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1 | INTRODUCTION

Sphingolipids are components of cellular membranes that participate
in structural as well as in signaling pathways and regulate many cellu-
lar functions. By regulating the pathways of inflammation, apoptosis,
and proliferation, sphingolipids serve as bioactive molecules and play
a major role in the pathophysiological mechanisms of cardiometabolic
diseases such as type-2 diabetes (T2D) and atherosclerosis and also
cancer, lung disease, and lysosomal storage disorders.!® The
knowledge of the signaling functions of sphingolipids has expanded
considerably over the past decade and has expanded the many
diverse functions of ceramides in biological processes. Ceramides are
synthetized de novo from serine and palmitoyl-CoA, from the hydro-
lysis of ceramide-1-phosphate, from sphingosine involving ceramide
synthase, from the hydrolysis of glucosylceramide, and via the action
of sphingomyelinases (SMases), a family of enzymes that hydrolyze
the membrane lipid sphingomyelin to generate phosphocholine and
ceramide.”*® SMase-derived ceramides have been implicated in
many signaling (cell growth, differentiation, senescence, and apopto-
sis) and pathological (inflammation, insulin resistance, diabetes,
atherosclerosis, oxidative stress, and neurodegenerative disorders)
events.'*"1? SMases are classified into five families based on their
pH optima and metal ion requirement for their activity. Their charac-
teristics and roles will be briefly described in a separate
section below.

nSMase activity was first reported by Schneider and Kennedy in
fibroblasts from patients with Niemann-Pick disease.?° It was later
characterized as a predominant membrane-bound enzyme in the
crude extracts of human gray matter.?! Four nSMases have been
nSMasel, nSMase2, nSMase3,
associated nSMase.?2 All require a neutral pH and divalent cations

described: and mitochondria-

(Mg**/Mn™™) for the hydrolysis of the phosphocholine-head group of
sphingomyelin to generate ceramide.?®> nSMases, except nSMase-3,
have a DNase-l type catalytic core, suggesting a common mechanism
of these three enzymes for sphingomyelin catalysis.2* The most
investigated isoform, nSMase2, is a 655 amino acid long (71 kDa)
protein localized in the plasma membrane and the Golgi apparatus in

many cell types.?225727 |t has been implicated in diverse functions, in

t10,28,

particular cell differentiation and growth arres ; postnatal growth

and bone development29'3°; cell cycle31; cell adhesion, migration,

and proliferation®?; senescence®®; cell death and apoptosis®*®>;

autophagy®®; exosome release®”®®; and inflammatory immune

2839-41 hSMase?2 also appears to be involved in the patho-

42,43

responses.

genesis of several diseases such as cancer, neurological and age-

related neurodegenerative diseases (amyotrophic lateral sclerosis,

), 44 as well as

51-55

Alzheimer's disease, and Parkinson's disease

46,47 47-50 and cardiometabolic diseases.

pulmonary, circulatory,

In the present review, we focus on the recent development
of our knowledge on the role of nSMase2 in the pathophysiology of
metabolic syndrome-related disorders and their complications: obe-
sity, insulin resistance, metabolic inflammation, p-cell dysfunction,
T2D, nonalcoholic fatty liver disease (NAFLD), nonalcoholic

steatohepatitis (NASH), atherosclerosis, and heart failure.

2 | SPHINGOLIPIDS,
SPHINGOMYELINASES, AND CERAMIDES IN
BRIEF
2.1 | Mammalian sphingolipid metabolism
Sphingolipids, a class of lipids that contain a sphingoid base (mainly
C,5 backbone), were first discovered in brain extracts and named
after the mythological sphinx for their enigmatic disposition.>®
Sphingolipid metabolism consists of an intertwined network of meta-
bolic pathways that can be grouped into four key modules.t>7->8
(1) In the endoplasmic reticulum (ER), the central hub of sphingolipid
metabolism, where de novo biogenesis of ceramides takes place. In
this process palmitoyl-CoA and serine are first condensed to produce
3-keto-dihydrosphingosine, and subsequently, dihydrosphingosine,
dihydroceramide, and eventually ceramide are formed. (2) Ceramide
is then transported from the ER to the Golgi apparatus, where it is
converted into more complex sphingolipids, such as sphingomyelin
and glycosphingolipids.>? (3) In the plasma membrane, ceramide is
converted into other bioactive molecules including ceramide-1 phos-
phate (C1P), sphingomyelin, sphingosine-1-phosphate (S1P), and
sphingosine.”” (4) Ceramide regeneration via hydrolysis of complex
sphingolipids like sphingomyelin and glycosphingolipids that helps in
the maintenance of sphingolipid homeostasis.?® Elevated de novo
biosynthesis of ceramide in the ER results in its accumulation and ER
stress. Reduced hydrolysis of complex sphingolipids offsets homeo-
stasis and leads to excessive sphingolipid storage. Ceramide and
sphingosine in excess are pro-apoptotic and can cause cell de-differ-
entiation, senescence, apoptosis, and growth arrest. On the other
hand, C1P and S1P are prosurvival molecules involved in angiogene-
sis, proliferation, migration, transformation, and inflammation.6-%*
Overall, sequestration of these metabolic steps in different subcellu-
lar compartments ensures the organized orchestration of the complex
roles of the various sphingolipids in membrane biology and cell func-
tion, and its dysregulation can promote disease pathogenesis
(Figure 1).

