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Vascular diseases, such as myocardial infarction and cerebral infarction, are most commonly caused by atherosclerosis,
one of the leading causes of death worldwide. Several types of cells, such as vascular (endothelial cell), vascular-
associated (smooth muscle cell and fibroblast) and inflammatory cells, are involved in plague formation, plaque rupture
and thrombus formation, which result in atherosclerosis. Gangliosides, a group of glycosphingolipids, are expressed on
the surface of vascular, vascular-associated and inflammatory cells, where they play functional roles. Here we introduce
gangliosides expressed on those cells and their relevance to vascular diseases.
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| 1. Introduction

Blood vessel-constituting cells (ECs, VSMCs, fibroblasts) can be involved in atherosclerosis, leading to vascular diseases.
Gangliosides are expressed on these cells (see Table 1) and their relevance to vascular diseases is detailed below.

Table 1. Functional roles of endogenous or exogenous gangliosides in vascular and vascular-associated cells.
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| 2. ECs and Gangliosides

To date, several gangliosides have been reported to be expressed on ECs. In bovine aortic endothelial cells (BAECS),
GM3 and GM1 are endogenously expressed®2. Endogenous cell surface GM1 functions as a coreceptor for basic
fibroblast growth factor (bFGF) in transformed fetal bovine aortic endothelial GM 7373 cells [26]. Exogenous addition of
GM1 or GM2 inhibits bFGF-induced proliferation of BAECs, whereas GM3 enhances bFGF-induced proliferation23!. In
human umbilical vein endothelial cells (HUVECS), exogenous addition of GD1a enhances vascular endothelial growth
factor (VEGF)-induced signaling, involved in proliferation and migrationil. In contrast, exogenous addition of GM3 inhibits
angiogenesis via inhibition of the binding of VEGF to VEGF receptor (VEGFR)-2 and induction of VEGFR dimerization[24],
In addition, Kim et al. reported that exogenous addition of GM3 inhibits VEGF-induced intracellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 expression, leading to reduced monocyte adhesion to HUVECsE
Furthermore, they showed that pre-injection of GM3 in mice inhibits VEGF- and VEGF/tumor necrosis factor alpha
(TNFa)-induced expression of adhesion molecules in vein tissues2. In human aortic endothelial cells (HAECs), a-series
gangliosides GM1 and GD1a and b-series gangliosides are expressed on the cell surface28. To identify the specific
gangliosides contributing to EC dysfunction in aging, we investigated the effects of changes in individual cell surface
gangliosides in HAECs. We found that GM1 expression increases with cellular senescence on the cell surface of HAECs.
Increased GM1 levels do not affect the induction of cellular senescence. On the other hand, they lead to a decrease in
insulin signaling related to reduced nitric oxide (NO) production. In addition, GM1 expression is high in HAECs derived



from elderly people, suggesting its involvement not only in cellular senescence, but also in the decrease in endothelial
function that accompanies aging. These results show that GM1 is involved in endothelial function during cellular
senescence and aging and is closely linked to vascular diseasel27[26],

Vascular insulin resistance induced by inflammatory cytokines is associated with the initiation and development of
vascular diseases. In humans, circulating TNFa levels increase with aging28!, suggesting a correlation between vascular
insulin resistance and plasma TNFa levels. We showed in HAECs stimulated with TNFa that GM1 expression levels on
cell membranes change depending on time of exposure and concentration of TNFa and are associated with the regulation
of the insulin signaling cascade2d. These results suggest that cell surface GM1 is a key player in the induction of vascular
insulin resistance mediated by TNFa during inflammation. Thus, GM1 has great potential as an EC extracellular target for
prevention and cure of vascular diseases24.

Numerous studies have demonstrated that ECs are capable of undergoing EndMT, a newly recognized type of cellular
trans-differentiationd41 EndMT-derived cells have typical mesenchymal morphology and functions, such as acquisition
of movement ability and contractile properties. EndMT is considered to participate in the pathogenesis of several
cardiovascular diseases. However, to date, no report is available on the involvement of gangliosides in EndMT. Epithelial
cells can undergo a process called epithelial-mesenchymal transition (EMT), which is similar to EndMT. In the human
epithelial lens cell line HLE-B3, TGF-1, one of the EMT up-regulators induces higher expression of GM3. In turn,
interaction of GM3 with the TGF-B-receptor promotes EMT#Z. Among breast cancer stem cells, a small portion of cells
exhibits co-expression of ganglioside GD2 and CD44high/CD24low. GD2 expression is associated with EMT induction[43.
Based on these findings, the contribution of gangliosides to EndMT could be at least speculated. Future studies are
needed to clarify the relationship between gangliosides and EndMT and thus, aid the development of novel prevention
and therapeutic strategies for vascular diseases.

