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Abstract: Heart disease is widely believed to develop from two pathological processes.
Circulating lipoproteins containing the nondegradable lipid, cholesterol, accumulate
within the arterial wall and perhaps are oxidized to more toxic lipids. Both lipid
accumulation and vascular reaction to the lipids lead to the gradual thickening
of the vascular wall. A second major process that in some circumstances is a
primary event is the development of a local inflammatory reaction. This might be
areaction to vessel wall injury that accompanies infections, immune disease, and
perhaps diabetes and renal failure. In this chapter, we will focus on the relationship
between de novo synthesis of sphingolipids and lipid metabolism, atherosclerosis,
and cardiomyopathy.

INTRODUCTION

Coronary artery disease is widely believed to develop from two pathological processes.
Circulating lipoproteins containing the nondegradable lipid, cholesterol, accumulate within
the arterial wall and perhaps are oxidized to more toxic lipids. Both lipid accumulation
and vascular reaction to the lipids lead to the gradual thickening of the vascular wall. A
second major process that in some circumstances is a primary event is the development
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of a local inflammatory reaction. This might be a reaction to vessel wall injury that
accompanies infections, immune disease and perhaps diabetes and renal failure.

Lipid accumulation is associated with a number of other diseases. These include
nonalcoholic liver disease, Type 2 diabetes due to reduced insulin secretion' and skeletal
muscle insulin resistance? and some forms of cardiomyopathy.? Several mechanisms have
been proposed to explain how lipid accumulation leads to organ dysfunction: (1) direct
toxic effects of neutral droplets or fatty acids (FAs) on myofibrillar function* (2) reactive
oxygen species (ROS) generated as a toxic by-product of lipid oxidation® (3) FA-induced
apoptosis® (4) diacylglycerol induced activation of signaling pathways such as those
mediated by protein kinase Cs.” When the balance between oxidation and FA uptake is
altered, excess FA must enter pathways for nonoxidative metabolism. This anomalous
lipid metabolism is thought to lead to dysfunction of nonadipose tissues. One alternative
route to utilize the FA surplus is via the sphingolipid biosynthetic pathway.

Dysregulation of the sphingolipid biosynthetic pathways associated with excess FA
uptake and accumulation may be a central metabolic derangement in lipotoxicity and
atherosclerosis. This could occur due to changes in plasma levels of circulating lipids
or inappropriate lipid uptake by cells/tissues. Correction of the induced sphingolipid
biosynthesis excess could become a treatment for diseases such as atherosclerosis and
lipotoxicities. Sphingomyelin (SM) is one of the major lipid components in plasma and
of cell membranes. Plasma SM levels are an independent risk factor for coronary artery
disease, i.e.,independent of cholesterol.® In mice, reduction of plasma and liver SM leads
to a concomitant reduction of atherosclerosis; this was achieved by pharmacological
inhibition of serine palmitoyltransferase (SPT).”* Macrophage deficiency of sphingomyelin
synthase 2 (SMS2), the last enzyme for SM biosynthesis, decreases plasma membrane
SM levels and decreases atherosclerosis in a mouse model.’ Cardiac dysfunction caused
by lipid accumulation in heart'® and insulin resistance associated with dietary or infused
saturated FAs!! is ameliorated by inhibition of ceramide biosynthesis. These observations
emphasize the need for abetter understanding of sphingolipid metabolism in cardiovascular
diseases. In this chapter, we will focus on the relationship between de novo synthesis of
sphingolipids and lipid metabolism, atherosclerosis and cardiomyopathy.

SPHINGOLIPID BIOSYNTHESIS

The biochemical synthesis of SM occurs through a series of reactions involving
the enzymes serine palmitoyltransferase (SPT), 3-ketosphinganine reductase, ceramide
synthase, dihydroceramide desaturase and sphingomyelin synthase (Fig. 1).

Located in the endoplasmic reticulum (ER) membrane, SPT is the rate-limiting
enzyme in the pathway.'>? Mammalian SPT contains two subunits, Sptlcl and Sptlc2,
encoding 53- and 63-kDa proteins, respectively.'*!4 The subunits are homologous (about
20% identity)'*!* and this is probably relevant to their formation of a heterodimer.
Both Sptlcl and Sptlc2 have a single, highly hydrophobic N-terminal transmembrane
domain.'>'* Neither appears to be glycosylated.'* Indirect immunocytochemical analysis
with epitope-tagged Sptlcl indicates that the N- and C-termini of both subunits are
oriented to the lumen and cytosol, respectively.'s A third possible subunit, Sptlc3'® has
68% homology with Sptlc2 and 20% homology with Sptlcl. Over-expression of Sptlc3
in Hek293 cells led to a 2-3 fold increase in cellular SPT activity.
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Figure 1. Sphingolipid biosynthesis in mammals. SPT, serine palmitoyltransferase; SMS, sphingomyelin
synthase.