2.2 | Ceramide metabolism

There are three characteristic pathways of ceramide formation
including (1) ceramide release via sphingomyelin hydrolysis in the
cell membrane, the pathway of nSMase2 discussed in this
review®>%%: (2) de novo synthesis in the ER, initiated by
serine palmitoyltransferase-mediated conversion of serine and
palmitoyl-CoA into 3-ketodihydrosphinganine, subsequently yielding
dihydroceramide, which is converted by dihydroceramide desaturase
(DES) to ceramide®”°%¢7; and (3) the “salvage pathway” in which
complex sphingolipids are degraded into ceramide by various
enzymes present in acidic lysosomes. Then, acid ceramidase con-
verts ceramide into sphingosine, which re-enters the cytosol and is
recycled back into ceramide by the action of ceramide synthase®®?

(Figure 1).



SINDHU et AL, OBESITY _WILEY_L3°1
FIGU RF 1 Sigr]aling cascade of cerarnides Delovo B Ceramide C-1-P
from their production to the pathogenesis of synthesis synthase phosphatase

metabolic disorders. Ceramides can be
synthesized de novo from palmitoyl-CoA, from
sphingomyelin through SMases, from
sphingosine via ceramide synthase, and from
ceramide-1-phosphate (C-1-P) through its
phosphatase. Accumulation of ceramides causes
oxidative stress and the activation of different
protein kinases, which leads to mitochondrial

Ceramides

. . . . . ( h
Fiysfuncthn, apoptosis, insulin re5|stefnce, and Oxidative stress PP2A, PKCZ INK, IKKB
inflammation. These processes contribute to L ) L ) L )
pathogenesis of metabolic diseases. CVD: l J_ l
cardiovascular diseases; Ins Res: insulin P - - p N N
resistance; NAFLD: nonalcoholic fatty liver Mltochon.drlal AKT JUN, NFkB
disease; T2D: type 2 diabetes C dySfuICtlon )\ J) U l Y,

4 z v - )
Apoptcosns ( - . ) Inflammation
B cells, cardiomyocytes Insulin resistance
- L ) Ins Res genes
\___endothelialcells ) L )
[ T2D, CVD, NAFLD ]
2.3 | Sphingomyelinase family members and their 3 | NSMASE2 BIOCHEMISTRY AND

roles

The five classes of sphingomyelinases show these general character-
istics. (1) Acid sphingomyelinases (aSMases) show optimum activity
at pH 5 and are localized in lysosomes but can also relocate to the
outer leaflet of the plasma membrane.”®’! They play a role in
cellular responses to stress, proliferation, differentiation, and cell
death.”?73 (2) Secretory sphingomyelinases (sSMases) share a com-
mon protein precursor with aSMases but with a different protein
the Golgi

These enzymes function best at acidic pH and may or may not

trafficking fate targeted to secretory pathway.

require Zn?* for their activity.”*7¢ (3) Mg2*-dependent, neutral
in the ER and Golgi
as well as in the inner leaflet of the plasma

sphingomyelinases (nSMases) are found
apparatus,”®””
membranes.”®8 Their optimal pH is 7, requires Mg?*/Mn?*, and
they can be activated by several growth factors, tumor
necrosis factor-a (TNF-a), and oxidized low-density lipoproteins
(Ox-LDL).2' These enzymes play a role in stress-induced cell
death.®? (4) Mg?*-independent neutral sphingomyelinases, identified
in the cytosol of human leukemia cell line HL-60 and rabbit skeletal
muscle, show optimal activity at pH 7.5 and are involved in regula-

8384 (5) Basic or alkaline

tion of Ca?" levels in the skeletal muscle.
sphingomyelinases (bSMases), purified and characterized from rat
intestine, bile, and liver, are Mg2+—independent but bile salt-depen-
dent and protease-resistant and show optimum activity between

pH 9 and 9.5.8°-87

REGULATION

3.1 | Tissue distribution and cellular localization

The nSMases were discovered in 1967 by Schneider and Kennedy.?°
Only after about three decades, purification, cloning, and characteriza-
tion of mammalian nSMasel were reported from rat®® and bovine®’
brain. However, there was still significant sphingomyelinase activity
present, even after the removal of nSMase1 activity in brain homoge-
nates, and this soon led to the identification of a second nSMase,
named nSMase2.7° The two nSMase isoforms differ in their tissue dis-
tribution, with the expression of nSMasel being ubiquitous, while
nSMase2 is highly expressed in the brain and its expression is low in

bone, liver, and spleen.?70-92

nSMase2 was originally shown to be
localized in a subcompartment of the Golgi apparatus.”® Then, it was
shown that at high cellular density, this enzyme is translocated to the
inner leaflet of the plasma membrane in order to be in contact with its

lipid substrate?®?# (Figure 2).

3.2 | Gene expression and regulation

3.2.1 | Transcriptional regulation

nSMase2, encoded by the SMPD3 gene, is the most studied enzyme
within the sphingomyelinase family. Chemotherapeutics, such as
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Schematic representation of nSMase2 localization and regulation. nSMase2 can translocate from the Golgi apparatus to the

