dysfunction, intima cellularity, and monocyte infiltration [1-3]. These changes
act as an impetus for the initiation and progression of vascular diseases such as
hypertension, atherosclerosis, stroke, and arterial metabolic syndromes [1-4].
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Milk fat globule-epidermal growth factor-8 (MFG-ES8), also known as lactadherin or
secreted epidermal growth factor repeat and discoidin domain containing protein-1 (SED1),
was initially identified as a bridging molecule that released an “eat-me signal” between
apoptotic cells and phagocytic macrophages [5—-7]. Growing evidence has indicated that
MFG-ES8 is a secreted inflammatory mediator that orchestrates diverse cellular interactions
involved in the pathogenesis of various diseases, including vascular metabolic disorders and
some tumors [8-12]. Recently, not only has MFG-E8 expression emerged as a molecular
hallmark of adverse cardiovascular remodeling with aging [2, 3, 13, 14], but MFG-E8
signaling has also been found to mediate the vascular outcomes of cellular and matrix
responses to the hostile stresses associated with hypertension, diabetes, and atherosclerosis
[15-19]. Increased MFG-ES8 signaling promotes endothelial prothrombosis and triggers EC
apoptosis, thus contributing to a disruption of the endothelium [20, 21], an enhancement of
VSMC proliferation and invasion, as well as the deposition and amyloidization of the
extracellular matrix [14, 21-31].

In this review, we focus on MFG-E8 expression and signaling during adverse arterial
remodeling and explore the potential for MFG-E8-related interventions to be novel
approaches for the retardation of the enhanced VSMC proliferation and EC apoptosis that
accompanies arterial wall inflammation and, ultimately, to slow the adverse remodeling that
accompanies age-associated arterial disease.

Milk fat globule-epidermal growth factor-8 (MFG-E8)

In 1990, a unique cDNA and its corresponding translated protein was identified and then
sequenced in mouse mammary epithelial cells [32]. The gene was named as MFG-ES8 since
it is enriched in Milk Fat Globules and contains amino acid sequences similar to that of
Epidermal growth factor (EGF) and blood clotting factor V111 [32]. The MFG-E8 gene is
located on chromosome 1 in rats (RGD: 3083), chromosome 7 in mice (MGI: 102768), and
chromosome 15 in humans (HGNC: 7036) [33, 34]. Due to pre-RNA alternative splicing,
there is both a long and a short variant of the MFG-E8 mRNA expressed [33, 35, 36]. Figure
1 schematically illustrates MFG-E8’s protein structure: The N-terminal domain has 2 EGF-
repeats, the second of which contains a conserved Arg-Gly-Asp (RGD) integrin-binding cell
adhesion motif. The C-terminal domain has 2 C domains homologous to the C1 and C2
domains found in blood-clotting factor V and VI1II which usually bind to anionic
phospholipids (phosphotydIserine/phosphatidylethanolamine, PS/PE) in a wide variety of
cellular interactions. Although both splicing variants have been documented in rodents, only
the short variant has been found in humans [33, 34, 37, 38]. The long variant contains an
extra proline/threonine (P/T) rich domain between the second EGF-like repeat and the C1
domain [33, 37-39]. Furthermore, MFG-ES8 is highly glycosylated in vivo, including both
N- and O-glycosylation [38—41]. Notably, O-glycosylation only occurs on Thr residues of
the long variant P/T rich domain and is critical for MFG-E8’s ability to deliver its “eat-me-
signal.” The glycosylated region can easily bend, facilitating physical interactions between
cellular debris and macrophages [41].

In addition to interacting with extracellular phosphotydlserines or
phosphatidylethanolamines, MFG-E8’s C terminus can also bind to collagen via its
discoidin domains, homologous to those present in the collagen receptors DDR1 and DDR2,
facilitating the turnover of the extracellular matrix, in particular, collagen [42].

Expression of MFG-E8 during arterial remodeling

Although MFG-E8 gene expression is abundant within smooth muscle cells (SMC) of the
fetal aorta [43, 44], fetal SMC MFG-E8 mRNA levels markedly decrease after knocking out
the platelet derived growth factor-isoform BB (PDGF-BB) gene [43]. It is well-known that
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PDGF-BB is not only a potent mitogen for VSMC, but also a key cellular chemoattractant in
arterial restructuring [5], suggesting that MFG-ES8 plays a crucial role in arterial remodeling.
Indeed, MFG-ES8 signaling is involved in both cardiovascular development and
cardiovascular diseases (Table 1) [14, 15, 17-19, 23, 24, 26, 37, 43-52].