| 3. VSMCs and Gangliosides

VSMC proliferation is associated with the development and progression of cardiovascular diseases. GD3 has a dual role
in modulating proliferation and apoptosis of VSMCs!&l, and increased levels of GD3 are known to be associated with
atherosclerosis [61]. Overexpression of GD3 attenuates platelet-derived growth factor (PDGF)-induced activation of the
extracellular signal-regulated kinase (ERK) pathway and suppresses the proliferation of mouse VSMCsl. Furthermore,
overexpression of GD3 leads to inhibition of TNFa-induced MMP-9, which is implicated in the progression of
atherosclerotic lesions4l. In addition, several studies have shown the accumulation of GM3 in atherosclerotic lesions!42!,
A study carried in mouse VSMCs has shown that TNFo-induced proliferation and induction of MMP-9 are inhibited upon
GM3 overexpression. In this study, treatment with anti-GM3 antibodies reversed the inhibitory effects of GM3, indicating
that GM3 controls VSMC proliferation and migration during the formation of atherosclerotic lesions [64]. In contrast, in rat
aortic VSMCs, exogenous addition of GM1 and GM2, but not GM3, induces activation of the ERK pathway and promotes
VSMC proliferation®9.

VSMCs are not terminally differentiated and can change their phenotype in response to environmental cues, such as
growth factors/inhibitors, mechanical influences, cell—cell and cell-matrix interactions, extracellular lipids and lipoproteins,
and various inflammatory mediators present in the injured artery wall8l. Dedifferentiation of VSMCs into macrophage-like
cells can be promoted by activation of Kruppel-like factor 4, which is one of the pluripotency transcription factors
controlled by PDGF-BB signaling®448!, |n the neuroblastoma cell line SH-SY5Y, exogenous addition of GM1, GM2, GD1a
or GT1b inhibits phosphorylation of the PDGF receptor (PDGFR), resulting in suppressed cell growth, whereas growth
inhibition mediated by exogenous GM3 acts downstream of PDGF signal transduction®2. In Swiss 3T3 cells,
overexpression of GM1 by transfection of f4GalNAcT1 and B3GalT4 inhibits PDGF-BB-stimulated growth due to PDGFR
dispersion from lipid rafts®®9. Furthermore, exogenous addition of GM1 promotes the osteogenic differentiation of human
tendon stem cells via reduction of PDGFR phosphorylationll. On the other hand, the contribution of gangliosides to
PDGF-BB signaling in VSMCs still has to be clarified, but it could be speculated from the reports cited above that
gangliosides are involved in PDGF-BB signaling-mediated dedifferentiation of VSMCs.

| 4. Fibroblasts and Gangliosides

In human fibroblasts derived from fetal lung, GM3 and GD3 are the most commonly expressed gangliosides and their
expression decreases in long-term cultures, in which cells undergo senescencel®d. Exogenous GM3 and GD1a promote
epithelial growth factor (EGF)- or bFGF-stimulated proliferation of normal human dermal fibroblastsi. Additionally, GM3
synthase-deficient skin-derived human fibroblasts exhibit reduction of EGF-stimulated proliferation and migration22. In
contrast, embryonic fibroblasts derived from GM3 synthase knock-out mice exhibited higher growth potential than wild-



type cells due to suppression of the MAPK pathway™4. GD3 is a structural component of the autophagosome and
exogenous administration of GD3 activates autophagy in normal human skin-derived fibroblastsi3l. In rat heart
fibroblasts, exogenous GM1 protects from apoptosis through induction of the synthesis of sphingosine 1-phosphatel22],
Despite the functional role of gangliosides in fibroblasts has been demonstrated, the specific type of gangliosides and
organs from which fibroblasts originate need to be taken into account. In fact, different organ-derived fibroblasts, such as
skin- and oral-derived fibroblasts, exhibit different levels of hyaluronic acid and different growth responses upon TGF-1
stimulation[23]. Therefore, further functional investigation of gangliosides (particularly in heart-derived fibroblasts) is
required to clarify their contribution to cardiovascular diseases.