plasma membrane, and this process is influenced by various factors. The enzymatic activity of nSMase2 can be modulated by oxidative stress,
inflammatory cytokines, glutathione, chemotherapeutic agents (daunorubicin), and the pharmacological inhibitor GW4869. GSH: glutathione;
PKC3: protein kinase C isoform-8; PS: phosphatidylserine; ROS: reactive oxygen specie; SM: sphingomyelin; TNF-a: tumor necrosis factor-a.
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daunorubicin and camptothecin, and also all-trans retinoic acid, were
shown to induce the transcription from SMPD3 gene in cancer cells by
recruiting the transcription factors Sp1 and Sp3 that bind to a seg-
ment of nucleotides 147 bp upstream of exon 1 in the SMPD3 gene.”®
In addition, it was found that in the ob/ob mouse model of T2D asso-
ciated with obesity and hyperinsulinemia, elevated TNF-a might lead
to high levels of adipose tissue nSMase2 mRNA and plasma cer-
amide.”® Similarly, in subcutaneous adipose tissue samples from indi-
viduals with obesity and diabetes, mRNA levels of nSMase were
found to be elevated compared to nondiabetic obese and lean sub-
jects.”” Transcription of SMPD3 gene was shown to be elevated five-
fold in growth-arrested confluent breast cancer MCF7 cells compared
to nonconfluent cells, with resultant increase in total nSMase activity
and ceramide levels. The increase in nSMase2 mRNA levels in MCF7
cells was correlated with the GO/G1 cell cycle arrest.”® Thus, the
nSMase2/SMPD3 gene activity appears to be positively controlled
under conditions of obesity, T2D, and inflammation but turned down

in proliferating cancer cells.

3.2.2 | Regulation of nSMase2 protein levels and
its localization

The expression of nSMase2 protein and its activity in HAE lung epi-
thelial cell line were shown to be enhanced by oxidative stress
induced by hydrogen peroxide (H,O,), whereas treatment with the
antioxidant reduced glutathione (GSH) led to a decline in the protein
expression.”® With respect to nSMase2 localization, protein kinases
p38 and PKC8 were shown to regulate nSMase2 translocation to the

plasma membrane in response to cytokines such as TNF-a. The role of

PKCS8 in this translocation appears to be independent of TNF-a
effects on nSMase2 activation.””1®° Confluence-related GO/G1 cell
cycle arrest in MCF7 cells was also found to be associated with the
translocation of nSMase2 protein to the plasma membrane from
the cytoplasm.”® Interestingly, in the HAE cells, while H,O, promoted
the translocation of nSMase2 to plasma membrane where it can
generate ceramide and cause apoptosis, treatment with reduced GSH
led to nSMase2 translocation to nucleus where this enzyme cannot
produce ceramide.”® Thus, nSMAse2 activity and localization appear

to be controlled by the cellular redox state.

3.2.3 | Modulation of nSMase2 activity

The importance of nSMase2 in the ceramide-dependent signaling

22101 js highlighted by the observations that its enzymatic

pathways
activity is upregulated by phosphatidylserine and various stress fac-
tors such as cytokines (IL-1f, TNF-q, interferon-y [IFN-y]), oxidative
stress (reactive oxygen species [ROS] and oxidized lipids), UV radia-
tion, chemotherapeutics, amyloid-p peptides, and nitric oxide
(NO).2223:202-107 The proinflammatory cytokine TNF-a via direct cou-
pling with its receptor has been shown to acutely increase, in cell free
system, the hydrolytic production and accumulation of ceramide by
direct nSMase activation.'%81%? It was also suggested that nSMase2 is
activated by superoxide (O,7) produced by plasma membrane-
associated NADPH oxidase-1 via the signaling cascade involving
membrane-associated estrogen receptors.?1° Interestingly, amyloid
B-peptide was shown to directly interact with nSMase2 and activate
the enzyme.** A study identified five specific serine residues that can

be phosphorylated in nSMase2 and reported that oxidative stress
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promotes nSMase2 phosphorylation which positively controls its
activity as well as stability.112

By contrast, some antioxidant agents and conditions are known
to negatively regulate nSMase activity. Thus, the antioxidant function
of plasma membrane redox system (CytB5 reductase-CoQ-NQO1-a-
Tocopherol), which contains the antioxidant ubiquinol, has been
shown to negatively regulate the activity of the plasma membrane-
bound nSMase2.2? nSMase2 activity has been shown to be reduced
by calcineurin-mediated dephosphorylation.**® GSH, with its antioxi-
dant properties, has also been shown to decrease nSMase activity by
acting on TNF-a activation pathways.''* Finally, an inhibitor,
GW4869 (ICso of 1 uM), of the enzyme has been identified through
high throughput screening. It is a cell membrane permeable, non-
competitive inhibitor and is widely used to study nSMase2 functions
in cell and animal models.231°3 Altogether, the evidence indicates that
nSMase2 cellular localization, activity, and protein degradation are
controlled by cytokines, ROS, and the cellular redox state, as well as
via its phosphorylation state.

3.3 | Structure, function, and properties

Considering the significance of the cellular localization of nSMase2
and its reaction product ceramide for cellular signaling, it is important
to understand the topology and the distribution and function of dif-
ferent domains of this protein in the plasma membrane. nSMase2 is
predicted to contain two transmembrane segments, N-terminal
domains (NTD), and a C-terminal catalytic domain (CAT). In addition,
between the two transmembrane segments and the catalytic region,
there is a collagenous domain, but its function is unclear. There are
two palmitoylation sites that are necessary for anchoring nSMase2 to
the membrane.1*® Recent crystallographic studies on the structure of
human nSMase2 showed that there is an interaction between the two
hydrophobic, membrane bound, NTD, and the soluble cytosolic CAT
domains.2®?* The juxtamembrane (JX) NTD region was found to act
as an allosteric activator, stimulating sphingomyelin hydrolysis,
through its association with phospholipids, such as cardiolipin and

phosphatidylserine.24?2

It was further elaborated that phos-
phatidylserine binding at the NTD and juxtamembrane linker region in
nSMase2 acts as a conformational switch, leading to interdomain,
intramolecular interactions that are critical for nSMase2 activation.'¢
It was also revealed that the asparagine residue, ASN130, coordinates
the binding of Mg?* ion in the active site which contributes to the cat-
alytic activity of nSMase2 by stabilizing the phosphodiester bond of
the sphingomyelin in the substrate binding site before its cleavage
into phosphocholine and ceramide.?51”