Aging—During aging, both MFG-E8 transcription and translation increase within the
arterial walls and hearts of various species [14, 23, 24, 46]. MFG-E8 with or without
glycosylation is markedly up-regulated in rat aortic walls with aging as well [Figure 2A]
[14]. Importantly, increased levels of MFG-ES8 are also present within both aged honhuman
primate and human arterial walls (Figure 2B and C) [14].

Vascular amyloidosis is markedly increased in the elderly [51]. Prior studies have shown
that a 50 amino acid polypepetide called medin, derived from MFG-E8’s C2-like domain,
not only tightly binds to tropoelastin but also eventually incorporates into arterial amyloids
[23, 24 26, 28, 29]. These medin amyloids are commonly observed within arterial walls,
including that of both the aorta and the temporal artery, in Caucasian populations over 50
years of age [23, 24, 26]. Recent study has shown that aortic medin amyloids serve as a
trigger for amyloid A-derived amyloidosis [50].

In healthy humans, levels of serum MFG-ES8 increase with advancing age and positively
correlate with arterial pulse wave velocity (PWV), an index of arterial stiffness [52].

Atherosclerosis—High levels of MFG-E8 have been detected within endothelial cells,
SMC, and macrophages of atherosclerotic aortae in both mice and humans [15, 17].
Interestingly, MFG-ES8 is heterogeneously expressed and only detected in a subset of
macrophages found in aortic atherosclerotic lesions [17]. Furthermore, in the advanced
atherosclerotic plaques found in murine models, decreased macrophage MFG-E8 levels are
associated with an inhibition of apoptotic cell engulfment, leading to the accumulation of
cellular debris during the pathogenesis of atherosclerosis [15].

Hypertension—Hypertension is a serious complication of renal disorders. It is noteworthy
that MFG-EB8 levels are dramatically increased in renal hypertensive aortic walls [16].
Furthermore, circulating MFG-E8 levels also increase within both hypertensive rats and
patients with advanced kidney failure and are closely associated with increases in blood
pressure, adverse matrix remodeling, and arterial stiffness (PWV) [16].

Diabetes mellitus—With advancing diabetic mellitus, macrovascular walls are adversely
remodeled, leading to intimal-medial thickening and contributing to the development of
cardiovascular complications; and retinal grow microvessels aberrantly, in part via the
proliferation and migration of pericytes, resulting in an increase in neoangiogenesis and
contributing to diabetic retinopathy [18, 53-55]. Recent studies have demonstrated that
MFG-ES8 is highly expressed within the proliferative aorta of rats with diabetes induced by
streptozocin (STZ), a naturally occurring chemical particularly toxic to insulin-producing
beta cells within the pancreas [18], and MFG-ES8 has been involved in the pericytes-
associated neoangiogenesis orchestrated by platelet-derived growth factor (PDGF) signaling
[53, 54]. Furthermore, circulating MPs mediated by MFG-E8 are closely associated with
both microvascular and macrovascular complications of type 1 diabetes mellitus in humans
[55]. Serum MFG-ES8 levels positively correlate with levels of monocyte chemo-attractant
protein-1 (MCP-1), tumor necrosis factor alpha (TNF-al), and glycosylated hemoglobin
Ajqc (HbA ) as well as 2 h postprandial blood glucose and carotid-femoral pulse wave
velocity (PWV) in elderly patients with type 2 diabetes mellitus [52]. These findings suggest
that an abundance of MFG-ES8 is an important precipitating factor for the development of
diabetic vascular complications.
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Aneurysm/dissection—Arterial aneurysm/dissection is a complication of advanced stage
hypertension and atherosclerosis. Interestingly, medin amyloid has been detected in
specimens from patients afflicted by either thoracic aortic aneurysms or type A aortic
dissection [26]. Surprisingly, medin amyloid deposition is significantly lower within
aneurysm and dissection specimens compared with that of normal regions [26]. Focal medin
immunoreactivity, however, is conspicuously found in the diseased media at sites of smooth
muscle necrosis and degradation of matrix [26].