During atheromatous plaque formation, myofibroblasts differentiated from fibroblasts elicit collagen deposition and
neointimal expansion in the intima. TGF-P1 signaling is known to regulate myofibroblast differentiation®4l. As described
above, GM3 and GD2 contribute to TGF-B1 signaling [59,60]. In addition, raft GM1 is important for TGF-B1-stimulated
myofibroblast differentiation in human skin-derived fibroblasts®2. To date, the direct contribution of gangliosides to
myofibroblast differentiation has not been clarified. Therefore, further studies are required, although it can be speculated
that gangliosides GM3, GM1 and GD2 are involved in myofibroblast differentiation.

| 5. Inflammatory Cells and Gangliosides

In human neutrophils, expression of GSLs is heterogeneous and complex ganglioside mixtures, including GM1 and GM3,
exist1€l, Mature neutrophils express the highest levels of GM1X8LY Fyrthermore, when cells undergo apoptosis,
expression of GM1 at the cell surface is lost at an early stage. Thus, GM1 is considered a marker for detection of aged
neutrophilsi&l,

It is well known that GD3 is the most abundantly expressed ganglioside on the surface of almost all mast cellsi8. |t has
also been shown that elevated expression levels of GM3, GM2, GM1 and GD1a can be observed during maturation of the
human mast cell line HMC-119 and that exogenous GM3 inhibits interleukin (IL)-3-stimulated cell proliferation of bone
marrow-derived mouse mast cellsl2d. In addition, it has been reported that cross-linking of GD1b-derived gangliosides
activates RBL-2H3, a rat mast cell line, leading to the release of inflammatory cytokines, such as IL-4, IL-6 and TNFal2ll,

Monocytes and macrophages express high levels of GM3 in both humans and micel2Z. Cultured human macrophages
yield about seven times the amount of GM3 (per million cells) of peripheral blood monocytes2&l. In the human pre-myeloid
leukemia cell line HL-60 and histiocytic lymphoma cell line U937, exogenous GM3 induces monocytic cell differentiation
and notably, GM3 increase during macrophage-like cell differentiation2Z. GM3 synthase levels are significantly higher in
human monocyte-derived macrophages than in monocytes and GM3 has been considered as a physiological modulator of
macrophage differentiation in human atherosclerotic aorta®d. In bone marrow-derived macrophages, peritoneal
macrophages and the Raw264.7 macrophage cell line, exogenous GM1 contributes to the induction of arginase-1, a
major M2 macrophage marker, and to the secretion of monocyte chemoattractant protein-1 (MCP-1) through CD206-
mediated activation of signal transducer and activator of transcription (STAT) 623,

Human T cells express both GM3 and GM1, which are clustered in lipid rafts and considered to be involved in T cell
activation24l. Furthermore, other gangliosides (GD1a, GD1b, GT1b, etc.) have been detected at minor levels in human T
cellsl®UBL . |t has been demonstrated that GM1 expression is upregulated in human CD8* T cells upon IL-2 stimulation22!,
In human CD4* T cells, exogenous GM3 and GM1 downregulate the cell surface expression of CD4, inhibiting lymphocyte
function-associated antigen-1-dependent adhesion28. In murine T cells, GM3, GM1, GD1b and GD3 are expressed
similarly to human T cells. Murine CD4* T cells express higher levels of ST3GALS5 than CD8* T cells to synthesize a- and
b-series gangliosides (GM1 and GD1b). In contrast, murine CD8* T cells express more B4galntl, resulting in higher levels
of o-series gangliosides(Z.

Taken together, these data show that gangliosides in inflammatory cells are prominently involved in atherosclerosis.

| 6. Other Types of Cells and Gangliosides

In human platelets, GM3 is major ganglioside and GD3 is synthesized after activation2Z. Additionally, exogenous GM3
and GM1 induce the activation of human platelets, resulting in Ca2* mobilization and shape change?d. GD3 selectively
stimulates human platelet adhesion, spreading and aggregation28], Kim et al. showed that exogenous GD2 induces
apoptosis in human platelets by cross-linking Siglec-72.



In 3T3-L1 mouse adipocytes, increased expression of GM3 upon TNFa stimulation induces insulin resistance through

interaction between GM3 and the insulin receptor®ll. Furthermore, GM3 expression is elevated upon inflammatory

conditions in primary mouse adipocytes and adipose tissues®3l. Insulin resistance in mouse adipocytes causes the

production of MCP-1, which recruits monocytes and activates proinflammatory macrophages€4.,
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