Silencing of Sptlc3 expression in HepG2 cells resulted in a significant reduction of
cellular SPT activity, but not a complete loss.'® The authors speculated that Sptlc3 was
an isoform of Sptlc2, each binding Sptlc1 independently and that varying the amounts
of Sptlc2 and -3 might be a cellular mechanism to adjust SPT activity to meet tissue
specific requirements for sphingolipids.

In yeast SPT is composed of a heterodimer of 2 highly-related subunits, Lcblp
and Lcb2p, and a third subunit, Tsc3p, which increases enzyme activity markedly
and is required for growth at elevated temperatures.!” Recently, 2 proteins, ssSPTa
and ssSPTb, which despite sharing no homology with Tsc3p, substantially enhances
the activity of mammalian SPT expressed in either yeast or mammalian cells, were
identified. These proteins are evidence for an evolutionarily conserved family of low
molecular weight proteins that confer full SPT enzyme activity.'® The small subunits
of mammalian SPT confer distinct acyl-CoA substrate specificities.'®* SMS is located
mainly in the cis-, medial-Golgi'*?' and plasma membranes.?***

There may also be a form of SMS in the trans-Golgi network® and the nucleus.
SMS activity has been found in chromatin and chromatin-associated SM'S modifies the
SM content.?” Two SMS genes, SMS1 and SMS2, have been cloned and characterized
for their cellular localization.?®?* SMS1 is found in the trans-Golgi apparatus, while
SMS2 is predominantly found in the plasma membranes®*3° and also Golgi apparatus.?*°
SMS1 and -2 expression positively correlates with levels of cellular SM and SM in
lipid rafts.3!-

The sphingolipid biosynthesis pathway impacts cellular production of at least
three bioactive lipids: ceramide, diglyceride, and sphingosine-1-phosphate; and two
structure-related lipids: sphingomyelin and phosphatidylcholine. In this chapter, we
focus on sphingomyelin and ceramide.
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ROLE OF SPHINGOMYELIN (SM) IN LIPOPROTEIN METABOLISM

Sphingomyelin (SM) is a major component of cell membranes and both atherogenic
and anti-atherogenic lipoproteins. Chylomicrons, very low density lipoprotein (VLDL)
and low density lipoprotein (LDL) are atherogenic lipoproteins, while high density
lipoproteins (HDL) are antiatherogenic ones. Chylomicrons, VLDL and LDL are enriched
with SM.!

SM and Chylomicron/VLDL Metabolism

The primary metabolic role of VLDL and chylomicrons is to transport endogenous
and dietary triglyceride used for energy, structural lipids and storage. Triglyceride located
on these particles is hydrolyzed into free FAs by lipoprotein lipase (LpL) associated with
the luminal surface of capillaries.** In vitro studies indicate that SM in these lipoproteins
inhibits the action of LpL (Fig. 2). Kuksis et al** compared LpL hydrolysis of TG using
three emulsions as substrates for the enzyme: phosphatidylcholine (PC)/TG, PC/SM/TG,
and PC/phosphatidylethanoloamine (PE)/TG. They found that SM-containing emulsion had
the lowest TG clearance rate in vitro. Saito et al’” and Arimoto et al*® found that SM, but not
cholesterol, significantly inhibited TG lipolysis by LpL in a SM concentration-dependent
manner. Lobo and Wilton* and Cantin et al** showed that cholesterol inclusion in the
PC surface coat of a TG emulsion stimulated lipolysis by LpL, but that this stimulation
was eliminated by adding SM.

\ LCAT
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@ — | Extra hepatic

' tissues
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Figure 2. Role of SM in regulation of lipoprotein metabolism. Increased plasma SM inhibits lipoprotein
lipase (LpL) and hydrolysis of triglyceride in chylomicrons and VLDL. This latter action reduces the
production of LDL. Maturation of nascent HDL is inhibited by SM. SM inhibits LCAT activity and
formation of cholesterol ester in HDL is reduced. SM also inhibits SR-BI, a HOL receptor.
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SM and Apolipoprotein E-Containing Lipoprotein Metabolism

