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Abstract

The metabolic syndrome (MetS) is a cluster of cardiovascular risk factors including obesity, insulin resistance (IR) and dyslipidaemia.
Consumption of a high-fat diet (HFD) enriched in SFA leads to the accumulation of ceramide (Cer), the central molecule in sphingolipid metabo-
lism. Elevations in plasma and tissue Cer are found in obese individuals, and there is evidence to suggest that Cer lipotoxicity contributes to the
MetS. EPA and DHA have shown to improve MetS parameters including IR, inflammation and hypertriacylglycerolaemia; however, whether
these improvements are related to Cer is currently unknown. This review examines the potential of EPA and DHA to improve Cer lipotoxicity
and MetS parameters including IR, inflammation and dyslipidaemia in vitro and in vivo. Current evidence from cell culture and animal studies
indicates that EPA and DHA attenuate palmitate- or HFD-induced Cer lipotoxicity and IR, whereas evidence in humans is greatly lacking. Overall,

there is intriguing potential for EPA and DHA to improve Cer lipotoxicity and related MetS parameters, but more research is warranted.
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The metabolic syndrome (MetS) is a highly complex disorder
with multiple definitions. The MetS is not a disease in itself; how-
ever, it encompasses an assembly of cardiometabolic risk factors
such as visceral obesity, dyslipidaemia and insulin resistance
(IR), ultimately leading to type 2 diabetes and CVD. According
to the National Cholesterol Education Program clinical criteria,
the MetS comprises at least three of the following: a waist circum-
ference >102 cm (40 inches) in men and >88 cm (35 inches) in
women; TAG levels > 1-70 mmol/l; HDL-cholesterol levels
<1-04 mmol/l in males and <1-30 mmol/1 in females; blood pres-
sure of >130/>85mmHg; and fasting glucose levels of
>6-10 mmol/I¥. The most recent data on the prevalence of
the MetS in the USA come from National Health and Nutrition
Examination Survey data from 2007 to 2014, Overall, the
prevalence of the MetS in the USA has remained stable over this
time period at 34-3 % of the adult population, almost evenly dis-
tributed among females and males at 33-3 and 35-3 %, respec-
tively®. In Canada, the most recent prevalence rate reported
in 2014 is 19-1% of the Canadian population, approximately
one in five Canadians®. As rates of obesity have nearly tripled

since 1975, it is likely that global rates of the MetS will follow
simultaneously®.

A high-fat diet (HFD) or a Western diet (35 % kcal or kJ fat)
has shown to propel the body into a lipotoxic state, an accumu-
lation of lipids in plasma and non-adipose tissues®. These lead-
ing lipotoxic lipids commonly include TAG, long-chain NEFA
and their acyl-CoA, diacylglycerols and ceramide (Cer).
Among these lipids, there is recent interest in the role of Cer
in the MetS and its related cardiometabolic risk factors. A very
recent study by Choromanska et al.‘” reported women with mor-
bid obesity, and the MetS had elevated Cer in visceral adipose
tissue, 21 % greater than their lean and healthy counterparts.
Additionally, Cer lipotoxicity has been linked to IR, inflammation
and dyslipidaemia®7®. While some evidence suggests Cer lip-
otoxicity is occurring in the MetS, there is much to learn in regard
to the role of Cer in the pathogenesis and various components of
this condition.

Although a HFD is shown to promote Cer lipotoxicity, avail-
able data indicate that dietary fatty acid quality is likely more
influential than total fat consumption. The intake of SFA has
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Fig. 1. Pathways of ceramide synthesis. De novo synthesis of ceramide (Cer) begins with the condensation of serine and palmitoyl CoA by serine palmitoyltransferase
producing 3-ketosphingnanine, which is reduced to sphinganine. Sphinganine is acylated to dihydroceramide and then oxidised to Cer. Modification of Cer by various
enzymes can form other sphingolipids including sphingomyelins, glucosylceramides, ceramide-1-phosphate, 1-O-acylceramides and sphingosine, all of which can be
converted back to ceramide. The hydrolytic pathway produces Cer via the hydrolysis of sphingomyelins and complex sphingolipids such as glucosylceramides, whereas

the salvage pathway synthesises Cer from sphingosine.

shown to up-regulate genes involved in Cer synthesis, thereby
promoting Cer accumulation in plasma, skeletal muscle and liver
tissue®V. In contrast, 72-3 long-chain PUFA (LCPUFA), such as
EPA (C20 : 51-3) and DHA (C22 : 6n-3) have led to reductions in
total Cer and genes involved in Cer synthesis in vitro>~1>.
Benefits of 7-3 LCPUFA have also been reported in vivo, dem-
onstrating dietary 72-3 LCPUFA reduced adipose, skeletal muscle
and hepatic tissue Cer in rodents"'*2? and fatty fish consump-
tion reduced plasma Cer in humans with CVD®V.

