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Abstract

The endothelium, inner layer of blood vessels,
constitutes a metabolically active paracrine,
endocrine, and autocrine organ, able to sense
the neighboring environment and exert a
variety of biological functions important to
preserve the health of vasculature, tissues,
and organs. Sphingolipids are both fundamen-
tal structural components of the eukaryotic
membranes and signaling molecules
regulating a variety of biological functions.
Ceramide and sphingosine-1-phosphate
(S1P), bioactive sphingolipids, have emerged
as important regulators of cardiovascular
functions in health and disease. In this review
we discuss recent insights into the role of
ceramide and S1P biosynthesis and signaling
in regulating endothelial cell functions, in
health and diseases. We also highlight
advances into the mechanisms regulating
serine palmitoyltransferase, the first and rate-
limiting enzyme of de novo sphingolipid bio-
synthesis, with an emphasis on its inhibitors,
ORMDL and NOGO-B. Understanding the
molecular mechanisms regulating the
sphingolipid de novo biosynthesis may

provide the foundation for therapeutic modu-
lation of this pathway in a variety of
conditions, including cardiovascular diseases,
associated with derangement of this pathway.
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8.1 Endothelium: Structure
and Functions

In 1628 William Harvey first described a network
of vessels separating the blood from tissues. In
1661 Marcello Malpighi reported the existence of
capillaries and red blood cells (RBC) by using the
microscope. Only in 1800s Wilhelm His observed
and coined the word “endothelium” to describe
the inner layer lining of blood vessels and
cavities. The endothelium has been initially con-
sidered as an “inert” physical barrier between
blood and tissues. Over the years, the concept of
endothelium gradually evolved from that of semi-
permeable barrier to a metabolically active para-
crine, endocrine, and autocrine organ, able to
sense the neighboring environment and exert a
variety of biological functions important to main-
tain physiological homeostasis of the vasculature,
tissues, and organs (Fig. 8.1).
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Endothelial cell-to-cell adhesion is mainly
maintained by tight and adheres junctions (AJ),
which are transmembrane adhesive protein com-
plex that interacts with intracellular cytoskeleton
[1], providing a functional barrier regulating
paracellular permeability and cellular polarity.
As ultrastructure studies began to unfold in the
1960s, the endothelium appeared having a hetero-
geneous structure throughout the vascular tree,
mirroring its diversified functions. For instance,
the endothelium of the arteries and arterioles in
the heart, brain, and muscle is non-fenestrated and
continuous, with organized and tighter junctions
than post-capillary venules. The latter are the
primary site of plasma proteins and leukocytes
extravasation during inflammation; therefore, the
endothelial junctions are more loose and disorga-
nized to better support their functions [2]. Discon-
tinuous endothelium is characteristic of the liver
sinusoids, containing large fenestrae (open pores
across the cell lacking diaphragm), poorly formed
basement membrane, and high endocytic capac-
ity, supporting the metabolic clearance of the
liver [3]. In tissue with high filtration rates such
as glands and glomeruli, the endothelium of the
capillaries is continuous and presents fenestrae,
the majority of which is provided by diaphragms,
subcellular structure [2, 4].

In resting state, the endothelium regulates the
exchange of oxygen and nutrients between the
bloodstream and tissues, controls blood flow,
and refrains plasma proteins and leukocytes
from extravasating [2, 5]. All endothelial cells
(EC) of the vasculature preserve blood fluidity
by providing an anti-thrombotic and anti-
coagulant surface and factors [6]. For instance,
the activation of thrombin and the formation
of fibrin clot is inhibited by the tissue factor
pathway inhibitors (TFPIs), anti-thrombin III
bound to heparan sulfate proteoglycans, and by
thrombomodulin, which converts the functions of
thrombin from pro-coagulant to anti-coagulant
(Fig. 8.1). The endothelium also contributes to
the activation of the fibrinolytic system. For
instance, EC can produce tissue-type and
urokinase-type plasminogen activators (tPA and
uPA), converting the inactive plasminogen to
active plasmin, an enzyme able to degrade fibrin

[7], forming the clot. EC also prevent platelet
activation by sequestrating von Willebrand factor
in Weibel–Palade bodies (intracellular granules),
degrading adenosine-50-triphosphate (ATP) via
the membrane-bound ecto-adenosine diphosphate
(ADP)-ases CD39 and CD73, and releasing
factors such as endothelial nitric oxide synthase
(eNOS)-derived nitric oxide (NO) and prostacy-
clin (PGI2), which are able to increase intracellu-
lar cGMP and cAMP in platelets and inhibit their
activation [7].

One of the first functions recognized to the
endothelium is the capacity to produce a variety
of vasoactive molecules able to control vascular
tone, therefore dictating the equilibrium between
tissue metabolic demand and blood supply
(Fig. 8.1). The initial observation from Furchgott
and Zawadzki that the removal of the endothe-
lium abolished the vasodilating effects of acetyl-
choline (Ach) [8] led to the identification of NO
as the main endogenous regulator of vascular tone
[9, 10], via cGMP [11, 12]. The association of
endothelial eNOS with caveolin-1 keeps the
enzyme in a low active state localized to the
caveolae, which are invaginations of plasma
membrane microdomains of lipid rafts composi-
tion [13]. The activity of eNOS is regulated by a
complex and multilayered process. Following the
activation of specific receptors on EC by agonists
(i.e., Ach, bradykinin, vascular endothelial
growth factor, or insulin), intracellular Ca2+

increases, and the complex Ca2+/calmodulin can
interact with eNOS and displace caveolin-1,
thereby enhancing its activity. Other proteins,
such as heat shock protein 90 (HSP90), can inter-
act with eNOS and enhance its activity [14]. Dif-
ferent phosphorylation sites have been identified
in eNOS, which can modulate its activation. The
Ser1176 of eNOS (Ser1177 in human and bovine)
has been the most studied and when
phosphorylated by phosphoinositide 3-kinase
(PI3K)-Akt heightens eNOS activity
[15, 16]. Other kinases can phosphorylate eNOS
at Ser1176, including PKA (protein kinase
activated by cAMP), AMPK (activated by
AMP), and CaMKII (Ca2+/calmodulin-dependent
protein kinase II). By using L-arginine as sub-
strate, eNOS forms NO and the co-product
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citrulline [14]. NO is a free radical gas that can
rapidly diffuse across biological membranes to
the subjacent vascular smooth muscle cells of
the media, where it induces vasorelaxation via
cGMP-mediated mechanisms, including the
decrease of intracellular Ca2+, and the activation
of myosin light chain phosphatase,
dephosphorylating myosin light chain [17].

The loss of the endothelium to accomplish any
of these functions is defined “endothelial dysfunc-
tion” and represents an early event in the
onset of cardiovascular diseases [18, 19]. For
instance, pre-clinical and clinical studies have
demonstrated that endothelial dysfunction
precedes the onset of atherosclerosis and hyper-
tension [20–22] and contributes not only to devel-
opment of the lesions but also to later clinical
complications.

8.2 Sphingolipid Pathway

Sphingolipids (SL) are a class of structurally and
functionally diverse lipids, discovered in brain
extracts in the 1870s. Sphingosine, from
“Sphinx,” owes its name to J. L. W. Thudichum
“in commemoration of the many enigmas which
it presents to the inquirer.” Recent advances in
mass spectrometry and lipidomics have enabled a
sensitive and accurate characterization of the
sphingolipidome, and to date the LIPID MAPS
Lipidomics Gateway (www.lipidmaps.org) lists
almost 5000 distinct chemical entities within this
lipid class.

Structurally, SL are characterized by an
18-carbon amino-alcohol backbone called
sphingoid base, N-acylated with fatty acids, that
can be saturated or mono-saturated, with chain

Fig. 8.2 Sphingolipid biosynthetic pathways. SPT
initiates de novo SL biosynthesis in the ER, where multi-
ple enzymatic reactions generate ceramide. Ceramide can
also derive from the catabolism (recycling pathway) of
sphingomyelin and glycosphingolipid in the plasma mem-
brane or in the lysosome. Ceramide can be degraded to
sphingosine, which in turn is phosphorylated to S1P. S1P

is then transported outside EC by SPNS2, where it can
activate endothelial S1PRs or bind to its carrier,
HDL-ApoM and albumin, to be transported into the circu-
lation. SPT serine palmitoyltransferase, SL sphingolipids,
S1P sphingosine-1-phosphate, S1PR S1P receptor, SM
sphingomyelin, GSL glycosphingolipid, SPHK1,2 sphin-
gosine kinase, SPNS2 spinster-2
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lengths ranging from 14 to 26 carbon atoms.
Sphingolipid de novo biosynthesis starts in the
cytosolic membrane of the endoplasmic reticulum
(ER) with the condensation of L-serine and a
saturated acyl-coenzyme A, typically palmitoyl-
CoA, by serine palmitoyltransferase (SPT), first
and rate-limiting enzyme of the pathway [23]
(Fig. 8.2). In the ER ceramide synthases
1–6 N-acylates the sphingoid base with fatty
acids to give rise to dihydroceramides [24],
and dihydroceramide desaturase converts
dihydroceramides in ceramides [25], central
metabolites of the pathway. Ceramides can be
modified in their head group to form complex
SL. Sphingomyelins (SM), major SL in plasma
membranes, are formed by the addition of
phosphocholine or phosphoethanolamine to
ceramides by sphingomyelin synthase. Addition
of sugars by galactosyltransferase and glucosyl-
ceramide synthase forms glycosphingolipids
(GLS) [26]. SM and GLS biosynthesis occurs in
the Golgi. Because of their hydrophobicity,
ceramides are transported to the cis-Golgi for
SM synthesis mainly by CERT (ceramide transfer
protein) [27] and by vesicular transport to the
trans-Golgi for GSL synthesis [28]. All complex
SL can be degraded to ceramide by the activity of
specific hydrolases removing the head groups
[26]. SM and GLS can be both catabolized to
ceramide in the plasma membrane or internalized
through the endosomal pathway and degraded by
sphingomyelinases (SMase) and glucosidases to
ceramide in the lysosomal compartment [26].