Apolipoprotein E (ApoE) is a protein which has anti-atherogenic property. Bound to
plasma lipoproteins, it is a ligand for cell uptake by the LDL receptor (LDLR), the LDL
receptor-related protein (LRP) and heparan sulfate proteoglycans.*'*> ApoE also influences
the assembly and secretion of lipoproteins*** and cholesterol efflux to HDL.* Arimoto
et al reported that SM in lipoproteins delays remnant clearance by decreasing the binding
of apoE to cell membrane receptors.*® Sphingomyelinase causes particle aggregation in
artificial lipid emulsions of TG/PC/SM by degradation of SM to ceramide. ApoE prevents
this aggregation,*” implying an interaction between SM and apoE. To clarify the role of
SM in lipoprotein uptake, Morita et al* prepared lipid emulsions containing triolein, PC
and SM as model particles of reconstituted lipoproteins. Incorporation of SM into the
emulsion surface reduced the binding capacity of apoE without changing its affinity for
the receptors on the surface of hepatocytes. Surface SM reduced apoE-mediated uptake
of emulsions by HepG2 cells because of the decreased amount of binding apoE. The
stimulatory effect of LpL on emulsion uptake was decreased by replacing surface PC with
SM. These results suggest that SM-induced changes in the binding properties of apoE and
LpL correlate with decreased hepatic uptake of lipid particles. Lucic et al found that apoE
expression also increased SM secretion from macrophages and this SM was colocalized
with apoE in secreted lipoprotein particles.* Although the in vivo significance of these
findings to apoE-containing lipoprotein metabolism is not yet established, they may be
highly relevant during the increase in the SM content of plasma lipoproteins that occurs
following a large lipid load* or apoE deficiency.”!

SM and HDL Metabolism

HDLs are well-known anti-atherogenic lipoproteins. HDL particles are involved in the
process of reverse cholesterol transport which removes cholesterol from peripheral tissues
and cells. The cholesterol on HDL becomes cholesterol ester (CE) through the activity
of lecithin:cholesterol acyltransferase (LCAT). The CE of HDL may then be delivered
to liver or steroidogenic tissues by the scavenger receptor B1 (SR-B1)°2 (primary fate)
or transferred, via plasma cholesteryl ester transfer protein (CETP) to LDL and TG-rich
lipoproteins in exchange for TG.*

These processes may be affected by the presence of SM in HDL. SM inhibits LCAT
by decreasing its binding to HDL* (Fig. 2). A negative correlation between the SM
content of HDL and LCAT activity was observed in studies with proteoliposomes or
reconstituted HDL.>

Rye, Hime and Barter”” found that SM influences the structure of discoidal and
spherical HDL and confirmed that SM inhibits the LCAT reaction.

Macrophage cholesterol efflux plays an important role in reverse cholesterol transport,
an anti-atherogenic process.*® However the capacity of mouse plasma to mediate cholesterol
efflux from mouse macrophages supplemented with different concentrations of SM was
not altered. This result indicated that plasma SM levels might not have a direct effect on
cholesterol efflux (Li and Jiang unpublished observation).

SR-Bl s the first molecularly defined receptor for HDL and can mediate the selective
uptake of CE into cells. Subbaiah et al®® investigated the effect of SM in lipoproteins on
the selective uptake in three different cell lines: SR-Bl-transfected CHO cells, hepatocytes
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(HepG2) and adrenocortical cells (Y1BS1). They found that SM in the lipoproteins
regulates the SR-BImediated selective uptake of CE, possibly by interacting with the
sterol ring or with SR-BI itself.

Akey function of HDL SM may be to regenerate HDL during normal lipid metabolism
such as after liver SR-B1 extracts CE from spherical HDL and releases some lipid-free
apoAl protein. Addition of SM-enriched phospholipids and cholesterol to apoA 1 produces
a new lipoprotein species optimized to accept cholesterol from cells, thus restarting
HDL growth.®

SPHINGOMYELIN AND ATHEROSCLEROSIS

Atherosclerosis is an inflammatory disease characterized by the production of a
wide range of chemokines and cytokines. Atherogenesis is initiated by the interaction of
cholesterol-rich lipoproteins with the arterial wall.*! Many processes have been implicated
in early atherogenesis, including lipoprotein oxidation,®>¢3 lipoprotein retention and
aggregation,®¢’ endothelial alteration,® monocyte recruitment, macrophage chemotaxis
and foam cell formation®! and smooth muscle cell migration and alteration.®!