Therefore, this review aims to examine the evidence regard-
ing the potential of 72-3 LCPUFA, EPA and DHA, to improve Cer
lipotoxicity, and whether these changes affect the main charac-
teristics of the MetS including IR, inflammation and dyslipidae-
mia in vitro and in vivo.

Ceramides
Ceramides structure and metabolism

Cer, a class of sphingolipids, consists of a sphingosine backbone
attached to a fatty acid moiety through an amide bond. While the
level of Cer in human plasma sphingolipid is only 2-8 %%, Cer is
the central molecule in sphingolipid metabolism. There are three
pathways of Cer generation including de novo synthesis,
the hydrolytic pathway and the salvage pathway (Fig. D).
(D The de novo synthesis of Cer begins with the condensation
of serine and palmitoyl-CoA to produce 3-ketosphinganine via
the enzyme serine palmitoyltransferase in the endoplasmic
reticulum (ER). 3-Ketosphinganine is reduced to sphinganine,
which is acylated to dihydroceramide by Cer synthase and then

oxidised to Cer. Once formed, Cer can be transported from the
ER to the Golgi apparatus to form sphingomyelins and other
complex sphingolipids, including glucosylceramide and glyco-
sphingolipids, which are synthesised through the addition of
various head groups. (ii) In the hydrolytic pathway, Cer is syn-
thesised via the hydrolysis of sphingomyelin and complex sphin-
golipids. Cer can also be degraded into sphingosine, which can
subsequently be phosphorylated via sphingosine kinase to form
sphingosine-1-phosphate. (iii) The salvage pathway is the syn-
thesis of Cer from sphingosine.

Ceracts as a second messenger to regulate a variety of cellular
functions. For instance, increases in Cer levels induced by stress
stimuli can lead to apoptosis®®®. Cer can either interact with intra-
cellular target proteins or create Cer-enriched membrane plat-
forms, which cluster receptors to activate signalling pathways.
As Cer has the potential to affect a variety of internal mecha-
nisms, changes in Cer concentrations in plasma and tissues
can lead to lipotoxicity, resulting in several diseases including
neurodegenerative disorders, cancers and the MetS. Increasing
evidence also shows the relevance of acyl chain length of Cer
in the pathogenesis of such diseases. The acyl chain length of
Cer varies between 14 and 30 carbons, consisting of mainly
SFA or MUFA. In general, C18 : 0-Cer is the most abundant specie
in the brain, while C24 : 0- and C24 : 1-Cer are abundant in other
tissues including liver, muscle, heart and plasma®?, indicating
their tissue specificity and distinct functional roles. This tissue
specificity is apparent in various disease conditions, which
may need to be considered when assessing the role of Cer in
the pathogenesis of disease. Filippov et al*® have shown
C16:0-, C18:0- and C20: 0-Cer to be elevated in the brains of
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Fig. 2. Ceramide (Cer) in the pathogenesis of insulin resistance. Cer activates either protein phosphatase A2 (PPA2) or protein kinase C¢ (PKC), which decreases
protein kinase B (Akt/PKB) phosphorylation, resulting in insulin resistance. Cer may also hinder insulin signalling by inhibiting insulin receptor substrate (IRS) via the
double-stranded ARN-activated protein kinase (PKR)/c-Jun N terminal kinase (JNK) pathway. Mitochondrial dysfunction leads to decreased p-oxidation and increased
reactive oxygen species (ROS) production, which in turn cause Cer accumulation and insulin resistance. Cer further negatively affects mitochondrial function or
increases ROS production, which also damages mitochondria and leads to additional Cer accumulation. Endoplasmic reticulum (ER) stress negatively affects mito-
chondria by triggering Ca* uptake in mitochondria, which results in impaired oxidative metabolism, increased ROS production and Cer accumulation, ultimately leading
to the inhibition of Akt/PKB and insulin resistance. SMase, sphingomyelinase; SPT, serine palmitoyltransferase; PIP2, phosphatidylinositol diphosphate; PIP3, phos-
phatidylinositol triphosphate; PI3K, phosphoinositide-3-kinase; PDK1, phosphoinositide-dependent kinase-1.

people with neurodegenerative diseases when compared with
healthy brain tissues. Whereas plasma C16:0-, C18:0-,
C18: 1-and C24 : 0-Cer were elevated in patients with colorectal
cancer compared with healthy controls®®. Lastly, diverse
differences in specific Cer species have also been found in
parameters of the MetS including IR and inflammation, to be
described later in this review.