Although ceramide is primarily converted into
complex SL, it can also be phosphorylated by
ceramide kinase in ceramide-1-phospate [29] or
hydrolyzed to sphingosine and fatty acid by
ceramidases [30]. Ceramide hydrolysis occurs in
the lysosome or in the ER by acid or alkaline
ceramidase, respectively. Sphingosine can be
“salvaged” into the sphingolipid pathways, or
phosphorylated to form sphingosine-1-phosphate
(S1P), a potent bioactive lipid, by the two sphin-
gosine kinases 1 and 2 (SPHK1 and 2)
[31]. SPHK1 is mainly located in the cytoplasm,
SPHK2 in the ER and in the nucleus [31]. S1P
can be dephosphorylated by S1P phosphatase to
sphingosine or degraded by S1P lyase to

hexadecenal and phosphoethanolamine. The lat-
ter occurs in the cytosolic membrane of the ER
and is the only enzymatic reaction in which a SL
is converted into a non-SL molecule [32], thus
constitutes the only exit of the pathway.

Functionally, SL are important building blocks
of cell membranes [33]. Together with choles-
terol, ceramides and SM are enriched in lipid
rafts, small plasma membrane domains of
nano- and microscale [34–36]. Lipid rafts are
hypothesized to form by self-association of SL,
favored by their long and mostly saturated hydro-
carbon chain, that allow a tightly packing in the
bilayer. Cholesterol molecules are believed to fill
the voids between the associating SL, producing
domains more ordered than the surrounding
membranes [37, 38]. Lipid rafts are enriched in
proteins post-translationally modified by
glycosylphosphatidylinositol (GPI) anchor
[35, 38], and protein–protein interactions are pro-
posed to stabilize the small and dynamic rafts,
leading to the formation of larger structures
[39]. Ceramide-rich domains are another kind of
SL-enriched domain in the plasma membrane,
larger than the lipid rafts and devoid of choles-
terol. Produced by the hydrolysis of SM to cer-
amide by SMase in response to external stimuli
(i.e., TNFɑ), they are also postulated to exhibit
higher order than the surrounding bilayer and to
be enriched in GPI-anchored proteins [40]. Both
lipid rafts and ceramide-rich domains are also
platforms where tyrosine kinase receptors and
G-protein couple receptors (GPCR) cluster
[41, 42]. By modulating the membrane
properties, SL can influence the activity of trans-
membrane proteins and their associated cellular
processes, such as signal transduction, endocyto-
sis, intracellular trafficking [34, 43].

SL function also as potent signaling
molecules, and to date, the best characterized
bioactive SL are S1P and ceramides [44]. More
recently additional signaling functions have been
ascribed to dihydroceramide [45], sphingosine
[44], and ceramide-1-phosphate [46]. While S1P
controls different cellular functions by activating
five different GPCR, namely S1PR1–5 [44, 47],
ceramides function mainly intracellularly as sec-
ond messenger by modulating the activity of
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target proteins, such as protein phosphatases
PP2A and PP1 [48, 49] and protein kinase Cζ
[50]. Biological roles of S1P and ceramide in
EC will be discussed later in this chapter.

8.3 S1P Biosynthesis, Secretion,
Carriers

Sphingosine-1-phosphate (S1P), one of the most
studied bioactive lipids, is generated by a
two-step process: the hydrolysis of ceramide by
ceramidases and the subsequential phosphoryla-
tion of sphingosine by SPHK1,2 [47]. In healthy
state, erythrocytes [51, 52] and EC [53–55] are
major sources of plasma S1P, while platelets rep-
resent an additional source in pathological
conditions [56]. Once formed, endothelial S1P is
rapidly transported outside by the transporter
Spinster homolog 2 (SPNS2) [57, 58].

In mammals, S1P is spatially
compartmentalized in blood (~1 μM) and lymph
(~0.1 μM) circulation, while it is almost undetect-
able in interstitial tissue, including lymphoid
organs (<1 nM) where S1P lyase activity is
high, creating an S1P gradient across the endo-
thelial barrier [59, 60]. This gradient is particu-
larly important for immune cell trafficking.
Lymphocytes egress into circulation by an
S1PR1-dependent sensing of S1P gradients at
the tissue–circulatory interface [61, 62]. Once in
circulation, lymphocyte S1PR1 is mostly
internalized and desensitized due to the high
S1P concentration, allowing lymphocytes to
overcome the S1P-dependent attraction to blood
and return to lymphoid tissues [63].

Because of its lipophilic nature, plasmatic S1P
is mainly carried by high density lipoprotein
(HDL, ~65%) and albumin (~35%) [64]. In
HDL, S1P is carried by apolipoprotein M
(ApoM) in a lipid-binding pocket formed by
eight antiparallel β-sheets [65, 66]. Interestingly,
ligand-binding studies have demonstrated that
S1P binds to ApoM with an IC50 of 0.9 μM,
corresponding to plasma concentration of S1P
[65, 66]. In ApoM knockout mice (ApoM�/�),
plasma HDL-bound S1P is virtually absent,

resulting in increased vascular permeability due
to a disruption of the endothelial barrier function
[66], and increased blood pressure (BP) due to
diminished endothelial S1P-NO signaling activa-
tion [54]. Human studies reported an inverse cor-
relation between the severity of sepsis with the
plasma levels of ApoM and S1P [67, 68]. Simi-
larly, in an E. coli-induced model of sepsis in
baboons, ApoM and S1P plasma levels progres-
sively dropped over time, reaching half the con-
centration at the 24 h time point [68]. Patients
with stable coronary artery disease (CAD) and
myocardial infarction (MI) have lower levels of
circulating HDL-S1P than healthy individuals
[69, 70], with an impaired capacity to stimulate
eNOS-derived NO production [71]. While not
associated with the extent of lesion stenosis or
restenosis, HDL-bound S1P inversely correlates
with the severity of CAD [72]. Interestingly,
genetic variants of ApoM have been associated
with CAD [73, 74].

While these findings suggest a role for
ApoM-bound S1P signaling in maintaining car-
diovascular health, further studies are needed to
understand the pathological significance of
altered levels and/or functions of HDL-bound
S1P in disease settings such as atherosclerosis.

8.4 S1P and Ceramides
in Endothelial Barrier
Functions

Vascular permeability is governed by the
tightness of the endothelial barrier (cell-to-cell
contact), which ensures a proper compartmentali-
zation between the blood and interstitial space,
allows the exchange of small molecules (i.e.,
gases O2, CO2, sugar, salts), and refrains
macromolecules (i.e., immunoglobulins, albu-
min) and immune cells from extravasating. The
failure to maintain endothelial barrier integrity
results in excessive increase of permeability, a
hallmark of different inflammatory conditions
[75, 76], including rheumatoid arthritis, healing
wounds, tumors.
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The core component of endothelial AJ is the
transmembrane protein vascular endothelial
cadherin (VE-cadherin, Fig. 8.1b). Its extracellu-
lar domains form trans-cadherin interactions
between neighbor EC, while the intracellular
domain mediates interactions with a complex of
intracellular binding partners, including
β-catenin, p120-catenin, and γ-catenin, essential
for junctional stability, signaling, and cytoskele-
ton anchorage [77, 78]. Lee and colleagues
demonstrated that S1P reinforces the assembly
of AJ by increasing VE-cadherin and β-catenin
localization at the cell-to-cell contact sites in
HUVEC (human umbilical vein EC), through
S1PR1 and S1PR3 activation [79]. The enhance-
ment of AJ was coupled to stress fibers and corti-
cal actin formation, mediated by Rac and Rho
GTPases activation [79]. Rac activity is necessary
to heighten the endothelial barrier, and S1PR1 is
mainly accountable for Rac activation via Gαi-
dependent PI3K signaling, although S1PR3 can
also signal, in part, to Rac. A follow-up study by
Garcia et al. showed that in different types of EC,
S1P increases the trans-endothelial electrical
resistance (TEER), a readout of the barrier
strength. The increase in TEER was induced by
the activation of PTX-sensitive S1PRs and
Rho/Rac GTPases. They also showed that S1P
enhances the re-establishment of the endothelial
barrier following thrombin-induced disruption
[80]. Other studies supported the role of S1P as
endothelial barrier-enhancing factor and
identified additional mechanisms by which S1P
controls cytoskeleton remodeling [81]. Consistent
with these findings, mice endothelial knockout
for S1pr1 (S1pr1ECKO) subjected to reverse
Arthus reaction, an established model of acute
immunocomplex-mediated vascular injury and
inflammation, showed increased pulmonary
extravasation of albumin-bound Evans blue dye,
increased lung weight, as well as a greater number
of white and RBC in the bronchoalveolar lavage
fluid compared to S1pr1 f/f, index of an impaired
endothelial barrier [82]. Exaggerated permeabil-
ity and inflammation were also reported in the
lung of S1pr1ECKO treated with LPS [83]. Further-
more, the increase of plasma S1P following LPS
treatment was shown to enhance the expression of