Two sets of evidence indicate that both the amount of SM in the aortic wall and
the SM levels in plasma are closely related to the development of atherosclerosis: (1)
SM accumulates in atheromas formed in human and animal models.®** LDL extracted
from human atherosclerotic lesions is much richer in SM than LDL from plasma.”7” A
substantial amount of the SM found in arteries and atherosclerotic lesions appears to arise
from synthesis in the arterial tissues.”®’ SM concentration is also significantly increased
in macrophages treated with acetyl-LDL plus an acyl-CoA:cholesterol acyltransferase
(ACAT) inhibitor.*® (2) Even in atherosclerotic lesions, the rate of SM formation
is relatively slow compared with the rate of total choline-containing phospholipid
synthesis,®! suggesting that additional factors contribute to intimal SM accumulation.
The ratio of SM to PC is increased by 5-fold in VLDL from hypercholesterolemic
rabbits.®> ApoE knockout (KO) mice are a well known atherogenic model. Plasma SM
levels in these mice are 4-fold higher than in wild type mice®' and this may contribute
to the increased atherosclerosis.’** We also found that human plasma SM levels and
SM/PC ratio are independent risk factors for coronary heart disease.®®> Moreover,
SM-rich (1%) diet significantly increases plasma SM levels, LDL aggregation and
atherosclerotic lesions in LDL receptor KO mice.? All these data suggest that plasma
SM plays a critical role in the development of atherosclerosis. SM on LDL retained
in atherosclerotic lesions is hydrolyzed by an arterial wall sphingomyelinase, which
promotes aggregation by converting SM to ceramide®'-® (Fig. 3).

There are two ways of preventing this atherogenic event, the first being to reduce
sphingomyelinase levels. Indeed, it has recently been reported that apoE KO mice
lacking sphingomyelinase have decreased development of early atherosclerotic lesions
and, more important, decreased retention of atherogenic lipoproteins compared with
apoE KO matched for similar lipoprotein levels.’” The second way of preventing
atherogenicity is by reducing SM levels in the atherogenic lipoproteins through
inhibition of the SM biosynthesis pathway in the lipoprotein-producing tissues such
as the liver and small intestine.
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Figure 3. Role of sphingomyelin in aggregation of atherogenic lipoprotein. Generation of ceramide by
sphingomyelinase aggregates intimal atherogenic lipoproteins and leads to early atherogenesis. Inhibition
of SM de novo synthesis decreases sphingomyelinase substrate SM, thus decreasing aggregation of
intimal lipoproteins.

SM and Cholesterol Metabolism

Giventhatall pathways of cholesterol efflux require cholesterol transport to the plasma
membranes, the identification of molecules mediating or regulating this transport process is
animportant goal. Leventhal etal,*® reported that lysosomal sphingomyelinase is involved
in cholesterol transport from lysosomes to the plasma membranes. Sphingomyelinase
hydrolyzes SM in late endosomes and lysosomes.® Because SM avidly binds cholesterol,***!
SM hydrolysis by sphingomyelinase enables cholesterol transport through preventing
cholesterol sequestration by SM. Interestingly, humans with sphingomyelinase deficiency
(Types A and B Niemann-Pick disease) have low plasma HDL cholesterol levels,’> which
could result from defective cholesterol efflux.”

In macrophages, ABCA1 exports cholesterol and phospholipid to lipid-free
apolipoproteins, while ABCG1 and SR-BI export cholesterol to phospholipid-containing
acceptors.” ABCA1-dependent cholesterol exportinvolves aninitial interaction of apoA-I
with lipid raft membrane domains.”>*® ABCA1 expression causes a change in overall
lipid packing of the plasma membrane, probably through its ATPase-related functions.
Such reorganization by ABCA1 effectively expands the nonraft membrane fractions and
consequently preconditions cells for cholesterol efflux.”” ABCGI exports cholesterol to
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HDL and other phospholipid-containing acceptors. These include particles generated
during lipidation of apoA-I by ABCAI, suggesting that the two transporters cooperate
in cholesterol export.”® ABCG1 is mainly found intracellularly in the basal state, with
little cell surface presentation. But on stimulation, for example by liver X receptor
(LXR) agonist treatment, ABCG]1 redistributes to the plasma membranes and increases
cholesterol mass efflux to HDL.* SR-BlI facilitates cholesterol efflux from macrophages.!®
Inactivation of macrophage SR-BI promotes atherosclerotic lesion development in apoE
KO mice.'”' Intheliver, ABCA1 makes amajor contribution to the HDL in the circulation.
Liver-specific ABCA1 KO mice decrease plasma HDL by about 80% compared with
controls.'”%!% SR-BI is a multifunctional receptor capable of binding a wide array of
native and modified lipoproteins. SRBI is abundantly expressed in liver and steroidogenic
tissues, where it mediates the selective uptake of cholesteryl esters from HDL.!%4105 A
definitive role for SR-BI in HDL metabolism and reverse cholesterol transport in vivo
has been demonstrated using different transgenic and knockout mouse models. ABCGl1
is also expressed in the liver,'” but its function in the liver is still not well characterized.

The apical membranes of intestinal cells are enriched in SM and cholesterol,'”’
indicative of the presence of lipid rafts.!®1% Lipid rafts on the enterocyte apical membrane
play an important role in cholesterol absorption and trafficking.!!%!!!