Ceramide lipotoxicity in the metabolic syndrome

It is not surprising that obesity and the MetS are often closely
related. One of the main contributing factors of obesity is the
consumption of energy-dense diets that exceed one’s needs,
often containing excessive amounts of fat, in particular SFA.
Over time, this diet and weight gain lead to lipid accumulation
in tissues including skeletal muscle and liver, directly inducing
the characteristics of the MetS including IR, inflammation and
dyslipidaemia. One of these accumulating and biologically
active lipids is Cer. Elevations in plasma and skeletal muscle
Cer are found in both obese children®” and adults®®, when
compared with lean individuals. A variety of evidence has
emerged suggesting that Cer lipotoxicity contributes to the
pathogenesis of chronic disease including the MetS, as the inhib-
ition of Cer synthesis has shown to improve insulin sensitivity
and inhibit proinflammatory signalling/'>!>. Hence, the follow-
ing will focus on the relationship between Cer and the MetS to
identify if and how Cer promotes MetS characteristics including
IR, inflammation and dyslipidaemia.

Ceramides and insulin resistance

IR is a reduction in the body’s ability to appropriately respond to
insulin action. This aberrant signalling leads to a reduction in
peripheral glucose uptake and hepatic gluconeogenesis, result-
ing in hyperinsulinaemia and hyperglycaemia®. In both human
and animal models, the tissue accumulation of Cer in liver or
skeletal muscle is reported to contribute to the development
of IR®10:2-32 Total Cer concentrations in skeletal muscle have
shown to be two-fold higher in patients with type 2 diabetes®”
and were also elevated in insulin resistant patients (homoeostatic
model assessment of insulin resistance, HOMA-IR > 3-19) with
steatosis or non-alcoholic steatohepatitis®”. However, the multi-
factorial nature of IR likely complicates this relationship as con-
flicting evidence suggests IR is not always paired with changes in
Cer concentrations%33:39,

The suggested primary mechanism by which Cer reduces insu-
lin signalling is via the inhibition of protein kinase B (Akt/PKB)>
(Fig. 2). Akt/PKB is an essential protein in the cellular uptake
of glucose and glycogen synthesis, and therefore IR. The
mechanisms of insulin action have been described in detail else-
where®®. In short, upon binding of insulin to insulin receptor, a
number of proteins are sequentially activated via phosphorylation
initiating with insulin substrate receptors, then phosphoinositol
3-kinase, phosphoinositide-dependent kinase and Akt/PKB.
Phosphorylated Akt/PKB promotes translocation of GLUT4 to
the plasma membrane for glucose uptake and the activation of
glycogen synthase. The ability of Cer to inhibit Akt/PKB is likely
due to two independent mechanisms as described by Petersen &
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Fig. 3. Ceramide (Cer) involvement in inflammation. Elevated Cer promotes synthesis of pro-inflammatory cytokines, which stimulate acid sphingomyelinase (aSMase)
and neutral sphingomyelinase (nSMase) activity, leading to ceramide synthesis and further inflammation. aSMase and nSMase induce inflammation via activation of
either NF-kB or cytosolic phospholipase A, (cPLA2), respectively. COX-2, cyclo-oxygenase-2.

Shulman®®®. Cer activates protein phosphatase A2, which in turn
decreases Akt/PKB serine phosphorylation and consequentially
inhibits the translocation of GLUT4 to the plasma membrane.
Second, Cer activates atypical protein kinase C{, which reduces
responsiveness of insulin-stimulated Akt/PKB. These mechanisms
have been tested using inhibitors of both protein phosphatase A2
and protein kinase C{, which reverse Cer-induced Akt/PKB
(Fig. 2) inhibition®”®_ In addition to Akt/PKB, Cer may hinder
insulin signalling by inhibiting insulin receptor substrate 1 through
the double-stranded RNA-dependent protein kinase/JNK
pathway, as evidenced in muscle cells®.