In addition, the region separating the NTD and CAT domain of
nSMase2 harbors five serine residues that can be phosphorylated!®
and also a calcineurin-binding site*® that are relevant for nSMase2
activation as well as stability as discussed above. Oxidative stress was
shown to enhance the nSMase2 activity in human airway epithelial
cells and this activation associated with the phosphorylation of serine

residues S173, S208 near the calcineurin binding site and S289, S292,

and 5299 close to the catalytic domain.!*2 Phosphorylation is a major
mechanism by which nSMase2 is activated by cytokines such as
TNF-a which is elevated in conditions of inflammation, obesity, and
insulin resistance. In the plasma membrane, nSMase2 interacts with
the TNF-a receptor (TNFR)-1, which facilitates PKC5 and p38-MAPK
mediated nSMase2 phosphorylation and regulation. Binding with a
phosphatase-like calcineurin leads to nSMase2 dephosphorylation
and thereby decreases its activation.?*® Figure 2 illustrates the factors
influencing nSMase2 cellular localization and activity and how this

enzyme is regulated.

3.4 | nSMase2, sphingolipids, and ceramides in
metabolic disorders

In different cell types and animal models, decreased sphingomyelin
levels in association with elevated ceramides have been implicated in
many biological processes such as the control of cell differentiation,
cell cycle arrest, and programmed cell death.1® This topic has already

1115118 5nd will not be discussed

been covered by excellent reviews
here. Because nSMase2 is the most studied neutral SMase and has
been much implicated in inflammation, the production of cytokines
and many additional processes involved in cardiometabolic disorders,
nSMase2, is an interesting therapeutic target.”¢**? Below, we cover
our recent understanding of the role of nSMase2 in diseases related

to nutrient excess and the metabolic syndrome.

3.5 | |Insulin signaling and insulin resistance
Dysregulated interactions between metabolic and inflammatory path-
ways contribute to the pathogenesis of insulin resistance and associ-
ated metabolic complications in obesity. Metabolic inflammation is
considered as the main driver of insulin resistance and associated
metabolic complications.'?° Obesity induces a state of chronic low-
grade inflammation which is a hallmark of the infiltration of immune
cells in fat tissue and liver and the production of proinflammatory
cytokines and chemokines. Among the proinflammatory cytokines,
TNF-a and IL-1p produced by adipocytes as well as immune cells can
increase nSMase?2 activity and the production of ceramide, a mediator
of insulin resistance (Figure 3).%:1>12%:122

In vitro studies in Lé rat skeletal muscle cells showed that TNF-a
and ceramide caused attenuation of insulin action by the activation of
protein phosphatase-1 and subsequent dephosphorylation and inacti-
vation of AKT, SRp40 (required for insulin-stimulated glucose uptake)

123 |t was shown that ceramide

and glycogen synthase kinase (GSK3p).
directly activates PKCt, which phosphorylates and inhibits the translo-
cation of AKT/PKB.*2* In addition, ceramide stimulates the activity of
cytosolic protein phosphatase-2A (PP2A), which dephosphorylates
and inactivates AKT/PKB.1?>12% Thus, elevated ceramide levels in
conditions of metabolic syndrome, such as fatty liver disease and obe-
sity, appear to contribute to insulin resistance.*2”:*28 |n addition, cer-

amide analogs have been shown to inhibit insulin-stimulated glucose
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uptake, GLUT4 translocation, and glycogen synthesis in isolated
brown adipocytes and L6 skeletal muscle cells.*??*%° Besides, it has
been shown that ceramide produced by nSMase2 accumulates in the
ER and contributes to ER stress which, in turn, causes the activation
of c-Jun N-terminal kinase (JNK), resulting in inhibition of insulin
receptor signaling.*>* The importance of nSMases in insulin resistance
was also demonstrated by studies showing that inhibition of nSMase
by GW4869 is protective against insulin resistance, metabolic dys-
function, cellular stress, and inflammation induced by saturated fatty
acid in C2C12 skeletal muscle myotubes.132 Also, nSMase2 inhibition
by GW4869 abrogated the TNFa-mediated inflammatory response
(IL-1p and MCP-1 expression) in monocytic cells and macrophages.33

In vivo studies in high-fat diet fed rodents, ob/ob mice, and
Zucker diabetic fatty (ZDF) rats revealed that inhibition of ceramide
synthesis by administration of myriocin, an inhibitor of serine
palmitoyltransferase, led to improved insulin sensitivity, showing the
importance of ceramides as mediators of insulin resistance.*** Fur-
thermore, the antidiabetic drug pioglitazone, which is known to pro-
tect against insulin resistance®3> through the activation of peroxisome
proliferator-activated receptor gamma (PPARy) and its target