ABCA1,ABCG1,and SR-Bl arelocated in the plasma membrane rafts (SR-BI),!!>!13
or associated with membrane lipid rafts (ABCA1 and ABCG1).”+7!"* It is therefore
conceivable that fundamental changes in SM levels of the plasma membranes influence
the functions of these proteins and alter cholesterol homeostasis. In peripheral tissues,
SM regulation of reverse cholesterol transport proteins could affect atherosclerosis.
Enhanced apoAl-dependent cholesterol efflux by ABCA1 from SM-deficient Chinese
hamster ovary (CHO) cells has been reported.!'®

Serine Palmitoyltransferase (SPT) and Atherosclerosis

Plasma SM and other sphingolipid intermediates play important roles in the
development of coronary artery disease. It is conceivable that regulation of SM
biosynthesis can alter SM levels in the plasma and on the membrane, thus influencing
the process of atherosclerosis. How is SM synthesis regulated in vivo and which steps
are critical?

SPT Inhibitors

Myriocin, sphingofungins and lipoxamycin are potent and highly selective
naturally occurring inhibitors of SPT, inhibiting fungal and mammalian SPT in cell-free
preparations with ICy, values in the nanomolar range''®!'"® (Fig. 4). Structurally they
resemble the transient intermediate postulated to form in the condensation of L-serine
and palmitoyl CoA. Consistent with this, the inhibitory activity of sphingofungin B
is highly dependent on its stereochemistry.!'* Myriocin-linked resins bind the Sptlc1/
Sptlc2 complex tightly.!?® All the inhibitors significantly inhibit SM accumulation in
both cultured cells and in vivo.''6-118
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Figure 4. Structures of sphingosine and inhibitors of serine palmitoyltransferase.

The Effect of SPT Inhibition in Mouse Atherosclerosis

Park etal”and Hojjatti et al®* have reported that myriocin treatment (oral administration
and intraperitoneal injection, respectively) decreases plasma SM levels and atherosclerosis
inapoE KO mice. Myriocin treatment also can induce lower lipid levels in apoE KO mice.'”!
However, both administration methods led to reduced atherosclerosis, whereas only oral
administration of myriocin lowered plasma cholesterol levels.” Oral administration may
reduce cholesterol absorption in small intestine. When wild type and apoE KO animals
were treated with myriocin, the mice absorbed significantly less cholesterol than controls
with no observable pathological changes in the small intestine. Myriocin treatment also
increased insulin sensitivity.!! Thus, myriocin has direct anti-atherosclerosis vascular
effects and also has the potential to function as a plasma lipid-lowering agent.

Homozygous Sptlc1 and Sptle2 KO mice are embryonic lethal, whereas heterozygous
versions of both animals, Sptlc1*~ and Sptlc2+-, are healthy. Compared with wild type
mice, Sptlc1*- and Sptlc2*~ mice had: (1) decreased liver Sptlcl and Sptlc2 mRNA
by 44% and 57%, respectively and (2) decreased liver SPT activity by 45% and 60%,
respectively. However, these animals had no change in plasma SM, triglyceride, total
cholesterol, phospholipids and liver SM levels.'*

Heterozygous Sptlc1 (a subunit of SPT) knockout mice also absorbed significantly less
cholesterol than controls. To understand the mechanism, the protein levels of Niemann-Pick
Cl-like 1 (NPC1L1),ABCG5and ABCA, threekey factors involved in intestinal cholesterol
absorption were measured. NPC1L1 and ABCA1 were decreased, whereas ABCG5 was
increased in the SPT deficient small intestine. SM levels on the apical membrane were
also measured and they were significantly decreased in SPT deficient mice, compared with
controls.'? These results suggested that SPT deficiency might reduce intestinal cholesterol
absorption by altering NPC1L1 and ABCGS5 protein levels in the apical membranes of
enterocytes through lowering apical membrane SM levels. Thus, manipulation of SPT
activity could provide a novel alternative treatment for dyslipidemia.
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Regulation of SPT

A. Transcriptional and posttranscriptional regulation: Although the mechanism
underlying the regulation of SPT is largely unknown, studies described below have
begun to provide insight into transcriptional and posttranscriptional regulation.
Sptlel and Sptlc2 mRNA and SPT enzyme activity levels increase in response to
several types of inflammatory and stress stimuli. Intraperitoneal administration
of endotoxin to Syrian hamsters stimulates SPT activity 2 to 3-fold in the liver,
spleen and kidney, with a concomitant increase in the levels of Sptlc2 mRNA
and SM."?*1% Similar changes are observed upon administration of interleukin 1
(IL-1), an inflammatory cytokine.'* Irradiation of epidermal cells with ultraviolet
light also affects Sptlc1 and Sptlc2 mRNA levels.'?® The expression of Sptlcl
mRNA is also up-regulated in the pancreatic islets of leptin receptor-deficient
obese fa/fa rats. This is suggested to be a response to an increase in intracellular
fatty acid.'”’