A mechanism by which Cer may indirectly interfere with insu-
lin signalling is through its dynamic relationship with mitochon-
drial dysfunction (Fig. 2). Disruptions in mitochondrial function
have been found in obese and IR individuals, both of which are
associated with excess fat consumption?’, The oversupply of
fatty acids combined with impaired metabolic substrate
oxidation leads to an accumulation of intracellular fatty acids,
providing substrate for Cer synthesis“”. In a feedforward
manner, Cer accumulation has shown to further negatively
affect mitochondrial function via alteration of mitochondrial
dynamics and promoting reactive oxygen species (ROS) produc-
tion by adversely affecting mitochondrial respiration®!4?.
Accumulation of ROS enhances mitochondrial dysfunction by
damaging mitochondrial DNA, leading to additional Cer accu-
mulation®”. Consequently, Cer promotes additional ROS pro-
duction by activating enzymes such as NADPH oxidase and
NO synthase“34D_ In turn, this injurious cycle of elevated Cer,
ROS and mitochondrial dysfunction leads to the inhibition of
Akt/PKB and therefore the induction of IR. In addition, accumu-
lating evidence suggests ER stress also contributes to HFD-
induced mitochondrial dysfunction. The contact between mito-
chondria and the ER, referred to as mitochondria-associated ER
membrane, is an important site for exchanging Ca**, lipids and
other metabolites. Overconsumption of fat induces ER stress,
which triggers Ca*" uptake in mitochondria through the

mitochondrial-associated ER membrane resulting in impaired
mitochondrial oxidative metabolism, ROS production and Cer
synthesis™“>.

Some evidence suggests that the relationship between Cer
and IR is not only tissue-specific but may also vary depending
on the acyl chain length of Cer species. In HFD-fed mice, signifi-
cant elevations in C18:0- and C18:1-Cer have been found,
along with indications of IR"%2?, C18:0- and C18: 1-Cer were
strongly correlated (# 0-73-0-93) with markers of IR including
HOMA-IR, oral glucose tolerance and insulin tolerance tests'?,
whereas C14 : 0-, C16: 0-, C20: 0-, C22:0-, C24: 0- and C24: 1-
Cer have either reduced or remained unchanged in IR mice fed a
HFD"%29 In humans, longer chain Cer has been implicated in
the development of IR in those with obesity or type 2 diabetes™.
For instance, elevations in C18: 1-, C20: 0-, C22: 0-, C24 : 0-, and
C24 : 1-Cer but not C16: 0- and C18: 0-Cer have been found in
skeletal muscle of type 2 diabetics®”. However, hepatic
C16:0-Cer has shown to be positively associated with HFD-
induced obesity and glucose intolerance, and elevations in
C14:0-, C16:0-, C16:1-, C18:0-, C18: 1- and C22: 1-Cer have
been found in visceral white adipose tissue of obese IR
patients(46).
regarding the role of tissue-specific acyl chain length of Cer in

These inconsistencies lead to many questions

the pathogenesis of IR, and more research is required to under-
stand this complex relationship.

Ceramides and inflammation

Inflammation is the body’s natural immune response to infection
or tissue injury, whereas in chronic conditions, consistent low-
grade inflammation is often present. This form of inflammation
is systemic and a continuous low-level activation of the immune
system as evidenced by slightly prolonged increases in inflam-
matory mediators. The MetS is associated with chronic inflamma-
tion as higher levels of proinflammatory indicators including
C-reactive protein and platelet:lymphocyte ratio are found
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among those with the MetS, in comparison with healthy
individuals“”. Currently, the mechanisms by which chronic
inflammation is associated with the MetS are not well under-
stood; however, there is evidence to suggest that Cer may play
a role in this complex relationship. Increased concentrations of
TNFa, total Cer and C18:0-, C20:0-, C24:0- and C24:1-Cer
species have been reported in obese individuals with type 2
diabetes™®. Among this population, TNFa was positively corre-
lated with increased C18: 0- and C18: 1-Cer“®,