136,137

genes, was also found to suppress skeletal muscle TNFa levels

with associated decrease in muscle nSMase2 activity in Zucker fatty

rats, 138

suggesting that pioglitazone-mediated suppression of
nSMase2 is one of multiple mechanisms that could improve insulin
sensitivity in the skeletal muscle.**® Thus, there is ample in vitro and
in vivo evidence indicating that enhanced inflammation-induced
nSMase activity leads to elevated production of ceramide which pro-
motes insulin resistance and that inhibiting ceramide production by
reducing nSMase activity improves insulin sensitivity (Figure 3). Either

whole body or liver-specific ablation of dihydroceramide desaturase-1

(DES1), which conducts the final step in de novo synthesis of cer-
amide from dihydroceramide, was shown to decrease ceramide/
dihydroceramide ratios in tissues and serum and to prevent diet-
induced insulin resistance and hepatic steatosis in mice.’*® To the
contrary, a recent study involving 7 lean healthy volunteers and
21 individuals afflicted with obesity and NAFLD reported a decreased
ceramide/dihydroceramide ratio in liver and plasma and leads to insu-
lin resistance and fatty liver disease, questioning the relevance of the
mouse studies for human pathology.2*® Nevertheless, total hepatic
dihydroceramides and lactosylceramide were found to be elevated in
NASH patients in comparison to patients with normal or nonalcoholic
fatty liver, without progression to NASH.'*' These and other

studies?3-143

suggest that more mechanistic studies are required to
clearly define the role of ceramide metabolism in human disease con-
text and the players (ceramide vs. dihydroceramide) involved in insulin

resistance, NAFLD/NASH, and adipose inflammation.

3.6 | Pancreatic B-cell dysfunction and death

Glucolipotoxicity-mediated p-cell dysfunction in conditions of obesity
and T2D is thought to be due, at least in part, to the increased esterifi-
cation of fatty acyl-CoA and accumulation of diacylglycerols and
ceramides.**1*> In the p-cell, even though ceramide synthesis is
thought to be predominantly via the de novo pathway, starting from
serine and palmitoyl-CoA,**¢ nSMase2 has also been shown to con-
tribute to ceramide synthesis under conditions of ER stress.2*”
nSMase2-mediated production of ceramide increases in R-cells
exposed to TNF-a and IL-1p and contributes to their damage and dys-

function.'*” Ceramides can accumulate in mitochondria and alter
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mitochondrial membrane integrity and were proposed to induce apo-
ptosis and necrosis in p-cells.?*®71%° |n terms of toxicity mechanisms,
nSMase2 has been shown to synergize with BH3-only pro-apoptotic
proteins by promoting translocation of the proapoptotic protein Bax
to mitochondrial membrane, triggering the opening of mitochondrial
permeability transition pore and the release of cytochrome c into the
cytosol.*>! On the other hand, ceramide has been reported to lower
the mRNA expression of the anti-apoptotic protein Bcl-2 in INS-1

7.152

B-cells and activate caspases 3/ It has also been shown in human

islets that fatty acid-associated toxic effects are mediated by
ceramides via Bcl-2 downregulation and activation of caspases.**® In
the presence of cytokines, such as IL-1p and IFN-y, human islets were
found to undergo ER stress with subsequent p-cell apoptosis caused
by ceramide that was produced through the action of Ca2*-indepen-
dent phospholipase-A2p and nSMase2.” Thus, it appears that ele-
vated level of ceramide caused by enhanced activity of nSMase2
induced by cytokines or glucolipotoxicity can trigger the mitochon-
dria/cytochrome c/caspases-3/7 mediated apoptosis in p-cells and
that this mechanism may in part underlie the R-cell failure in both
types 1 and 2 diabetes, since both forms of diabetes are characterized
by islet inflammation and elevated levels of cytokines.

It has also been suggested that nSMase2 regulates B-cell excit-
ability and insulin granule exocytosis as this enzyme localizes to
plasma  membrane, where it regulates the levels of
sphingomyelin.24”152 Consistent with this view, mice with genetic
deletion of sphingomyelin synthase-1, which converts ceramide to
sphingomyelin, display increased ceramide accumulation, mitochon-
drial degeneration, and increased ROS production in the p-cells, with
accompanied defective glucose-stimulated insulin secretion.'>* Sur-
prisingly, it has been shown in a recent study in mice that ceramide
levels are increased by cigarette smoking and cause oxidative and ER
stress in the p-cells, leading to reduced insulin production, processing,
and secretion and also decreased viability and proliferation of
ﬁ—cells.155 Also, it has been shown that inhibiting the formation of cer-
amide protects -cells from destruction in T2D rodent models.' 4715

Thus, mounting evidence supports a role for nSMase2 and
ceramides in the development of B-cell dysfunction and failure in
T2D. However, in order to better understand the precise role of
nSMase2 in p-cell function in health and disease, further studies
employing animal models with p-cell specific deletion of the
nSMase2/SMPD3 gene are needed. Whole body nSMase2 knockout
mice were found to display very significant growth retardation with a
form of dwarfism, hypothalamus-induced combined pituitary hormone
deficiency as well as abnormalities in skeletal development. Glucose

and insulin homeostasis were not studied in these mice.??