B. Activity regulation: Consistent with the ubiquitous presence of SM in
mammalian cells, SPT enzyme activity has been detected in many tissues
and cell preparations.'?® The levels of SPT activity varies with development.
For example, in rat lung, SPT activity increases progressively from the fetal
to neonatal period and reaches a plateau at the adult stage.'” The levels of
SPT activity in several animal tissues are affected by diet.!3*!3! A major mode
of regulation of SPT activity occurs through substrate supply. It has been
reported that the greatest activity was obtained with palmitoyl-CoA supply.'*?
Pentadecanoyl-and heptadecanoyl-CoAs are also effective. In mammalian
cells, palmitoyl CoA is one of the most abundant acyl-CoA types. Therefore,
palmitoyl CoA is the predominant acyl-CoA substrate of SPT in vivo.!*

Sphingomyelin Synthase (SMS) and Atherosclerosis

SMS is the last enzyme for SM biosynthesis. Its activity directly influences SM, PC
and ceramide, as well as diacylglycerol (DAG) levels.'? Manipulating SMS activity also
can regulate plasma and membrane SM levels.

The Effect of SMS2 Overexpression and Deficiency on Mouse Lipoprotein Metabalism

To evaluate the in vivo role of SMS2 in SM metabolism, SMS2 KO and SMS2
liver-specific transgenic (LTg) mice were created and their plasma SM and lipoprotein
metabolism were characterized.'* On a chow diet, SMS2 KO mice had reduced
plasma SM levels, but no significant changes in total cholesterol, total phospholipids,
or triglyceride, compared with wild type littermates. On a high-fat diet, SMS2 KO
mice showed a significant decrease in plasma SM levels, whereas SMS2LTg mice
showed a significant increase in those levels, but no significant changes in other lipids.
Atherogenic lipoproteins from SMS2LTg mice displayed a significantly stronger
tendency toward aggregation after mammalian sphingomyelinase treatment, compared
with controls. Moreover, SMS2 deficiency significantly increased plasma apoE levels
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(2.0-fold), whereas liver-specific SMS2 overexpression significantly decreased those
levels (1.8-fold). Finally, SMS2 KO mouse plasma promoted cholesterol efflux from
macrophages, whereas SMS2LTg mouse plasma prevented it.!* These results indicated
that SMS2 is one of the determinants for plasma and liver SM levels in mice.

SMS and Apoptosis

It is believed that disordered apoptosis may occur in atherogenesis, leading to
death of lipid-rich foam cells, promoting lipid core formation.'*® In two previous
papers, investigators reported controversial results regarding the relationship between
SMS activity and cell apoptosis. Van der Luit et al** reported that SMS1 gene
knockdown alters the plasma membrane raft structure and reduces the internalization of
alkyl-lysophospholipid, thereby reducing cell apoptosis rates. Separovic et al'*¢ reported
that SMS1 overexpression suppresses cell apoptosis mediated by photo damage; however,
they did not show the effect of SMS1 overexpression on membrane lipid rafts. Based
on previous results,'?” it is believed that SMS1 and SMS2 overexpression increases SM
levels in the lipid rafts on plasma membranes and promotes a more external appearance
for TNFareceptor 1 (awell-known receptor in lipid rafts)!* following TNFo stimulation,
thereby promoting CHO cell apoptosis. SMS1 and SMS2 knockdown by siRNA reduces
SM levels in lipid rafts on the plasma membrane and reduces the number of TLR4 (which
are also well known for their presence in lipid rafts)'** that are presented on the plasma
membrane after LPS stimulation, thereby reducing macrophage apoptosis. Indeed, after
LPS stimulation, SMS1/SMS2 knockdown macrophages contained significantly less
TLR4 on the cell surface than control macrophages."’