There are probably a variety of ways in which sphingolipids
are involved in inflammation including Cer. One of the most
well-understood mechanisms involves SMases (Fig. 3), the
enzymes required for the hydrolysis of sphingomyelin to Cer.
Several isoforms of SMases exist and are often categorised by
the pH in which they are optimally functional, categorising these
enzymes as either acid, neutral or alkaline (aSMase, nSMase or
alSMase, respectively)™. Most research has focused on
aSMases and nSMases, especially in relation to inflammation.
aSMases are either lysosomal or secretory in nature and are most
effective at a pH of about 5, whereas nSMases are integral mem-
brane proteins and have an optimal pH of 7. In vitro studies
utilising a variety of cell types have proposed that Cer synthesis
via SMases and inflammation interact through feedforward mech-
anisms”°?. Elevated Cer promotes synthesis of proinflammatory
stimuli such as TNFa, interferon-y, IL-1f or platelet-activating
factor”>V. These proinflammatory mediators promote the activity
of both aSMases and nSMases, thus encouraging Cer synthesis and
consequentially stimulate further inflammation”>?. In MCF7
breast carcinoma cells, treatment with TNFa and IL-1f increased
aSMase secretion and activity, which increased cellular Cer
concentrations®?. TNFa treatment has also increased the activity
of nSMase2 in A549 epithelial cells®?.

aSMase-induced Cer synthesis has shown to promote inflam-
mation through activation of the transcription factor NF-kB&%.
Upon activation, NF-kB promotes the up-regulation of genes
encoded for many proinflammatory cytokines and enzymes
including 1L-18, 1L-6, IL-8, monocyte chemoattractant protein-1
and cyclo-oxygenase-2, which in turn promote further Cer syn-
thesis®” (Fig. 3). Research by Sakata et al.®> has investigated
this relationship in macrophages derived from the monocytic cell
line THP-1, treated with lipopolysaccharide. Lipopolysaccharide
treatment promoted increases in cellular Cer, proinflammatory
cytokines including TNFaq, IL-1f3, IL-6 and IL-8 and nuclear levels
of NF-kB. However, by inhibiting SMase using the sphingomye-
lin analogue (SMA)-7, researchers were able to reduce Cer
concentrations and decrease the release of TNFa, IL-1f, IL-6
and nuclear levels of NF-kB. While the activity of aSMase was
increased by lipopolysaccharide and inhibited by SMA-7,
nSMase activity was unaffected. These findings confirmed in
vivo utilising mice with dextran sodium sulphate-induced colitis.
Treatment with SMA-7 for 21 d reduced tissue concentrations of
TNFa, IL-14, IL-6 and intestinal inflammation. Thus, Cer synthesis
via aSMase may play a substantial role in inflammation, making
aSMase a potential therapeutic target for inflammatory and
chronic diseases. In addition, there is evidence to suggest
nSMases or Cer-1-phosphate synthesis via Cer kinase is able
to induce inflammation by promoting the activity of cytosolic
phospholipase A,. Cytosolic phospholipase A, catalyses the

release of arachidonic acid (C20 : 472-6) from phospholipids, thus
promoting the synthesis of pro-inflammatory eicosanoids”>%.

Ceramides and dyslipidaemia

Dyslipidaemia is the pathological imbalance of circulating lipids
associated with increases in total cholesterol (TC), TAG and
LDL-cholesterol, often accompanied with reductions in HDL-
cholesterol. Increases in both plasma Cer concentrations and
hyperlipidaemia commonly occur in unison in both obese ani-
mals and humans®. Approximately 98 % of circulating Cer are
bound to lipoprotein subfractions and are equally distributed
on very LDL, LDL-cholesterol and HDL-cholesterol®®.
Common species of Cer including C16:0-, C22:0-, C24:0-,
C24: 1-Cer tend to be evenly distributed among these lipopro-
teins, and circulating lipoprotein-bound Cer is found to differ
among lean, obese and obese type 2 diabetic individuals®©®.
Total circulating Cer concentrations were elevated among obese
individuals with and without diabetes. No differences in very
LDL-Cer among groups were reported; however, HDL-Cer
was elevated in obese individuals without diabetes, whereas
LDL-Cer was significantly elevated among obese diabetics. As
LDL-Cer was positively correlated with HOMA-IR, it is likely that
LDL-Cer plays a role in the pathogenesis of Cer-induced IR.