S1PR1, S1P metabolizing enzymes, and
transporters (i.e., SPHK1 and SPNS2), hence
favoring the re-establishment of endothelial
barrier [83].

In vivo manipulation of S1P levels with differ-
ent genetic approaches underlined the importance
of circulating S1P in preserving the endothelial
barrier functions and in refraining plasma proteins
and leukocytes from extravasating. Mice global
knockout for sphingosine kinase 1 (Sphk1�/�)
showed an enhanced pulmonary edema in
response to LPS and thrombin [84]. Moreover,
SPHK1 is activated following thrombin stimula-
tion and contributes to the recovery of the
barrier following the breakdown. Camerer
and colleagues demonstrated that mutant mice
lacking erythrocyte-derived S1P (gene specific
Sphk1/2�/� mouse model), lowering circulating
S1P levels [56], presented vascular hyperper-
meability associated with the formation of EC
gaps, and an exaggerated leakage in response to
platelet-activating factor (PAF) and histamine.
Both the transfusion of mice with wild type
(WT) RBC, restoring plasma S1P to control
levels, and the acute administration of S1PR1
agonist, reduced vascular leakage and EC gaps
in venules [85]. It has been also demonstrated that
platelet-derived S1P enhances the endothelial
barrier integrity in human and mice [86, 87] and
contributes to reinforce the high endothelial
venule cell barrier in lymph nodes during the
immune response [88], underlying that both
RBC and platelet-derived S1P exerts barrier-
enhancing functions.

Endothelial-derived S1P is also important to
maintain the integrity of the barrier. Murine lung
EC isolated from Spns2�/� mice showed reduced
TEER compared to control and downregulated
SPNS2 expression following LPS or
pro-inflammatory cytokines, suggesting that a
reduction of endothelial-derived S1P during
inflammation may contribute to barrier disrup-
tion. In support of the in vitro data, albumin
leakage was significantly enhanced in
bronchoalveolar lavage of Spns2�/� mice
[89]. A recent study from Simmons et al.,
by specific deletion of Spns2 in lymphatic EC
using Lyve1-Cre, demonstrated that endothelial-
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derived S1P is critical to preserve high endothe-
lial venule barrier integrity, survival, and
functions related to immune cell trafficking [90].

Christofferesen et al. showed the importance
of ApoM of HDL-bound S1P in preserving
the endothelial integrity [66, 91]. ApoM�/�

mice, with about 50% reduction in plasma S1P,
showed ca. 40% increase in lung vascular perme-
ability in basal conditions compared to controls
[66, 91]. Plasma reconstitution with ApoM-
bound S1P, or treatment with an S1PR1 receptor
agonist, restored the endothelial integrity and
lowered lung permeability [91]. The importance
of ApoM-bound S1P was also corroborated
in a model of acute inflammation. Follow-
ing a subplantar injection of carrageenan, a
pro-inflammatory agent, ApoM�/� mice showed
an exaggerated vascular leakage and leukocytes
extravasation compared to WT. This phenotype
was reversed by adenoviral-mediated ApoM
overexpression [91].

Whereas much effort investigated the impact
of S1P on endothelial barrier integrity, and its
underlying mechanisms, the role of ceramide in
healthy and disease states remains poorly defined.
Several cellular stressors (i.e., pro-inflammatory
cytokines, oxidative stress, ionizing radiations)
activate neutral and/or acid SMase at the cell
membrane and lysosome, respectively, resulting
in an increase of ceramides [92, 93], linked to
hyperpermeability. An early study by Goggel
et al. showed that the activation of acid SMase
and ceramide production contributes to the
PAF-induced lung edema. Both SMase inhibitor
ARC39 and genetic deletion of acid SMase in
mice attenuated pulmonary edema formation
[94], supporting a role for SM-derived ceramide
in endothelial barrier disruption. Interestingly,
acid SMase activity is elevated in a variety of
pathological conditions associated with vascular
hyperpermeability, such as acute lung injury [94]
and sepsis [95] in animals, and in septic human
patients [96].

By using bovine and human pulmonary EC
in vitro, Lindner et al. showed that exogenous
C6:0-ceramide (30 μM) significantly decreased
TEER after 90 min [97]. Another study showed

that in primary rat and human microvascular EC,
cigarette smoke induced endothelial barrier dis-
ruption in a dose- and time-dependent manner, by
a mechanism involving ROS-dependent activa-
tion of neutral SMase and ceramide elevation.
The morphological changes included stress fiber
formation, downregulation of zonula occludens-1
(ZO-1, forming TJ), and intercellular gap forma-
tion, which were ameliorated by neutral SMase
inhibition. The addition of C6:0-ceramide
(20 μM, 2 h) was able to recapitulate the disrup-
tion of endothelial barrier by cigarette
smoke [98].

While these studies suggest an involvement of
SMase-derived ceramide in the endothelial barrier
disruption by a stressor, additional studies are
necessary to underpin the mechanisms underlying
these effects. For instance, ceramides can alter
membrane biophysical properties and impact
junctional strength, dynamics, and/or intracellular
binding partners of the VE-cadherin complex,
resulting in the breakdown of cell-to-cell
contacts. Ceramides can also interact with intra-
cellular targets, such as PP1, PP2A, PKCζ [48–
50] which in turn signal to EC junctions and alter
their stability. Lastly, ceramides can also impact
oxidative stress [99] and induce cytoskeleton
modification [100] to impact the barrier integrity.

8.5 S1P Signaling in Endothelial
Control of Vascular Tone

The endothelium lines the interior walls of blood
vessels, therefore it is in constant direct contact
with circulating signals and can sense hemody-
namic changes, such as shear stress of the flowing
blood, in response to which it releases vasoactive
factors including NO, PGI2, endothelin, and
thromboxane [101]. S1P has been described as
a potent activator of AKT-eNOS pathway
[102, 103], comparable to other NO agonists
(i.e., VEGF).

Several studies showed that low
concentrations of exogenous S1P (0.1-100 nM)
were able to vasodilate pre-constricted rodent
resistance arteries ex vivo by activating
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endothelial NO production [104], mainly via
S1PR1 [105]. It has been shown that
HDL-bound S1P induces vasorelaxation of tho-
racic aorta rings ex vivo mainly via S1PR3
[106]. On the contrary, a recent study from our
group revealed S1PR1 and not S1PR3 as main
mediator of albumin-bound S1P-induced
vasorelaxation in resistance arteries, which are
relevant to BP regulation. In this study, second-
order mesenteric arteries (MA) were mounted in
the pressure myograph system using Krebs solu-
tion (containing salts and glucose), allowing to
recapitulate hemodynamic conditions of blood
flow and pressure as in vivo. In this setting,
vasorelaxation in response to S1P was blunted
in MA of S1pr1ECKO, but not S1pr3�/�

mice, suggesting that in resistance arteries S1P
vasorelaxation is mainly mediated by S1PR1
[105]. Considering the heterogeneity of EC, it is
possible that S1PR distribution differs throughout
the vascular tree (i.e., aorta vs. resistance
arteries vs. capillaries), thus the role of S1PR1
and S1PR3 in mediating S1P vasodilation.
Another consideration is that the carrier to
which S1P is bound (albumin vs. HDL) might
differentially activates S1P receptor subtypes
[107]. FTY720 (Fingolimod, Gilenya) is an
FDA-approved immunomodulator for the treat-
ment of relapsing-remitting multiple sclerosis
[108]. It blocks the egress of lymphocytes from
lymphoid tissues by downregulating S1PR1
expression [109]. FTY720 is an analogue of S1P
and is phosphorylated in vivo by SphK2
[110]. P-FTY720 targets 4 out of 5 S1P receptors,
S1PR1 and S1PR3–5 [111], with highest affinity
for S1PR1 [112]. Like S1P, P-FTY720 (1 nM-
10 μM) induces eNOS-dependent vasodilation of
murine thoracic aorta rings ex vivo [113]. How-
ever, when given chronically, FTY720 is a func-
tional antagonist and induces the internalization
and proteasomal degradation of S1PR1 [114]. In
MA from mice treated chronically with FTY720
(0.3 mg/kg), vasodilation in response to S1P is
suppressed, both in normotensive and hyperten-
sive conditions [105]. Altogether, these findings
underline that an important function of S1P is to
control vascular tone mainly via endothelial

S1PR1 activation, and in part via S1PR3, of
eNOS-NO signaling.