Arteritis—Medin amyloid deposits have been found in temporal artery biopsies from
patients with histological signs of giant cell arteritis [24]. Immunoelectronic microscopy has
indicated that these deposits appear to be topographically closely related to elastic fibers.
Furthermore, fragmented elastic materials immunolabelled for medin are often found to be
engulfed by giant cells (phagocytes) [24].

The diverse role of MFG-E8 within vascular cells

In vitro studies and network-based computer analyses show that a functional
interdependence between MFG-E8 and other molecular components exists within arterial
walls [14, 16, 56]. These findings suggest that MFG-ES8 plays a diverse role in vascular cells
and vascular inflammation (Figure 3) [14, 16, 56].

Vascular smooth muscle cells (VSMC)—MFG-ES8 is not only abundantly expressed in
fetal, aged, atherosclerotic and hypertrophied VSMC of arterial walls (Table 1), but is also
one of most repressed genes in resting VSMC [27]. These findings suggest that MFG-E8
plays multiple roles in the VSMC stress response.

MFG-ES is a secreted protein and an element of the angiotensin Il (Ang I1)-induced VSMC
secretome [14, 57]. Chronic exposure of VSMC to intact MFG-E8 markedly increases
MCP-1 activity [14] while chronic exposure of VSMC to medin fragments significantly
increase secreted matrix metalloproteinase type-11 (MMP-2) levels and cellular necrosis
[26]. Furthermore, MFG-E8 mediates the Ang II/MCP-1/VSMC invasion signaling cascade
[14]. Interestingly, both Ang Il- and MFG-E8-associated increases in VSMC invasive
capacity are substantially inhibited by either viral CC chemokine inhibitor (vCCl), an
MCP-1 CC chemokine receptor 2 blocker, or MFG-E8 RNA interference [14].

Both recombinant human MFG-E8 (rhMFG-E8) treatment and an over-expression of full-
length MFG-ES8 via adenavirus infection not only elevates the levels of VSMC cell cycle
accelerators such as phosphorylated-ERK1/2, cyclin-dependent kinase 4 (CDK4), and
proliferating cellular nuclear antigen (PCNA), but also enhances bromodeoxyuridine (BrdU)
incorporation and proliferation [22]. Small RNA interference of MFG-E8 reduces the levels
of PCNA and CDK4 expression in VSMC [22].

Endothelial cells—Endothelial integrity is a key to vascular health. However, both aging
and metabolic disorders increase EC susceptibility to apoptosis, in part, due to increases in
advanced glycation end-products (AGEs) [58]. The overexpression of MFG-E8 induces EC
apoptosis via an up-regulation of the Bax/Bcl-2 ratio, cytochrome c release, and caspase-9
and caspase-3 activation [20, 21]. MFG-ES8 silencing inhibits caspase-3 activity and reduces
the phosphorylation of glycogen synthase kinase 30, thus lowering AGEs-induced EC
apoptosis [20, 21].

A growing body of evidence indicates that microparticles (MPs) derived from activated or
apoptotic EC damages the endothelium. MPs are heterogeneous populations of vesicles with
diameters ranging from 100 to 1000 nm that are released by plasma membrane budding
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from either activated or apoptotic cells [59-61]. Circulating MPs are significantly elevated
in the elderly as well as in hypertensive, type | diabetic, and atherosclerotic patients [59, 60].
They play multiple roles in endothelial remodeling and display a broad spectrum of
bioactive substances and receptors and harbor a concentrated set of cytokines, signaling
proteins, mMRNA, and microRNA, all of which contribute to proinflammatory signaling and
cellular interactions in the pathogenesis of vascular disorders (Figure 4) [59-63].