Traditionally, dyslipidaemia is considered a key risk factor for
the development of CVD. More recently, elevated circulating Cer
concentrations may be considered a new predictive tool for the
development of CVD®"_ In coronary artery disease patients,
plasma Cer was predictive of coronary death following adjust-
ment for traditional CVD predictors including LDL-cholesterol,
HDL-cholesterol, TC, TAG and C-reactive protein®”.
Consistent with research regarding IR and inflammation, distinct
long-chain Cer species differ in their ability to predict cardio-
vascular death®”>®_ While long-chain Cer such as C16:0- and
C18: 0-Cer is associated with an increased risk, very long-chain
Cer species C22: 0- and C24 : 0-Cer may be less harmful or asso-
ciated with lower risk of cardiovascular death®®, It is sug-
gested that Cer increases atherogenesis by promoting LDL
infiltration into the vessel wall, endothelial dysfunction and by
increasing inflammation; however, considering the differences
among Cer species, there are likely numerous mechanisms
involved. Taken together, a Cer risk score as utilised by
Laaksonen et al.®” and Meeusen et al.%” may be a novel inde-
pendent predictive tool for CVD, yet more research is required to
develop a standardised and validated tool and to understand the
unique involvement of distinct Cer species.

Dietary influences on ceramides
High-fat diet on ceramides

The literature describes a typical Western diet as a pattern of
eating that commonly consists of high intakes of lipid (35 % of
kcal or kD©?. Often, a high proportion of lipid intake comprises
SFA from animal products and highly processed foods. HFD con-
sumption has been linked to not only the development of MetS
and its associated cardiometabolic risk factors but also increases
in Cer synthesis. Studies consistently demonstrated that HFD
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Table 1. In vitro studies investigating EPA and DHA treatment on ceramide (Cer) and characteristics of the metabolic syndrome

Fatty acid
Author Cells concentration Treatment Main findings of EPA and DHA treatment
Opreanu et al’? HREC 100 pm BSA-bound DHA DHA:
V. | aSMase expression and activity
BSA | nSMase expression and activity
BSA-bound LA | Cytokine-induced cellular adhesion molecule expression
Opreanu et al.’® HREC 100 pmol/l BSA-bound DHA DHA:
V. | Caveolae-associated aSMase expression
BSA-bound LA | TNF-a-induced Cer:sphingomyelin ratio in caveolae
| Cytokine-induced inflammatory signalling
1 Cholesterol in caveolae
Lam et al.®") L6 myoblasts 0-4 mmol/l BSA-bound DHA DHA:
BSA-bound PA + DHA 1 Total Cer
V. @ Net insulin-stimulated glucose uptake
FA-free BSA @ TAG
BSA-bound PA PA + DHA:
BSA-bound LA @ Total Cer
BSA-bound PA + LA @ Net insulin-stimulated glucose uptake
@ TAG
Pinel et al.("¥ C2C12 muscle cells 500 um PA BSA-bound PA + EPA; PA + EPA or PA + DHA:
50 pum ALA, EPA BSA-bound PA + DHA | Total Cer
and DHA V.. 1 Glucose uptake
FA-free BSA 1 Akt/PKB phosphorylation
BSA-bound PA | PKC6 phosphorylation
BSA-bound PA + ALA @ GLUT1 and 4 expression
| TAG
Jin et al.(1%) RAW264.7 murine 100 pm LPS from E. coli with: LPS + PA + EPA:
macrophages PA + EPA | IL-6 secretion and transcription
PA + DHA Less potent than DHA
V.. LPS + PA + DHA:
PA | C16:0-Cer, total Cer
PA + OA @ Sphingomyelin
PA + LA @ aSMase activity
PA + POA | SPT-1 expression

| IL-6 secretion and transcription
| MCP-1,CD86, CSF3, IL-1q, IL-14, IL-6, COX-2 expression
| NF-kB transcriptional activity

HREC, human retinal endothelial cells; BSA, bovine serum albumin; LA, linoleic acid; aSMase, acid sphingomyelinase; nSMase, neutral sphingomyelinase; PA, palmitic acid; FA, fatty
acid; ALA, a-linolenic acid; Akt/PKB, protein kinase B; PKC, protein kinase C; LPS, lipopolysaccharide; OA, oleic acid; POA, palmitoleic acid; MCP-1, monocyte chemoattractant
protein 1; CSF3, colony-stimulating factor 3; COX-2, cyclo-oxygenase-2; SPT-1, serine palmitoyltransferase-1; @, no change; |, decrease; 1, increase.