3.7 | Obesity, T2D, and associated inflammatory
conditions

Excess energy intake leads to the accumulation of fat in adipose tis-
sues and also ectopically in other tissues such as liver, skeletal muscle,

and the myocardium, leading to obesity and the associated

inflammation and cardiometabolic diseases. Lipotoxicity due to lipid
overload contributes to cellular and organ dysfunction and cell death.
Ceramide accumulation was proposed to mediate cardiomyocyte apo-
ptosis induced by ischemia-reperfusion, TNF-a, and palmitate in sev-
eral rodent models of obesity and diabetes, including the ZDF rats,
db/db, and ob/ob mice.”®%¢ It has also been shown that car-
diomyocyte apoptosis in individuals with obesity and diabetes, as
compared to lean individuals, is accompanied by elevated expression
of neutral sphingomyelinase and serine palmitoyltransferase, empha-
sizing the potential role of altered ceramide metabolism in cardiac fail-
ure in patients with obesity, with and without T2D (Figure 4).5°

What is the mechanism that underlies these alterations in
sphingolipid metabolism? The saturated fatty acids that accumulate
in adipocytes can activate the toll-like receptor (TLR)-4 which
contributes to inflammation.1?14°  Adipose tissue inflammation
caused by the increased macrophage recruitment and activation leads
to elevated production of proinflammatory cytokines (e.g. TNF-a,
IL-1p). We recently showed that the disruption of nSMase2 activity,
but not of aSMase, in monocytes and macrophages prevents the
TNF-a-driven inflammatory responses, including the expression of
the inflammatory (M1) macrophage marker CD11c and the secretion
of prototypic inflammatory mediators IL-1p and MCP-1.3*% The
evidence indicated that the inhibition of the TNF-a-driven inflamma-
tory responses involves the NF-kB/MAPK signaling pathway. In
agreement with these data, peripheral blood mononuclear cells
(PBMC) from individuals with obesity were shown to display
increased levels of nSMase2, which is known to associate with
TNF-a expression in these cells. These findings collectively support
the view that nSMase2 acts, at least in part, as a master switch in
TNF-a-mediated inflammatory responses in monocytes and macro-
phages in the obesity setting.?®*

As detailed in the above section, ceramides and nSMase2 appear
to contribute to the development of B-cell failure in T2D. Many stud-
ies have shown that blocking or lowering the ceramide accumulation
in various tissues improves the diabetic condition,16:134139:148.149.157
High levels of dietary fiber are known to lower the risk of coronary
heart disease and associated mortality, and a recent study revealed
that dietary fiber, such as inulin, reduces the expression of liver
nSMase2 and plasma ceramide levels which is a major risk factor for
cardiometabolic diseases.*>® Overall, significant evidence suggests
that inhibition of ceramide generation by nSMase2 and other path-
ways can help prevent adipose inflammation and monocyte/macro-
phage activation as well as retard the development of T2D and other

metabolic syndrome-related disorders.

3.8 | NAFLD/NASH

NAFLD represents a group of pathologies that include hepatic
steatosis, NASH, fibrosis, and cirrhosis,*>® and the underlying patho-
genic mechanisms are multifactorial and complex. Even though
NAFLD is highly prevalent in the general population, most affected
patients suffer mainly from nonlife threatening simple steatosis, while
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Chronic low-grade
inflammation

Adipocyte hyperplasia
and hypertrophy

Obesity

( Proinflammatory cytokines )

nSMase2

Ceramides

Mitochondrial dysfunction
ROS
Insulin resistance

Heart failure <— Atherosclerosis

NAFLD/NASH <> Type 2 diabetes <— B-cell dysfunction

FIGURE 4 Proposed role of nSMase2 and ceramides in the pathogenesis of different metabolic diseases. The chronic low-grade inflammation
in individuals with obesity drives the production of proinflammatory cytokines such as TNF-a and IL-1p, which can lead to the upregulation of
nSMase2 expression and activity. This, in turn, increases the production of ceramides leading to mitochondrial dysfunction, production of reactive
oxygen species (ROS) and insulin resistance. Accumulation of ceramides in different organs seems to be responsible for the onset of different

metabolic diseases. Created with BioRender.com

5%-10% of patients with NAFLD actually go on to develop NASH,
with one third of these patients progressing to cirrhosis.?® The
two-hit hypothesis of NAFLD pathogenesis states that the life
style-induced lipid accumulation in the liver acts as the first hit which

sensitizes the liver to second hit(s), such as ER/oxidative stress, 16162

proinflammatory ~ cytokines, 63164 165

and lipotoxicity, leading to
steatohepatitis and fibrosis. However, this simplistic view is now rep-
laced by the “multiple hit” hypothesis which proposes that multiple
hits are implicated in NAFLD pathogenesis, such as dietary factors,
gut microbiota, insulin resistance, adipokines, genetic, and epigenetic
factors acting in combination on the genetically predisposed subjects
to eventually lead to NAFLD.16%1%¢ Sphingolipids have been impli-
cated in the pathogenesis and progression of steatosis and NAFLD,
mostly based on the evidence from studies on different
murine?é®1¢7-174 and rat models'”>~178 of NAFLD suggesting that
reduction of certain sphingolipids like ceramide is likely beneficial
against NAFLD/NASH.'*?1¢7-178 However, the importance of cer-
amide in human NAFLD/NASH has been questioned recently. Thus,
the prevention of hepatic steatosis observed in a model of either
whole body or liver-specific DES1 deletion in mice®®® by decreasing
tissue and plasma ceramide/dihydroceramide ratios was found to be
nontranslatable to humans as the reverse was noticed in a study com-