Manipulation of SMS activity alters cellular DAG levels and, thus, may also
contribute to apoptosis. Cerbon et al demonstrated that pharmacological inhibition of
SMS reduces cellular DAG levels and PKC activity.'* SMS1 or SMS2 overexpression
significantly increases DAG levels in CHO cells, while SMS 1 or SMS2 gene knockdown
significantly reduces DAG levels in THP-1-derived macrophages.'” DAG can regulate
both conventional and novel PKCs,'*! a family of serine/threonine kinases that regulate
a diverse set of cellular processes, including proapoptotic and pro-survival processes.
PKCS is generally considered a growth inhibitory or proapoptotic PKC,**!% while
PKCs is considered a pro-survival factor.'*>!* It is possible that in both CHO cells
and THP-1-derived macrophages, regulation of SMS1 or SMS2 activity by either the
overexpression of their genes or gene knockdown could modulate DAG-mediated PKC
activity, thereby influencing cell apoptosis.'*’

Manipulation of SMS activity also alters cellular ceramide levels and this may
also contribute to apoptosis. Overexpression of both SMS1 and SMS2 is accompanied
by increased levels of ceramide, as well as SM.'¥” Separovic et al reported the same
phenomenon when they overexpressed SMS1 in Jurkat cells.!*® This may be due the
complexity of this enzyme which can catalyze bidirectional reaction.? The ceramide:SM
ratio increases in cells that overexpress SMS compared with controls.'®” This may
represent another mechanism for the increased apoptotic potential of these cells, given
that ceramide is a bioactive lipid that is well known for promoting cell apoptosis. #3146
However, ceramide levels did not change in THPderived macrophages after they were
exposed to SMS siRNA."*7 This indicates that the ceramide level might not be important
in SMS-knockdown—induced macrophage apoptosis.
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SMS and NFxB and MAP Kinase Activation

The accumulation of macrophage-derived foam cells in the vessel wall is always
accompanied by the production of a wide range of chemokines, cytokines and growth
factors.'¥” These factors regulate the turnover and differentiation of immigrating and
resident cells, eventually influencing plaque development. One of the key regulators of
inflammation is NF«kB,'*® which has long been regarded as an atherogenic factor, mainly
because of'its regulation of many of the inflammatory genes linked to atherosclerosis.'*-'*

Depletion of cholesterol from rafts causes a redistribution of TNFa receptor 1
to nonraft plasma membrane, preventing NFxB activation'' or ligand-induced RhoA
activation'**and such treatment also inhibits inflammatory signals mediated by TLRs.'*
Studies also suggest that NFxB activation is triggered by SM-derived ceramide.'>* On
the contrary, it has been also shown that ceramide is not necessary or even inhibits
NF«B activation.'>* Luberto et al'** found that D609, a nonspecific SMS inhibitor, blocks
TNFa-and phorbol ester-mediated NFkB activation that was concomitant with decreased
levels of SM and DAG. This did not affect the generation of ceramide, suggesting SM
and DAG derived from SM synthesis are involved in NFkB activation. Hailemariam et al
found that NFxB activation and its target gene expression are attenuated in macrophages
from SMS2 KO mice in response to LPS stimulation and in SMS2 siRNA-treated HEK
293 cells after TNFa simulation.'® In line with attenuated NFxB activation, it was
found that SMS2 deficiency substantially diminished the abundance of toll like receptor
4 (TLR4)-MD2 complex levels on the surface of macrophages after LPS stimulation
and SMS2 siRNA treatment reduced TNFa-stimulated lipid raft recruitment of TNFo
receptor-1 in HEK293 cells.'*® Thus, SMS2 is a modulator of NFxB activation and
could play an important role in NFkB-mediated atherogenic process (Fig. 5).
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Figure 5. Mechanism of reduced atherosclerosis by deficiency of sphingomyelin synthase 2.
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SMS2 deficiency may also influence signal transduction pathways other than NFxB
activation. The activation of MAP kinases was attenuated in SMS2 KO macrophages.!'>

Macrophage SMS2 Deficiency and Atherosclerosis

In order to evaluate the relationship between macrophage SMS2 deficiency and
atherosclerosis, we transplanted SMS2 KO mouse bone marrow into LDL receptor
KO (Ldlr’~) mice (SMS2~- macrophages Ldlr’-), creating a mouse model of SMS2
deficiency in the macrophages. After 3 months on a Western diet, SMS2 deficiency
decreased atherosclerotic lesions in the aortic arch, root (57%, P < 0.001) and the
entire aorta (42%, P < 0.01), compared with wild type macrophages transplanted into
Ldlr~- mice. Analysis of plaque morphology revealed that SMS2 macrophage deficiency
produced less necrotic core area (71%, P < 0.001) and more collagen content (35%,
P < 0.05) in atherosclerotic lesions and less free cholesterol and cholesteryl ester levels
in the brachiocephalic artery. Therefore, SMS2 deficiency in the macrophages reduces
atherosclerosis in mice. Macrophage SMS2 is thus a potential therapeutic target for
treatment of this disease’ (Fig. 5).