MPs promote the formation of platelet strings on the surface of EC via the MFG-E8/reactive
oxygen species (ROS) signaling axis, thus contributing to endothelial dysfunction [55, 62].
Interestingly, ECs can internalize MPs within a few hours through a process involving
MFG-ES8 and generate ROS via xanthine and the nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase [55]. This process promotes platelet/endothelial cell
interactions under flow, contributing to vasculopathy [55]. Furthermore, MPs induce
endothelial dysfunction by altering the balance of nitric monoxide (NO), ROS, and
intercellular adhesion molecule-1 (ICAM-1) inflammatory mediator production and release
[63]. Recent studies have also shown that circulating MPs affect arterial remodeling and are
involved in the pathogenesis of atherosclerotic lesions in ApoE deficient mice on a high fat
diet [64, 65].

Macrophages—MFG-E8 has been detected in a subset of macrophages within
atherosclerotic lesions in situ [17]. In vitro studies show that the levels of MFG-ES8 in
macrophages isolated from the peritoneum of male LDR-/- mice fed a high fat diet
decrease in comparison to that of cells from mice fed a low fat diet in response to cholesterol
treatment [66]. MFG-E8 functions as an “eat-me bridge molecule” for macrophages that
phagocytize apoptotic cells, alleviating inflammatory responses [15]. These studies suggest
that an upregulation of MFG-ES8 in macrophages enhances the clearance of apoptotic
cellular debris known as a cellular efferocytosis and prevents the progression of
atherosclerosis [15]. Other studies, however, show that MFG-ES8 is markedly upregulated in
advanced plaques and seems to promote the progression of atherosclerosis [17]. Further
studies have shown that the macrophage secretome can activate VSMC via the liberation of
depressed growth factor genes such as MFG-ES8 [27]. Activated macrophages and VSMC
synergistically release, MFG-E8, PDGF, transforming growth factor-betal (TGF 1), and
epidermal growth factor (EGF) [27, 67], and thus activating more VSMC and increasing
their proliferation, migration and secretion in a paracrine or autocrine manner [14, 22, 27].
Macrophage-derived MFG-ES8 also enhances the survival of unhealthy (moribund) EC [67].
Furthermore, MFG-E8 promotes the formation of endothelial neovascularization in a
vascular endothelial growth factor (VEGF)-dependent manner, which plays an important
role in the progression of advanced atherosclerotic plaques [68]. These findings suggest that
macrophage MFG-E8 may also enhance the progression of atherosclerosis. Taken together,
it is quite clear that MFG-E8 expression in macrophages has diverse roles in the
pathogenesis of atherosclerosis and should be an area for further study.

Extracellular matrix—The vascular extracellular matrix (ECM) is essential for the
structural integrity of arterial walls and serves as a platform for the binding and retention of
infiltrated circulating and secreted vascular cell molecules that are key components of
intercellular communication within the arterial wall. The DDR-like sequence within the
discoidin domain of MFG-ES8 is not only able to bind to collagen, but also contributes to its
turnover in the extracellular matrix [28-31, 42, 69]. Immunostaining and proteomics
analyses have also demonstrated that MFG-ES8 is a secreted extracellular adhesive molecule
within both the aortic extracellular space and aortic valves [28-31]. An abundance of MFG-
E8 in aortic valves is related to local stimulus responses, including mechanical stress and
blood flow turbulence, which may play an important role in the initiation and progression of
congenital and acquired valve diseases [30].
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Furthermore, the MFG-E8-derived medin is co-localized with elastic fibers of older arteries
[28, 29]. Medin binds to tropoelastin in a concentration-dependent fashion and forms
amyloid-like fibrils within the extracellular space of arterial walls [28, 29]. It has also been
found in the B-sheets of amyloid proteins [70], suggesting that MFG-E8 fragments may play
an amyloidogenic role in aged arterial walls.

Interventions of MFG-ES8 signaling

Indirect interventions

Anti-hypertensive drugs. Angiotensin converting enzyme (ACE) inhibitor, enalapril, is
commonly prescribed for the treatment of hypertension and heart failure. Interestingly, the
administration of enalapril to hypertensive rats markedly decreases MFG-E8 deposition
within the aorta while simultaneously reducing PWV, an index of arterial stiffness [16].
Furthermore, B-receptor blockers are also commonly prescribed for treatment of
hypertension and heart failure. Exposure of VSMC to Carvedilol, a B-receptor blocker,
suppresses MFG-E8 expression, and maintains VSMC quiescence [25].