paring lean healthy individuals with patients with obesity and

NAFLD.2° Similarly, a recent clinical study involving 288 patients rev-
ealed no association between NAFLD (and its spectrum) and plasma
levels of typical sphingolipids, such as the long chain sphingoid base
containing sphingosine and sphinganine, even though elevated plasma
deoxy-sphingolipid levels were noticed in patients with steatosis.x”®
These deoxy-sphingolipids are generated by serine palmitoyl
transferase (SPT), by the condensation of palmitoyl-CoA with
L-alanine or L-glycine, when these amino acids are present in excess,
instead of serine.X® In addition, four missense mutations (C133W,
C133Y, V144D, and G387A) in the SPT1LC subunit of SPT enzyme
were found to shift the substrate specificity of the mutated SPT from
serine to alanine and glycine, leading to the accumulation of
unmetabolizable deoxy-sphingolipids, resulting in the hereditary dis-
ease, hereditary sensory, and autonomic neuropathy type
1 (HSNA1).*8! Because of the lack of C1-hydroxyl group, the deoxy-
sphingolipids cannot be metabolized via sphingolipid catabolism path-
ways but are partly metabolized by enzymes of the cytochrome P450
subfamily.*®%182 The plasma levels of deoxy-sphingolipids are also
found to be elevated in patients with metabolic syndrome and
T2D,83184 nonalcoholic steatohepatitis,*®> and diabetic sensory poly-
neuropathy.'®® Thus, the precise pathogenic role of elevated
sphingolipids in the onset of NAFLD is still unclear, though these lipids
appear to be associated with steatosis and more mechanistic clinical


http://BioRender.com

SINDHU ET AL.

OBESITY

_WI ]_Eym

studies are required to clearly define the role of ceramide metabolism
in NAFLD/NASH pathogenesis.

There is significant evidence for a role of acid SMase which is
highly expressed in the liver in NASH whereas, a role for nSMase2,
which is relatively less expressed in liver, is not yet established.'®”
Indeed, none of the studies assessing liver gene expression changes in
fatty liver disease in humans reported link with nSMase2.18818% A role
for nSMase2 in the hepatic steatosis emerges only from studies on
mice, and so far, there is no strong human disease relevance.1?°
Inasmuch as the elevated ceramides, which positively regulate the
expression and release of proinflammatory cytokines, are known to
play an important role in steatohepatitis as well as dysregulation of
nSMase2 has been shown to contribute to inflammation, further stud-
ies are needed to ascertain the role of nSMase2 in human NAFLD/
NASH pathogenesis.

3.9 | Atherosclerosis

Atherosclerosis is marked by the accumulation of plaque or atheroma
in the vascular endothelium. Atherosclerotic plaque formation
involves the aggregation of atherogenic lipoproteins which play an
important role in the initiation and progression of atherosclerosis.*”*
Lipoprotein aggregation may occur during the process of
sphingomyelin hydrolysis by SMases into ceramide and pho-
sphocholine.*??1%3 Low-density lipoproteins (LDL), oxidized LDL, and
groups of lipids such as sphingolipids, ceramides (produced via
and glycosphingolipids (such as

aSMases and nSMases),

glucosylceramide and lactosylceramide) have been proposed to con-
tribute to the atherosclerotic process and thrombotic diseases.??*1%>
Ceramide and lactosylceramide were found to be involved in apopto-
sis of wild-type human osteosarcoma cell line MG-63 via the action of
nSMases,?® whereas lactosylceramide might cause human aortic
smooth muscle cell proliferation and led to plaque formation.*?#1%7
Ceramides can induce systemic proinflammatory responses, and the
accumulation of glycosphingolipids may lead to the induction of adhe-
sion molecules on vascular endothelial cells, thereby activating neu-
trophils and triggering plague inflammation.'?® Likewise, Lallemand
et al. reported that deficiency of nSMase2 in mice or its inhibition by
GW4869 attenuated inflammation and atherosclerosis in Apoe™~
mice.r?? Also, a recent study in LDL receptor-deficient mouse model
of atherosclerosis revealed that dietary inulin reduced the liver
expression of nSMase2 and plasma ceramides and prevented the risk
of atherosclerosis in these mice.t®® Thus, an interplay between
nSMase2, inflammation and lipoproteins appears to be involved in the

pathogenesis of atherosclerosis.

3.10 | Heart failure
nSMases appear to be involved in cardiovascular pathophysiological
processes, such as cardiomyocyte proliferation and death, vascular

smooth muscle cell contraction, lipotoxic cardiomyopathy, formation

195.200 (Figyre 4). The tempo-

of atherogenic plaques, and heart failure
ral profiling of regulatory enzymes involved in myocardial ceramide
metabolism revealed that elevated synthesis and accumulation of
ceramides is associated with cardiovascular disease mortality in

201202 1n yascular cells,

patients with coronary artery disease.
nSMase2 is activated by a number of stress stimuli including
proinflammatory cytokines (TNF-a, IL-1p, IL-6, and IFN-y), unsatu-
rated fatty acids, oxidized LDL, anionic phospholipids, and oxidative
stress, whereas antioxidants such as GSH inhibit this enzyme.“c)’203
The induction and activation of nSMase2 involve the activation of
TNF-a receptor and related cofactors/adapter proteins such as factor
associated with nSMase (FAN), cardiomyocyte-associated Polycomb
protein embryonic ectodermal development (EED), as well as a prote-
ase cascade consisting of furin and matrix metalloprotease-2.2°429% |t
has been shown in a model of postmyocardial infarction failing rat
hearts that activation of nSMase2 leads to apoptosis of left ventricular
cardiomyocytes via caspase-3 activation.?°® Indeed, nSMase2 inhibi-
tion and the reduction of circulating ceramide levels with
N-acetylcysteine and lipoic acid have been shown to be beneficial for
reducing rat endothelial dysfunction and improving postmyocardial
infarction failing hearts in rats.2°%2%7 There is evidence from animal
model studies implicating nSMase2 in cardiac failure, but more mech-
anistic studies in animals are needed together with clinical studies to
ascertain if nSMase2 plays a role in human heart failure and could be

a target for therapy.