CERAMIDE IN LIPOTOXIC CARDIOMYOPATHY

Cardiomyopathy, an outcome of many chronic cardiovascular diseases that is
often found in patients with diabetes, is sometimes associated with increased heart
content of lipids.

Diabetic cardiomyopathy accounts for increased morbidity and mortality after
myocardial infarction in diabetic compared with nondiabetic patients.'*’

The heart utilizes FFA as an important major fuel source. Over 70% of the energy
needs for cardiac function comes from oxidation of FA, with the balance provided by
carbohydrates and lactate.!*®!% FFAs derived from the hydrolysis of TG stored in adipose
tissue bind to circulating albumin and are delivered to heart. Alternatively, TG-rich
lipoproteins are internalized by receptor-mediated processes and are hydrolyzed to liberate
FFA inside the cells.'® When cardiac FA uptake is elevated due to fasting, diabetes or
obesity, 1192 excess fatty acyl CoAs and unesterified F A not used for oxidation can be stored
in TG. In animal models of obesity and diabetes, TG accumulation in heart is associated
with impaired contractile function; this suggests that excess TG or its metabolites are
toxic.*!®* These potentially toxic metabolites include ceramide and DAG. Ceramide is
also increased in hearts of obese Zucker with impaired myocardial contractility.> Cardiac
overexpression of PPARa and long chain acyl-CoA synthetasel traps greater levels of
FFAs in the hearts and the synthesis of ceramide are activated due to increased substrate
availability for ceramide synthesis.'®*

Mice with cardiac overexpression of glycosylphosphatidylinositol membrane-
anchored LpL mice (LpLgp) also have increased increased cardiac ceramide and apoptosis
markers including cytosolic cytochrome c, caspase 3 expression and activity.'®® Park
et al demonstrated that inhibition of ceramide biosynthesis by myriocin or heterozygous
deletion of Sptlcl leads to decreased expression of some apoptotic genes and improved
cardiac contraction in LpLgp,.'? In this study, blockage of ceramide biosynthesis appears
to modulate mitochondrial substrate oxidation (Fig. 6). LpLgp hearts have increased
uptake of FFA and rely on FA oxidation for cardiac energy production. A potential
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Figure 6. Role of ceramide in modulation of cardiac energetics. Increased uptake of lipids into the
hearts alters the balance of glucose and fatty acid metabolism and causes dilated cardiomyopathy.
Inhibition of SPT ameliorates cardiac failure by restoring cardiac function by balancing the substrate
oxidation of glucose and fatty acids.

mechanism is that pharmacological and genetic inhibition of SPT upregulated pyruvate
dehydrogenase kinase-4 and decreased the rate of glucose oxidation.

However, glucose uptake is increased in LpLgp hearts. This paradoxical fate of
glucose is explained by accumulation of glucose in a form of glycogen with increased
phosphorylated glycogen synthase 3f." In isolated perfused LpLgp hearts, myriocin
restored cardiac efficiency, enhancing myocardial energetics by maintaining cardiac
performance at a lower oxygen cost. Even with improved cardiac function and balanced
substrate utilization by myriocin treatment, a longterm treatment of LpLgp; mice with
myriocin only partially rescued the survival rate. A potential reason is due to involvement
of other lipid metabolites in cardiac dysfunction. Altered PKC signalling pathway by
DAG and toxicity of FFA are the probable candidates for cardiac failure. More studies
should be followed to distinguish the role of ceramide from other lipid metabolites.

CONCLUSION

Coronary heart disease and heart failure are major causes of mortality in developed
countries.

Although presently known risk factors have some predictive value for the disease,
a major part of the variability in this process remains unexplained. In addition, therapy
aimed at lowering LDL cholesterol reduces only a small fraction (roughly 30%) of the
burden of atherosclerotic disease. It is extremely important to find new approaches for
better understanding of the disease and for treating it. Exploration of the SM biosynthesis
pathway is one such approach. SM is implicated as a biochemical modulator of lipoprotein
metabolism and atherosclerosis and ceramide is suggested as a metabolic switch
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determining substrate preference for cardiac energetics. One highly important aspect of
the reported work is the discovery that inhibiting sphingolipid biosynthesis may have great
therapeutic value for the treatment of atherosclerosis and cardiac failure. To confirm this,
aprospective clinical study in human populations should be followed to evaluate whether
plasma SM is a real risk factor for atherosclerosis. In addition, sphingolipid biosynthesis

is

tightly linked to development of insulin resistance, obesity and atherosclerosis. The

mechanisms of sphingolipid biosynthesis involved in these chronic diseases need to
be further elucidated in detail. Thus, sphingolipid modulation in atherosclerosis and
ardiomyopathy will provide a therapeutic rationale to cure the patients inflicting with
these chronic diseases.
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