8.6 Endothelial Ceramide
in Vascular Tone Regulation

The elevation of circulating and local ceramide in
certain pathological conditions, including obe-
sity, type 2 diabetes (T2D), and atherosclerosis,
has been linked to adverse vascular effects and
endothelial dysfunction. Different eNOS-
activating agonists, such as vascular endothelial
growth factor, bradykinin, ATP, S1P, insulin, or
fluid shear stress can induce the phosphorylation
of eNOS at Ser1176, leading to NO production
and vasodilation, which is impaired when endo-
thelial dysfunction sets off.

Ceramides can directly interact with different
intracellular targets and modify their functions
and/or localization, including the repressive fac-
tor Inhibitor 2 (I2PP2A), disrupting its inhibitory
interaction with protein phosphatase 2A (PP2A)
[115]. Studies from the Symons’s lab
demonstrated that in bovine aortic EC in vitro
exposure to palmitate leads to ceramide accumu-
lation and its binding to I2PP2A, resulting in
PP2A activation, which in turn dephosphorylates
Ser1177-eNOS [116, 117]. As consequence of
PP2A-eNOS interaction, eNOS also dissociates
from AKT and HSP90 complex, resulting in an
overall reduced NO production [116, 117]. In
vivo approaches using high fat diet (HFD)
model of obesity-induced T2D showed that
ceramides are increased in mouse aorta compared
to standard chow diet-fed mice, and this
correlated with worsen Ach-mediated vasodila-
tion of aortic rings, eNOS phosphorylation, and
hypertension [116, 117]. Both the inhibition of
ceramide biosynthesis with the SPT inhibitor
myriocin and the heterozygous deletion of the
dihydroceramide desaturase (DES1) [116], or
the inhibition of PP2A [117], ameliorated
Ach-mediated vasodilation, eNOS phosphoryla-
tion, and improved hypertension in HFD-fed
mice, suggesting that decreasing vascular cer-
amide content improves the functions. It is
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noteworthy to mention that in these studies
ceramides have been measured in aorta and not
in resistance arteries, accountable for BP regula-
tion [26, 116, 117]. Furthermore, even if palmi-
tate-induced ceramide accrual in EC in vitro has
been demonstrated by different studies [116–
118]; however, whether these changes occur
also in EC in vivo in pathological settings is yet
to be demonstrated, although inferred. In vivo,
EC are exposed to a variety of plasma
components, shear stress and circumferential
stress due to the blood flow and pressure, which
are not present in vitro. Further studies are needed
to understand how ceramides change and impact
on endothelial dysfunction and its sequela
in vivo.

While different studies characterized how
excessive ceramide contributes to endothelial
dysfunction, the role of ceramide in the healthy
endothelium received less attention. EC are
bathed in plasma rich in SL. Cells can use sphin-
gosine via recycling pathway to build ceramide
and more complex SL [26]. Thus, it is conceiv-
able to assume that endothelial de novo biosyn-
thesis is dispensable to preserve sphingolipid
homeostasis.

Recently, we showed that mice defective
of endothelial de novo sphingolipid production,
by specific Sptlc2 deletion (Sptlc2ECKO),
have decreased plasma ceramide and S1P
(ca. 30% and 50%, respectively), while SM
were not affected, suggesting that the endothe-
lium actively contributes to maintain circulating
levels of ceramide an S1P. In liver EC deleted
in vitro of Sptlc2, ceramide and hexosyl-ceramide
were also significantly reduced, but not SM,
at the time points assessed (48 h post-4-
hydroxytamoxifen treatment). SM are the most
abundant SL in the EC, and longer time points
might be required to see an impact on their levels
in vitro. Indeed, measurements of SL in MA
demonstrated a significant decrease of SM,
suggesting that endothelial de novo biosynthesis
is required to maintain sphingolipid homeostasis.
BP is significantly lower in Sptlc2ECKO compared
to controls (Sptlc2 f/f). S1P and ceramides func-
tion as rheostat of eNOS-derived NO production.
While S1P is a potent activator of eNOS,

ceramide levels inversely correlate with eNOS
activity. In the absence of SPTLC2, ceramides
levels are low, and I2PP2A remains bound to
and inhibits PP2A, resulting in increased eNOS
activity. Indeed, P-VASP, downstream target of
NO-cGMP signaling, is significantly increased in
the thoracic aorta of Sptlc2ECKO mice, supporting
the lower BP. Although apparently beneficial, the
decrease of ceramide below homeostatic levels
impairs the endothelial control of vascular tone
leading to dysfunction [119]. Specifically,
endothelial-mediated vasorelaxation to VEGF,
insulin, S1P, thrombin, PGI2 and flow was mark-
edly impaired, except for Ach. These data clearly
demonstrate that the activation of AKT-eNOS-
cGMP axis was preserved in Sptlc2ECKO MA
(i.e., vasorelaxation to Ach) and suggest that the
decrease of endothelial ceramides, although
heightened basal activation of eNOS,
compromised the signal transduction. Indeed,
VEGF-mediated phosphorylation of VEGFR2
and downstream AKT-eNOS signaling were
impaired in EC lacking Sptlc2. The addition of
C16:0-ceramide restored ceramide levels, as well
as VEGF signaling in EC in vitro, suggesting that
ceramides are necessary to preserve endothelial
membrane signal transduction. It is likely that
ceramides can modulate membrane biophysical
properties, and/or the partition of receptors in
specific membrane microdomains, and/or directly
affect membrane receptor functions.

It is noteworthy to mention that multiple stud-
ies have used exogenous short chain ceramides
(C2:0-, C6:0-ceramides), which are not present in
mammals, to study how ceramide elevation
impact vascular tone. Although it has been
shown that short chain ceramides are deacylated
and recycled into long-chain ceramides once
administered [120], a process estimated to require
ca. 1 h in lung epithelial cells (A549), how exog-
enous short chain ceramides change ceramide
profile in vascular cells, and whether exogenous
short chain or endogenous ceramides mediate the
observed effects is often unknown. Thus, the
results from studies using this approach need to
be carefully interpreted.

The formation of reactive oxygen species
(ROS) underlines endothelial dysfunction in
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diabetes and CV conditions [121]. In addition to a
direct role in inhibiting eNOS activity, ceramides
also promote ROS production by increasing
NADPH oxidase activity [99, 122]. Li et al.
have shown that treatment of HUVEC with C6:
0-ceramide triggers ROS production in a
concentration-dependent manner. These effects
led to decreased bioactive NO, restored by the
addition of tetrahydrobiopterin, a cofactor used
by eNOS in the conversion of L-arginine to NO
[99]. In a follow-up study, C2:0-ceramide was
shown to increase superoxide production in
bovine coronary arterial EC via activation of
NADPH oxidase, followed by peroxynitrite
accrual, findings that correlated with impaired
bradykinin-mediated vasodilation of small bovine
coronary arteries ex vivo. Mechanistically,
ceramides induced the translocation of p47phox,
a NADPH oxidase subunit, to the membrane,
enhancing the enzyme activity [122]. It has been
also proposed that ceramide-induced lipid rafts
formation favors the aggregation of NADPH oxi-
dase subunits, p47phox and gp91phox, to form the
active enzyme producing ROS [123]. Similarly,
carotid arteries from mice overexpressing CuZn
superoxide dismutase, a ROS scavenger, were
resistant to ceramide-reduced vasodilation to
Ach compared to controls [124]. Growing evi-
dence implicate altered mitochondrial dynamics
and mitophagy in endothelial dysfunction, partic-
ularly in diabetes [125]. Although how ceramides
contribute to impaired mitochondrial dynamics
and mitophagy is an ongoing area of research,
ceramide impact on mitochondria biology in EC
remains poorly investigated.