3.11 | Exosomes and nSMase2

Many types of cells release lipid bilayer membrane vesicles

298 and these vesicles contain several cellular compo-

extracellularly,
nents including cytosolic proteins, microRNAs, and mRNAs and have
the same membrane topology with transmembrane proteins as the
cells.2%? Extracellular vesicles originating from intraluminal vesicles are
called exosomes, and these are released by the fusion of endosomes
with plasma membrane subsequent to the accumulation of exosomes
in endosomes.?*® Several studies have implicated exosomes in cell-
cell communication and in the transport of large molecules from cell
to cell.2%9219 |nvolvement of exosomes in the development of many
pathological conditions such as diabetes and its complications,
Alzheimer's disease, cancer metastasis, immune suppression, and also
in obesity related complications including inflammation is now recog-
nized.?!? Lipids play an important role in the biogenesis of exosomes
and particularly nSMase2, and its product ceramide has been shown
to contribute to the exosome production by intraluminal vesicle bud-
ding.2*2213 Thus, exosomes have been shown to be enriched in cer-
amide and sphingomyelin compared to the parent cells.?*2?** An
important role for nNSMase2 and ceramide in the exosome-mediated
miRNA secretion has been suggested in the studies using HEK293
cells and metastatic MDA-MB231 breast cancer cells, by the suppres-
sion of nSMase2 activity by its inhibitor GW4869 or by RNAi knock-
down and by nSMase2 overexpression.?*>?1¢ Ceramide synthesis by

nSMase2 was shown to facilitate the exosomes-mediated transfer of
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high molecular weight aggregates of a-synuclein, tau, and prion pro-
teins and to contribute to the spread of neurodegenerative
diseases.?*”21? Importance of exosomes in cardiometabolic diseases
is emphasized in a recent study showing that visceral adipose
exosomes in pregnant obese mice contribute to fetal cardiac dysfunc-
tion.?% Interestingly, exosomes secreted from adipocytes in response
to ER stress induce steatosis, inflammation, and fibrosis in the liver
and lead to NASH through the alteration of hepatic lipid dynamics.2?!
Also, it has recently been shown that intestinal exosomes released
from high-fat diet fed mice or T2D patients can induce insulin resis-
tance in normal mice.??? Pancreatic p-cells, when exposed to
increased fatty acid levels both in vitro and in vivo in mice, have been
shown to release exosomes packed with miR-29, which is involved in
antagonizing insulin signaling in liver.22® Additionally, INS1E p-cells
overexpressing human islet amyloid polypeptide (hIAPP) have been
shown to secrete exosomes packed with hIAPP as a detoxification
process, but the released hIAPP loaded exosomes can lead to neuro-
degenerative diseases.??* On the other hand, miR-690 was found to
be in the exosomes from M2-polarized bone marrow-derived macro-
phages and these exosomes with miR-690 were shown to improve
insulin sensitivity and glucose tolerance in mice both in vitro and
in vivo.??> Inasmuch as nSMase2 and ceramide likely play an
important role in exosome release, it is likely that nSMase2 and
ceramide-mediated mechanisms are involved in the various pathologi-
cal conditions and in cell to cell communications facilitated by
exosomes. However, more convincing studies are needed using animal
models with genetic alteration of nSMase2 expression as most of the
earlier studies have been done using nSMase2 inhibitor or RNAi
knockdown.

4 | CONCLUSIONS AND PERSPECTIVE
Sphingolipids are important membrane structural components, impli-
cated in various cellular signaling pathways and in the pathogenesis
of inflammation, cardiometabolic diseases, and cancer. Dysregulation
of nSMase2, encoded by the SMPD3 gene, appears to underlie many
of the inflammation-related pathologies, through the elevated syn-
thesis of ceramides. Ample evidence supports the view that nSMase2
is activated by increased oxidized state, ROS, and proinflammatory
cytokines, all of which are known causative factors for inflammation,
B-cell dysfunction, insulin resistance, T2D, NAFLD/NASH, and ath-
erosclerosis. Indeed, a feed-forward interaction likely exists between
enhanced ceramide formation by nSMase2 and production of
proinflammatory cytokines, such as TNF-a and IL-1f. Through such
cyclical interaction, proinflammatory cytokines enhance the activity
of nSMase2, and ceramide thus produced increases in the synthesis
and release of these cytokines. Considering that such an interaction
between nSMase2 and inflammatory cytokines may trigger elevated
cellular ROS levels and inflammation which contribute to the patho-
genesis of cardiometabolic diseases, a specific blockade of nSMase2
can have therapeutic effects. However, considering that the constitu-
tive whole body deletion of nSMase2 causes growth retardation in

mice, there is a need for tissue-specific conditional knockout mice for

a better understanding of the pathophysiological roles of this enzyme
in different organs and for assessing the therapeutic value of
nSMase2 inhibition. Such animal models are needed to answer many
uncertainties with regard to the in vivo role of nSMase2 in diseases
like NAFLD, atherosclerosis, and heart failure. Such animal models
are also needed to verify the involvement of nSMase2 and ceramide,
in vivo, in the secretion of exosomes that mediate intercellular com-
munications and lead to several pathological conditions. In addition,
further studies using human tissues/cells, both under normal and
pathological conditions, are needed to better define the relevance of
nSMase2 in human physiology and pathology. Also, as the currently
available pharmacological agents do not appear to be entirely specific
for nSMase2, further studies are needed to develop specific
nSMase2 inhibitors for pharmacological evaluation of nSMase2 as a

therapeutic target.
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