3-hydr oxy-3-methylglutaryl-coenzyme A (HM G-CoA) reductase inhibitors: The
incidence of hyperlipidemia markedly increases within the elderly with or without disorders
such as obesity, hypertension and atherosclerosis [71, 72]. HMG-CoA reductase inhibitors
(statins) are widely prescribed and have been shown to effectively reduce the morbidity and
mortality of cardiovascular disease [73]. As mentioned before, circulating MPs mediated by
MFG-ES8 have been associated with endothelial dysfunction [74-77]. Fluvastatin treatment
substantially reduces circulating MPs, and consequently improve endothelial function,
which may be associated with an inhibition of MFG-ES8 signaling [78]. Details regarding the
statins/MFG-ES8 signaling axis are still unknown and thus, require further study.

Anti-platelet drugs: The incidence of thrombosis is increased in the elderly with or without
vascular disorders [79]. The thienopyridine P2Y12 antagonists clopidogrel and prasugrel
substantially suppress endothelial and platelet-derived MPs and prevent cardiovascular
events [80]. These salutary roles may result from a blockade of MFG-ES8 signaling, which
need to be further clarified.

Anti-diabetic drugs: It is known that glibenclamide, a sulfonylurea, can be used to treat
diabetes type 2 via plasma glucose level control. It is known that both insulin and glucose
increase MFG-E8 production from adipocytes [81]. However, whether those effects are
directly mediated by MFG-ES8 signaling is unknown and need to be addressed in the future.

Natural polyphenols: Resveratrol or grape-seeds proanthocyanidin extract (GSPE)
procyanidine is part of a complex family of polyphenol polymers that are widespread in
nature, and are present within many processed products such as grape wines, few fruits, and
vegetables. GSPE and Resveratrol significantly reduce MFG-E8 expression in EC induced
by AGEs [18]. Moreover, treatment of EC with both GSPE and Resveratrol significantly
inhibits EC apoptosis induced by AGEs via a down-regulation of MFG-ES8 signaling [20,
21].

Direct interventions—Silencing MFG-E8 substantially inhibits not only VSMC
proliferation and invasion but also EC apoptosis [14, 20, and 21]. In addition, Angiolix
(HuMc3), a humanized monoclonal antibody against MFG-E8/lactadherin, has considerable
potential for treating cancer, particularly breast and ovarian cancers [82]. Whether Angiolix
effects cardiovascular remodeling, however, remain unknown.
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Concluding remarks

MFG-E8 signaling is an element of the inflammation network in cardiovascular
development and pathophysiology. This hybrid protein plays a diverse role in vascular
endothelial cells, SMC, macrophages, and matrix remodeling. The up-regulation of MFG-E8
and its derived medin are closely associated with adverse arterial remodeling in aging,
hypertension, aneurism/dissection, arteritis, and diabetes. Down-regulation of MFG-E8
signaling reduces endothelial cell apoptosis, and SMC proliferation/invasion in vitro.
Furthermore, a blockade of MFG-E8 signaling in vivo is closely linked to the alleviation of
hypertensive-and metabolic-associated adverse arterial restructuring. Taken together,
targeting MFG-ES8 has the potential to become a novel strategy to combat age-associated
arterial metabolic disorders and may merit further development.
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Schematic depicting the structure of MFG-E8. EGF: epidermal growth factor domain; C1
and C2: discoid domains or coagulation factor V or VIII-homologous domains. PT: proline/
threonine-enrich motif.
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Figure2.
MGF-E8 protein within the aortic wall in rats (A), monkeys (B), and humans (C). From Fu
Z etal [14].
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Diagram of a diverse role for MFG-ES8 in vascular cells.
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Figure4.
Diagram of multiple roles for microparticles in the arterial wall.
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Table 1

MFG-EB8-related cardiovascular remodeling

Classification MFG-E8 expression  References

Cardiovascular development Increase/decrease 43,44, 47, 48

Cardiovascular aging Increase 14, 23, 24, 46, 50, 51

Hypertension Increase 14,16

Atherosclerosis Increase/decrease 15, 17

Aneurysm/dissection Increase/decrease 26

Arteritis increase 23,24

Diabetic vasculopathy Increase 18, 20, 21, 52

Heart hypertrophy/heart failure  Increase 19, 49
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