Interestingly, it has been shown that in patients
with CAD the endothelial mediator of flow-
induced dilation shifts from NO to
mitochondrial-derived hydrogen peroxide
(H2O2) [126, 127]. Despite both being
vasorelaxant factors, whereas NO elicits anti-
inflammatory and anti-thrombotic pathways,
H2O2 has pro-inflammatory and prothrombotic
effects [128]. Recently, Freed et al. demonstrated
that C2:0-ceramide treatment of healthy adipose
arterioles triggered mitochondrial H2O2 produc-
tion, which mediated the vasodilation in response
to flow. Inhibition of neutral SMase with

GW4869 restored endothelial NO as flow-
mediated dilator in arterioles from adipose tissue
and atria of patients with CAD [129]. A comple-
mentary study corroborated the role of ceramide
in triggering H2O2-mediated vasodilation to flow
in arterioles isolated from human adipose tissue
and treated with neutral ceramidase or SPHKs
inhibitors, both increasing ceramides
[130]. These data revealed another mechanism
of action of ceramide accrual in the onset of
endothelial dysfunction.

Altogether, these studies support the concept
that physiological ceramide levels need to be
tightly regulated within a narrow window to pre-
serve endothelial functions, and that both,
ceramides decrease and accrual, are “deleterious”
and lead to dysfunction.

8.7 Endothelial-Derived S1P:
A Mechanotransduction
Signaling in Blood Flow
Regulation

The half-life of S1P in the plasma is about 15 min
[55], suggesting the presence of high-capacity
cellular sources to preserve plasma S1P levels in
the low micromolar range. In addition to RBC
[56] the endothelium is an important source of
plasma S1P [54, 55, 119]. Changes in shears
stress due to the flowing blood stimulate the
release of S1P from the endothelium [55]. How-
ever, the biological significance of endothelial-
derived S1P is not limited to sustain the
circulating carrier-bound S1P, but is critical in
regulating blood flow. EC can sense and respond
to changes in fluid stress, which is the frictional
force per unit area from flowing blood acting on
the endothelium. Blood flow regulation is impor-
tant not only to match the metabolic requirements
of a tissue by providing nutrients, oxygen, and
removing waste, but also for vascular morpho-
genesis and physiology.

A recent study from our group provided direct
evidence of this S1P function. The increase of
flow led to vasorelaxation of WT MA mounted
in a pressure myograph system via activation of
eNOS and NO production. However, genetic
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deletion of endothelial Spns2 markedly
suppressed the vasorelaxation to flow [54],
directly implicating the endothelial-derived S1P
in the activation of S1PR1-eNOS signaling in
blood flow regulation. This phenotype was
supported by a significant reduction of
phosphorylated-VASP (vasodilator-stimulated
phosphoprotein), a downstream target of the
NO-cGMP pathway, in thoracic aorta
[131]. These results suggest that endothelial-
derived S1P and autocrine S1PR1-signaling is
necessary to preserve vascular functions and
blood flow regulation [54].

Both S1PR1 and S1PR3, expressed by the
healthy endothelium, can activate eNOS via
PI3K-AKT pathway [102]. However,
vasorelaxation in response to flow was dramati-
cally suppressed in S1pr1ECKO, but not S1pr3�/�

MA, and this phenotype correlated with reduced
plasma NO levels [105]. Similar results were
obtained in MA lacking Sptlc2. Flow-induced
vasorelaxation was significantly reduced in
Sptlc2ECKO MA [119]. Furthermore, ex vivo
treatment of MA with W146, a competitive
antagonist of S1PR1, suppressed flow-mediated
vasodilation and eNOS activation in
concentration-dependent manner [53]. These
findings clearly identified endothelial-derived
S1P and the autocrine S1PR1-eNOS-signaling

as critical mechanotransduction pathway
regulating blood flow.

An elegant study of Jung et al. demonstrated
that the genetic deletion of endothelial S1pr1
resulted in misalignment of the aortic endothe-
lium with blood flow, compared to control mor-
phological alignment of EC lacking S1pr1
[132]. In vivo, the deletion of endothelial S1PR1
led to an abnormal hypersprouting and poorly
perfused vasculature in the retina [132].

Altogether these studies propose S1PR1 as a
critical mechanotransduction signaling. Flow
induces endothelial S1P production, which is
transported outside of the cell via SPNS2, and
can induce vasodilation by activating S1PR1-
eNOS-NO signaling (Fig. 8.3). These findings
also suggest that a deranged endothelial S1P pro-
duction/degradation, and/or transport by SPNS2,
may impair vascular functions and contribute to
the pathogenesis of atherosclerosis, hypertension,
and metabolic-related cardiovascular disorders.

8.8 S1P and Ceramide Rheostat
in Blood Pressure Homeostasis

BP is determined by cardiac output, defined as the
volume of blood ejected by the heart per minute,
and total vascular resistance, which is the

Fig. 8.3 Endothelial-derived S1P: a mechanotransduction
signaling in blood flow regulation. Changes in blood flow
stimulate the synthesis of S1P by EC. Once produced, S1P
is transported outside of the endothelial cells by SPNS2.
Endothelial-derived S1P can act in an autocrine or paracrine

manner on S1PRs. Endothelial S1PR1 activation is critical
in blood flow-mediated vasodilation via eNOS-derived NO
production. S1P sphingosine-1-phosphate, S1PR S1P
receptor, SPNS2 spinster-2, eNOS endothelial nitric oxide
synthase, NO nitric oxide
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resistance exerted by all the vasculature on the
flowing blood. BP is very dynamic and regulated
by the interplay of heart (i.e., morphology and
function); kidney, controlling extracellular fluid
and blood volume via the pressure-natriuresis
mechanism; neuroendocrine system (i.e., the
sympathetic nervous system, renin-angiotensin-
aldosterone system); and peripheral vascular
resistance. In this regard, generalized vasodilation
usually leads to a decreased systemic BP, but may
also occur in specific tissues causing a local aug-
mentation of blood flow. Endothelial dysfunction,
mainly defined as the loss of the endothelium to
induce a NO-mediated vasodilation in response to
changes in flow, Ach, or other NO-stimulating
agents, comprises the impairment of all the endo-
thelial properties, including barrier integrity, anti-
thrombotic and anti-inflammatory functions. In
the past three decades endothelial dysfunction
emerged as a pivotal and initial event in the
onset of hypertension, atherosclerosis, and other
CV diseases [18–20]. Dysfunctional endothelium
is no longer able to meet an organ’s needs and
to preserve its functions, and over time
contributes to end-organ damage, such as kidney
and heart failure, cognitive impairments, stroke,
etc. [133].

In in vivo anesthetized rats, acute administra-
tion of S1P (0.2 mg/kg) evoked a rapid decline of
heart rate and mean arterial BP, followed by a
transient hypertension concomitant to the
increase in heart rate [134]. While the acute acti-
vation of endothelial S1PR1 and S1PR3 and
downstream NO signaling is most likely respon-
sible for the initial drop in BP, the following
elevation in BP might be due, in part, to the
functional antagonism of S1PR1 downregulating
eNOS activation [102, 103] and NO bioavailabil-
ity, and by activation of smooth muscle S1PR2/3
leading to vasoconstriction via Rho-kinase acti-
vation [135, 136]. However, mice systemically
lacking S1PR3 [105] and S1PR2 [137] did not
show any difference in BP at baseline. Consis-
tently, when challenged with chronic infusion of
AngII, S1pr3�/� mice developed hypertension to
the same extent of control mice [105], arguing
against the role of S1PR3 in hypertension. It is
possible that in absence of S1PR3, smooth

muscle S1PR2 may play a compensatory role in
systemic BP regulation. Nonetheless, myogenic
tone, which is the vasoconstriction of resistance
arteries in response to pressure increase, was sig-
nificantly reduced in S1pr3�/� MA [105]. Thus,
although dispensable in systemic BP regulation, it
is possible that S1PR3 controls blood flow in
specific vascular beds, such as MA [105] and
cerebral arteries [135, 136]. On the contrary,
S1PR1 signaling is critical for BP homeostasis.
In a recent study we reported that mice
S1pr1ECKO have a higher BP compared to mice
S1pr1 f/f, both in physiological and hypertensive
conditions. Vasodilation of S1pr1ECKO MA in
response to S1P and flow was significantly
reduced, as the downstream eNOS-derived NO
signaling [105]. Interestingly, chronic administra-
tion of FTY720, which dramatically
downregulates endothelial S1PR1 in blood
vessels, significantly elevated BP in healthy and
in AngII-induced hypertensive mice [105]. This
hypertensive phenotype correlated with impaired
endothelial-dependent vasodilation of MA to
Ach, S1P and flow, supporting vasculo-protective
functions of endothelial S1PR1 signaling. Addi-
tional studies underlined the role of S1PR1 in BP
regulation. A single dose of FTY720 increased
the BP of spontaneously hypertensive rats after
24h [138], while chronic administration of
FTY720 significantly raised BP in normotensive
rats in a dose-dependent manner [139]. Clinical
studies using FTY720 corroborated the role of
S1PR1 in BP regulation. In patients, a sustained
elevation of BP (�4–5 mmHg) was observed
after 2 months of FTY720 treatment [140]. Alto-
gether, animal and human studies underline the
importance of the S1P-S1PR1 pathway in
maintaining vascular and BP homeostasis
[105, 140].

Endothelial S1PR1 is activated by both
circulating carrier-bound S1P and endothelial-
derived S1P in autocrine manner. Our group
demonstrated that endothelial deletion of Spns2
(Spns2ECKO) leads to a significant elevation in BP
and impairment of BP dipping [54], which is the
difference between the diurnal and nocturnal
mean BP. Altered BP dipping has been associated
with a higher risk of CV events [141, 142].
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Because plasma S1P increases in hypertension
[54, 143, 144], it was postulated a
pro-hypertensive role. When challenged with
chronic infusion of AngII, Spns2ECKO mice
developed an exaggerated hypertension, although
plasma S1P remained ca. 40% reduced in
Spns2ECKO mice compared to control (Spns2 f/f),
arguing against a pro-hypertensive role for
plasma S1P [54]. Interestingly, cardiac hypertro-
phy was also worsened in hypertensive
Spns2ECKO. Both the increase in systemic BP,
which causes a hemodynamic stress on the
heart, and the decrease of local endothelial-
derived S1P and NO, exerting cardioprotective
functions [145, 146], might contribute to aggra-
vate the cardiac hypertrophy in Spns2ECKO mice.
Interestingly, Spns2ECKO mice showed a decrease
not only in S1P, but also in ceramides in both EC
and circulation, and lowered systemic BP com-
pared to controls [119]. In these conditions, the
impact of ceramide prevails on S1P. Specifically,
the decrease of ceramide-dependent PP2A activa-
tion is accountable for the increased eNOS phos-
phorylation and NO production at baseline, hence
the lower BP [119].

ApoM-bound S1P also contributes for BP
homeostasis. Mice ApoM�/� showed higher sys-
tolic BP at baseline and following chronic infu-
sion of AngII, correlating with worsen endothelial
dysfunction and cardiac hypertrophy compared to
control [54]. These data underline the importance
of endogenous ApoM-bound S1P in preserving
endothelial functions and BP homeostasis and,
suggest that ApoM-bound S1P could be exploited
therapeutically to treat CV conditions such as
hypertension. In a follow-up study with Hla’s
group, we reported that administration of an
engineered ApoM, named ApoM-Fc, which
does not need to bind HDL and has longer half-
life than native ApoM, leads to a sustained anti-
hypertensive effect in mice lasting ca. 7 days.
ApoM-Fc-bound S1P can activate S1PR1-NO
signaling and lower BP, as demonstrated by the
treatment with W146, an S1PR1 antagonist,
abolishing its BP lowering effects [147].

To understand the role of S1P in BP homeo-
stasis, initial studies used mice Sphk1 or Sphk2
knockout, of a combined deletion of their alleles,

since the deletion of both genes is embryonically
lethal [148]. However, these studies led to con-
fusing outcomes for different reasons. First, the
degradation of S1P by S1P lyase is the only
catabolic exit of sphingolipid pathway; therefore,
the deletion of Sphks results in the loss of S1P
formation and a backlog of ceramides, adding a
confounding factor to the interpretation of the
phenotypes. Second, whereas circulating levels
of S1P are reduced in Sphk1�/� [143, 149] and
Sphk1+/� Sphk2�/� [56, 85] mice, they are
increased in Sphk2�/� [150, 151] mice, probably
for an overcompensation by SPHK1 [151]. At
baseline, BP was not affected in mice Sphk1�/�

[143, 152–156] and Sphk2�/� [152, 154, 155],
nor in mice overexpressing SPHK1 [157]. Several
groups studied the role of SPHKs in regulating
BP in response to acute AngII administration
in vivo. Furuya et al. showed that AngII adminis-
tration (i.p.) induced higher BP elevation in
Sphk2�/� but not in Sphk1�/� mice compared to
controls. However, it is difficult to ascribe this
protective effect to SPHK2-derived S1P or to the
excessive elevation of plasma S1P when Sphk2 is
deleted [152]. On the contrary, Wilson et al.
showed that BP elevation following AngII was
reduced in mice Sphk1�/�, and considering that
Sphk1�/� mice have lower BP at baseline than
WT, the BP increase between the two groups is of
similar magnitude [156].

More consistent results have been obtained
with chronic infusion of AngII. Siedlinski et al.
reported that SphK1 mRNA and protein expres-
sion was upregulated in MA and aorta of AngII-
treated WT mice [143], and AngII-induced BP
elevation was significantly lower in Sphk1�/�

mice WT mice [143, 156]. Meissner et al. showed
that both Sphk1�/� and Sphk2�/� mice are
protected from AngII-induced hypertension,
with a more profound effect in the Sphk2�/�

[154]. Furthermore, administration of the
SPHK2 antagonists ABC294640 or K-145,
but not the SPHK1 antagonist N,
N-dimethylsphingosine, significantly reduced
BP in hypertensive mice, suggesting that
SPHK2 contributes to the onset of hypertension
[154]. Altogether these data suggest a role for
SPHK2, and in part SPHK1, in the pathogenesis
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of hypertension. Data in Sphk2�/� support an
anti-hypertensive rather than pro-hypertensive
role of plasma S1P, considering that is higher in
Sphk2�/� mice [150, 151]. Furthermore, the
backlog of ceramide can also contribute to some
of the observed phenotypes. However, all the
studies have been performed in mice global
knockout for Sphks, and to better dissect the spe-
cific roles of SPHK1 and SPHK2 in BP homeo-
stasis (i.e., vasculature, immune system) further
studies will be required in tissue-specific
knockout mice.

Although additional studies are required to
elucidate how S1P signaling is impaired in hyper-
tensive conditions, collectively these studies pro-
vide significant evidence of its role in the
regulation of BP homeostasis.

8.9 Endothelial Fine-Tuning
of Sphingolipid De Novo
Biosynthesis: Role of Nogo-B
and ORMDLs

Localized in the cytosolic leaflet of the smooth
ER, SPT is formed by two major subunits,
SPTLC1 and SPTLC2, ubiquitously expressed
[158–160]. A third subunit, SPTLC3, with
tissue-specific distribution, was recently
identified and can form an active complex with
SPTLC1 [160]. The active site is located at the
interface of the two SPT subunits [161–
163]. Importantly, SPTLC3 has a higher activity
with lauryl- and myristoyl-CoA, generating C14-
and C16-sphingoid bases [164], whereas
SPTLC2 forms mainly C18- and C20-sphingoid
bases.

Altered sphingolipid homeostasis has been
implicated in different pathological conditions,
including CV [165, 166], metabolic [167] and
inflammatory [93] diseases, and cancer [168].
Yet, under normal physiology, sphingolipid
levels are tightly regulated. Mechanisms
governing cellular sensing of SL and accordingly
sphingolipid biosynthesis remain poorly under-
stood. SPT small subunits a and b (ssSPTa and
ssSPTb) have been identified by the Dunn’s
group as enhancer of SPT activity through their

single transmembrane domain [169, 170]. In
2010, Weissman’s group reported ORMDL1–3
proteins (Orm proteins in yeast) as negative regu-
lator of SPT activity [171]. ORMDLs are a
conserved family of ER membrane proteins, ubiq-
uitously expressed in fetal and adult tissues.
ORMDL1, 2, and 3 share more than 80% of
identity in the same species, and 96–99% of
homology between human and mouse
[172]. Orthologues of the ORMDLs have been
reported in yeast, plants, microsporidia,
urochordates, and invertebrates. Identity between
mammal and yeast ORMDLs/Orms is limited to
30–40% [172]. Structurally, ORMDLs are
anchored to the ER membrane by 4 transmem-
brane domains [173–175], with both N- and
C-terminus facing the cytosol [176]. Breslow
et al. demonstrated that lowering SL with
myriocin triggers the phosphorylation of Orms,
which releases its interaction with SPT, hence
heightening sphingolipid de novo biosynthesis
[171]. However, this regulatory mechanism is
not shared by mammalian ORMDLs as they
lack the N-terminus hosting the phosphosites in
yeast [172]. Nonetheless, in eukaryotic cell lines,
the absence of ORMDLs increases the activity of
SPT [171, 177], corroborating their inhibitory
function on SPT. How ORMDLs interaction
with SPT is regulated in mammals has attracted
much attention. ORMDLs expression can be
induced both at transcriptional level by allergenic
and inflammatory stimuli (i.e., OVA, LPS, IL-4,
IL-13) [178], and at translational level by
increased expression of catalytically active SPT
[179], although the underlying molecular
mechanisms remain unknown. Studies from
Wattenberg’s group using cell-free isolated
membranes and permeabilized cells showed that
non-physiological ceramides (C6:0- and C8:
0-ceramide), and endogenously produced
ceramides, can acutely downregulate the activity
of SPT, probably by interacting with
SPT-ORMDLs complex [173, 177]. Although
this proposed mechanism has been demonstrated
in HeLa cells, whether it is physiologically rele-
vant is yet to be demonstrated. Two recent crys-
tallographic studies have elegantly showed that
ORMDL3 directly inhibits SPT activity by
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inserting its N-terminus in the opening between
SPTLC1 and SPTLC2, therefore preventing
substrates access to the catalytic domain
[174, 175]. How ORMDL3 inhibition of SPT is
dynamically regulated by SL levels remains a
standing question. In this regard, our group
recently discovered that ORMDLs are constitu-
tively hydroxylated at Pro137, which is an
obligatory step for their ubiquitination and
proteasomal degradation. This mechanism
preserves SPT activity at steady state by
refraining ORMDL levels. Moreover, we
identified S1P as the key sphingolipid sensed by
EC via S1PRs. S1P-activation of S1PR1,3 signal-
ing stabilizes ORMDLs to negatively regulate
SPT and maintain sphingolipid homeostasis
[180]. Interestingly, genetic disruption of
S1P-S1PRs signaling pathway at different levels,
by the deletion of SphK1,2, or S1pr1,3 or Spns2,
relieved the inhibition on SPT with consequent
increase of ceramide levels. In particular, the
deletion of Spns2 highlighted the importance of
endothelial-derived autocrine S1P signaling to
maintain not only the vessels response to blood
flow, but also sphingolipid homeostasis. Spns2
deletion caused ceramide accrual, mitochondrial
dysfunction, and impaired signal transduction, all
leading to endothelial dysfunction, an early event
in the onset of cardio- and cerebrovascular
diseases [180] (Fig. 8.4). It is noteworthy to men-
tion that, while S1P is protective for many of the
endothelial functions discussed in this chapter, an
excessive increase may lead to a deleterious inhi-
bition of sphingolipid biosynthesis via S1PRs-
ORMDLs. It is likely that the disruption of this
newly described S1P-ORMDL-SPT signaling in
EC might be implicated in the pathogenesis of
several conditions characterized by deranged SL
metabolism, such as diabetes, cardiomyopathies,
and neurodegeneration.

ORMDL3 has been the most studied among
the ORMDL isoforms, especially considering
that single nucleotide polymorphisms (SNP)
increasing its expression have been associated
with asthma (rs8076131 and rs4065275)
[181, 182]. Consistently, global overexpression
of human ORMDL3 in mice led to airway

remodeling, inflammation, and hyperrespon-
siveness to methacholine versus control mice
[183]. Vice versa, deletion of Ormdl3 specifically
in lung epithelial cells protected the mice from
airway hyperresponsiveness, inflammation,
mucus secretion, and collagen deposition
[184]. Finally, mice Ormdl1/3�/� manifested SL
accrual in the sciatic nerves and reduced level of
myelinization [185], underlying the importance
of ORMDL proteins in preserving sphingolipid
homeostasis in higher eukaryotes.

Later in 2015, our group discovered
Reticulon-4B (RTN4B, aka NOGO-B) as a nega-
tive regulator of SPT activity in mammalian cells
(Fig. 8.4) [53]. NOGO-B belongs to the family of
reticulon proteins, localized in the membrane of
the tubular ER (aka smooth ER), contributing
to the tubulogenesis of the ER network
[186]. RTN proteins are characterized by two
transmembrane domains separated by a loop of
66-aa, named reticulon-homology domain (RHD)
[186, 187]. Rtn4 gene gives rise to three major
splicing isoforms, namely NOGO-A, NOGO-B,
and NOGO-C. While NOGO-A and -C are
mainly expressed in the central nervous system
[187], and low levels of NOGO-C are found the
skeletal muscle [188], NOGO-B is highly
expressed, but not exclusively, in the blood
vessels [53]. In physiological conditions,
NOGO-B is also expressed in bone marrow cells
[189] and in cardiomyocytes of the atria but not
ventricles [190]. In this regard, growing evidence
demonstrated an upregulation of myocardial
RTN4 expression in cardiomyopathy in mice
and humans [191–193], implicating a role for
NOGO in heart diseases. In EC the most abundant
isoform is NOGO-B, while NOGO-A is
undetectable [190].

8.9.1 NOGO-B Regulates BP
and Vascular Tone Via SPT

NOGO-B binds to and downregulates SPT activ-
ity of ca. 40% in both murine and human EC
in vitro and in murine lung microsomes. In the
absence of NOGO-B, SPT activity and
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sphingolipid levels, particularly S1P, are
increased [53]. However, the molecular basis
governing the dynamic interaction of NOGO-B/
SPT, for instance in response to changes in
sphingolipid levels, remains to be elucidated.
Mice lacking Nogo-A/B globally (Nogo-A/B�/�)
and specifically in EC (Nogo-A/BECKO) are born
at Mendelian ratios. In physiological conditions,
they only present a significant lower systolic BP
than controls (ca. 90 vs. 115 mmHg, respec-
tively). Strikingly, both Nogo-A/B�/� and Nogo-
A/BECKO mice were protected from developing
high BP following chronic infusion of AngII,
suggesting a pro-hypertensive role of NOGO-B.
These in vivo findings were supported by vascu-
lar reactivity studies ex vivo. The loss of NOGO-
B preserved vasorelaxation of MA in response to
Ach and flow, which correlated with higher
cGMP levels in thoracic aorta, index of endothe-
lial NO production [53]. Mechanistically, in the
absence of NOGO-B endothelial-derived S1P
was markedly upregulated, hence the
S1PR1-NO signaling. Interestingly, treatment of
Nogo-A/B�/� mice with myriocin restored BP to
pathological levels (from ca. 110 to 140 mmHg in
AngII-treated mice), due to the downregulation of
S1P-S1PR1-NO signaling. Although in the
absence of NOGO-B, SPT activity increases and
results in the elevation of both ceramide and S1P,
this upregulation is within a “window of opportu-
nity” that upregulates endothelial S1P and
S1PR1-NO signaling without activating PP2A
via ceramide. Overall, these findings indicate the
Nogo-B downregulation of SPT activity is rele-
vant to vascular diseases and endothelial
dysfunction.

8.9.2 NOGO-B and Barrier Function

In addition to eNOS activation, S1P can enhance
the endothelial barrier function via Rac-mediated
cytoskeleton remodeling [80] and VE-cadherin
dephosphorylation, as discussed in Sect. 8.4
[79]. The loss of NOGO-B enhances endothelial
S1P production in vitro, which correlates with
higher TEER enhanced barrier function
[193]. Plasma S1P is also significantly elevated

in Nogo-A/B�/� mice. Interestingly Nogo-A/B�/�

mice were protected from myocardial permeabil-
ity and inflammation following pressure overload
(induced by transverse aortic constriction),
whereas myriocin treatment abolished these ben-
eficial effects. On the contrary, SEW2871, an
agonist of S1PR1, was able to reduce inflamma-
tion following pressure overload [193],
suggesting that endothelial S1P-S1PR1-mediated
barrier enhancement in absence of NOGO-B
refrains plasma proteins and leukocytes from
extravasating and damaging the heart. It is note-
worthy that while the loss of NOGO-B did not
affect EC adhesion molecules expression (ICAM-
1 and CD31) [194], exogenous addition of S1P
was able to induce a significant and dose-
dependent increase in VCAM-1 and E-selectin
[195]. This difference may be due to the fact
that in EC lacking NOGO-B the increase in S1P
is into physiological levels, whereas exogenous
S1P was added to EC in the μM range (1–5 μM),
significantly higher than concentrations used for
in vitro studies (100-300 nM), thus might over-
come beneficial effects of S1P. In models of acute
inflammation, such as carrageenan-induced paw
edema and zymosan air-pouch, the enhanced bar-
rier function in Nogo-A/B�/� resulted in
decreased vascular leakage and extravasation of
inflammatory cells, particularly neutrophils and
monocytes [194]. Studies in vitro of endothelial–
leukocyte interactions under flow demonstrated
that paracellular trans-endothelial migration of
neutrophils and monocytes was markedly
suppressed in Nogo-A/B�/� EC, supporting the
enhanced barrier [194]. Mechanistically, in the
absence of NOGO-B the upregulation of local
S1P production counterbalances VE-cadherin
phosphorylation and stress fiber formation
induced by ICAM-1 cross-linking [194], thus
restraining the opening of the endothelial
junctions during inflammation, in line with simi-
lar S1P antagonizing effects reported for VEGF
and thrombin-mediated barrier disruption
[80]. Accordingly, mice overexpressing S1PR1
specifically in the endothelium showed a
decreased expression of ICAM-1, confirming
that S1P-S1PR1 signaling suppresses the expres-
sion of inflammatory genes.
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8.9.3 Endothelial NOGO-B
and Pathological Cardiac
Hypertrophy

In absence of endothelial NOGO-B, SPT activity
is upregulated. Nogo-A/B�/� mice are protected
from cardiac hypertrophy, fibrosis, and failure
following chronic pressure overload
[193]. Myriocin treatment inhibits SPT and
reinstates the pathological phenotype in Nogo-A/
B�/�, most luckily by suppressing local
S1P-S1PR1 signaling. Interestingly, Nogo-A/
BECKO mice are protected from developing path-
ological cardiac hypertrophy, recapitulating the
phenotype observed in Nogo-A/B�/�. Mechanis-
tically, the upregulation of S1P/eNOS/NO path-
way in the absence of NOGO-B exerts a
protective effect on the pressure overloaded
heart by different means, including the reduction
of permeability and inflammation by enhancing
the EC barrier and cardioprotective effects of
endothelial S1P [146], as well as of NO
[145, 196, 197], on cardiomyocytes.

Altered sphingolipid metabolism has been
implicated in cancer, and CV, immune and neu-
rodegenerative diseases [198]. Thus, it is not
surprising that more than one regulatory mecha-
nism is in place regulating the de novo biosynthe-
sis to preserve sphingolipid homeostasis in
response to metabolic and environmental stimuli.
This pathway is dynamical regulated in response
to the changes of the microenvironment (i.e.,
inflammatory stimuli, radiations, blood flow,
hemodynamic stress in the heart, etc.). We
are just beginning to understand how
sphingolipid levels are sensed by the cells and
the multilayered regulatory mechanisms
maintaining sphingolipid homeostasis. The stabi-
lization of ORMDL by S1P signaling identified in
EC might be also implemented in other cell types.
Unraveling the regulatory mechanisms of
sphingolipid biosynthesis may provide the frame-
work for therapeutics to restore homeostasis in
disease settings.

8.10 Plasma Ceramide as Biomarker
for Major Cardiovascular
Events and Other Conditions

Traditional serum lipid biomarkers of CV
diseases are triglycerides and cholesterol. In the
recent years, multiple studies demonstrated a
strong relationship between the levels of
circulating ceramides and the incidence of
adverse CV events, such as CAD, MI, hyperten-
sion, and stroke, both with non-fatal and fatal
outcomes [144, 199–207].

Most of these studies identified three major
ceramide species, C16:0-, C18:0-, and C24:1-cer-
amide, positively associated with CV disease
incidence [199], secondary CV events
[201, 205], and CV mortality [200, 202, 203];
whereas C24:0-ceramide negatively correlated
with CV mortality [200, 202, 203]. C24:0- and
C24:1-ceramide positively correlated with the
severity of hypertension [144]. Levels of
C16:0-, C22:0-, and C24:0-ceramide associated
with increased risk and severity of ischemic
stroke [206]. Another study positively correlated
C20:0- and negatively correlated C24:1-ceramide
with acute ischemic stroke. Moreover, the ratios
S1P/C24:1-ceramide and C24:0/C24:1-ceramide
were particularly increased in acute stroke
patients, suggesting a potential use as biomarkers
[207]. CERT1 (cardiac event risk test 1) was
developed for clinical practice and is currently
in use at Mayo Clinic. Based on the
concentrations of C16:0-, C18:0-, and C24:1-cer-
amide, alone or in their ratio to C24:0-ceramide,
CERT1 stratifies patients into four CV risk
categories [201]. A second risk score, CERT2,
was developed taking into consideration that
also phosphatidylcholine has shown prognostic
values for CV events, but is not currently used
in clinical practice [201, 208]. However, the
inclusion of these scores in clinical practice
would allow a more aggressive interventions in
patients at higher risk. A recent study of Poss and
colleagues evaluated a more comprehensive panel
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of 32 SL species in the plasma of patients with
CAD, including dihydroceramides, ceramides,
glucosylceramides, dihydroSM, SM, sphingo-
sine, and sphinganine. Thirty out of 32 SL
measured were elevated in patients affected by
familial CAD versus healthy controls and
correlated with the severity of the disease
[204]. They proposed a new risk score, named
SIC (sphingolipid-inclusive CAD), including
C18:0-dihydroceramide, C18:0-, C22:0-, and
C24:0-ceramide, C24:1-dihydroSM, C18:0- and
C24:0-SM, and sphingosine, expected to outper-
form CERT1 in the stratification of patients with
CAD [204].

In addition to CV diseases, plasma C18:0-,
C20:0-, and C24:1-ceramide are also significantly
elevated in obese patients with T2D compared to
lean healthy individuals and correlated with the
severity of insulin resistance [209]. Interestingly,
the ratio C18:0/C16:0-ceramide was predictive of
T2D 10 years before the diagnosis [210], and
C16:0-, C22:0-, C24:0-, C24:1-dihydroceramides
were increased and predictive of T2D 9 years
before the diagnosis [211]. While it is known
that EC and RBC are major sources of plasma
S1P [53, 54, 212], little is known on the cellular
sources of ceramides in circulation. We have
recently demonstrated that endothelial deletion
of SPTLC2 leads to ca. 50% and 30% reduction
in plasma S1P and ceramides, respectively, but
not in SM [119]. A significant reduction in
plasma S1P (ca. 40%) was also achieved by
genetic deletion of endothelial SPNS2,
supporting the role of the endothelium as source
of both plasma S1P and ceramide [54, 58]. Based
on clinical data, it is conceivable that the endo-
thelium contributes, at least in part, to remodel
plasma ceramide landscape in patients affected by
CV and metabolic diseases, including CAD, heart
failure, and diabetes. Thus, in addition to predict
major CV events, plasma ceramides might also
function as biomarkers of the diseases state of
blood vessel. It is noteworthy to mention that
how SL change in the diseased versus healthy
endothelium, and their impact on the vascular
pathology, remains poorly understood. The
increase of endothelial ceramide in CV diseases
and diabetes has been inferred by in vitro findings

but never measured in vivo. Thus, further studies
are needed to understand how sphingolipid
metabolism changes and contributes to endothe-
lial dysfunction, culprit event in the pathogenesis
of cardiovascular and cerebrovascular diseases.

8.11 Gene Variants of Sphingolipid
Pathway and Cardiovascular
Diseases

Several rare monogenic disorders have been
associated with mutations impairing the activity
of proteins of sphingolipid metabolism, and most
of them manifest neurological disorders, like in
hereditary sensory and autonomic neuropathy
type 1, and Niemann–Pick, Gaucher, Krabbe,
Fabry, and Farber diseases [213]. Growing litera-
ture reported the association between single
nucleotide polymorphism (SNP) of sphingolipid
metabolism genes and CV diseases. In 2009,
Hicks et al. conducted a Genome-Wide Associa-
tion Study (GWAS) between 318,237 SNPs and
the levels of circulating SL species in five differ-
ent European populations. They found SNPs in
SPTLC3, CERS4, SGPP1 (S1P phosphatase),
and FADS1–3 (fatty acid desaturase) associated
with circulating sphingolipid levels. Moreover,
SNP in SPTLC3 correlated with the incidence of
MI [214]. A recent study identified 28 SNPs close
to the SPTLC3 locus that significantly associated
with reduction in plasma C22:0- and C24:0-cer-
amide [215], and increased levels of these cer-
amide species have been linked to CAD and heart
failure. A genetic variant in dihydroceramide
desaturase (DEGS1), leading to L175Q mutation
(rs191144864), causes a partial loss-of-function
[216]. Patients with this mutation have increased
dihydroceramides and a modest decrease in three
established ceramide ratios (C16:0-, C20:0-, and
C24:1- in ratio with C24:0-ceramide) linked to
CV diseases, suggesting that this SNP in DEGS1
may have protective functions [216]. Moreover,
egs Degs1�/� mice on leptin-deficient back-
ground or fed an obesogenic diet have reduced
hepatic steatosis and insulin resistance. Chaurasia
et al. [217], suggesting that DEGS1 L175Q may
protect from obesity and diabetes. A SNP in
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CERS2 (rs267738) leading to a partial loss-of-
function [218], and three in CERS6 (rs3845724,
rs4668102, and rs4668089) mapping in an
intronic region [219], have been associated with
metabolic disease and T2D, respectively. Hla’s
group characterized the functional consequences
of several SNPs in S1PR1 [220]. R120P mutation
(rs149198314) abrogates the ability of S1PR1 to
bind S1P, and therefore its endocytosis and
downstream signaling. I45T (rs148977042) and
G305C (rs146890331) mutations impair S1PR1
desensitization process. Thus, the efficacy of
FTY720 treatment might be affected in
individuals carrying these S1PR1 mutations.
Finally, R13G mutation in S1PR1 was found
enriched in a high CV risk population, but it
appeared to protect from CAD [220], although
in vitro data of S1PR1 R13G mutant showed no
functional differences with the native receptor.
SNPs SphK1 [221] associated with increased
CV events; SNPs in NOGO-B (rs17046570) and
ORMDL3 (rs7216389 and rs9303277) positively
correlated with CAD [212, 222].

Circulating concentrations of several key
components of sphingolipid metabolism are
under genetic control, and it is conceivable to
think that other variants in their loci can be
accountable for the disruption in the SL homeo-
stasis seen in the cardiometabolic diseases.
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