consumption induces Cer accumulation in various tissues includ-
ing muscle, liver, adipose tissue and plasma by up-regulating both
de novo synthesis and the sphingomyelin pathway %%V demon-
strated by an increase in the gene expression and activity of serine
palmitoyltransferase©? Cer synthase“? and SMase''D. As
mentioned previously, the overconsumption of fat also promotes
Cer synthesis by inducing mitochondrial dysfunction, ER stress
and consequential ROS production in skeletal muscle®>99,
These HFD-induced elevations in plasma and tissue Cer promote
inflammatory stimuli such as TNFa and IL-1§ and IR through
Akt/PKB inhibition, suggesting Cer may be a key intermediary
linking a HFD to the development of the MetS7°Y. However, it
is well known that not all fats are created equally and various
dietary fatty acids impose diverse effects throughout the body.
These variable responses are also seen in Cer accumulation fol-
lowing the consumption of specific dietary fatty acids in rodents
and humans™ 42139,

Dietary fatty acids and ceramides

SFA and ceramides. Several in vitro studies have demonstrated
that SFA, specifically palmitate (C16:0), inhibited insulin

insulin (14,35)

(64)

Akt-dependent
inflammatory signalling
SFA such as palmitate increases Cer by providing the substrate
required for the up-regulation of Cer de novo synthesis?, which

is exacerbated by the adverse effects of SFA on mitochondrial
(40)

signalling and up-regulated
associated with Cer accumulation.

dysfunction-associated reductions in fatty acid f-oxidation
A HFD (33-9-60-0 % of kcal or k]) provided to animals consisting
of mainly SFA also persistently results in Cer accumulation® !V,
suggesting that SFA may promote Cer production more than
MUFA or PUFA.

n-3 Fatty acids and ceramides. It is long standing that 7-3
LCPUFA, EPA and DHA, consumption is associated with a wide
variety of health benefits, as reviewed elsewhere®. These ben-
eficial effects include the prevention and treatment of MetS
parameters, such as reducing circulating TAG and reducing
inflammation. A vast quantity of evidence also suggests a benefi-
cial role of n-3 LCPUFA in other metabolic diseases such as
obesity and type 2 diabetes®; however, the effects of 1-3
LCPUFA on Cer lipotoxicity have not been fully elucidated. A
limited amount of research has shown that 7-3 LCPUFA may
reduce Cer concentrations, potentially affecting the MetS
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including mainly IR and inflammation. The following section
examined the relationship between 7-3 LCPUFA, Cer and char-
acteristics of the MetS in vitro and in vivo including both animal
and clinical research.

In vitro. Several in vitro studies, displayed in Table 1, have
assessed the effect of n-3 LCPUFA, specifically DHA on Cer.
Palmitate-induced  Cer significantly
reversed by either 100pum or 50um of DHA in murine
macrophages''” and C2C12 muscle cells"?, respectively.
Specifically, DHA attenuated C16 : 0-Cer production stimulated
by palmitate in murine macrophages""”. DHA (100 pm) has
also been reported to suppress aSMase and nSMase expression
and activity and reduce Cer:sphingomyelin ratio in human retinal
endothelial cells'?!®. In strong contrast, treatment of L6
myoblasts with palmitate plus DHA (0-4 mmol/D) did not
alter total Cer concentrations compared with palmitate-treated
myoblasts©”,

Among the reviewed studies, the types of cells and the
concentration of DHA treatment vary, which may have led to
conflicting results. As mentioned previously, Cer species
are likely tissue-specific  and differently.
Unfortunately, not all studies reported individual Cer species,
thus it is unclear whether specific Cer species are altered
following DHA treatment, despite whether total Cer concentra-
tions remained unchanged. Interestingly, the effect of DHA on
Cer synthesis pathways is also inconsistent when the dose of
DHA is the same. For instance, Jin et al’> reported that
DHA (100 pw) suppressed serine palmitoyltransferase mRNA
level in murine macrophages but did not alter aSMase activity,
suggesting that DHA may reduce Cer concentrations by
inhibiting de novo synthesis. Conversely, Opreanu et al.'?
found that DHA (100 pm) inhibited both aSMase and nSMase
expression and activity in human retinal endothelial cells, indi-
cating a role for DHA in the inhibition of sphingomyelin
hydrolysis. The findings further suggest that DHA may impose
various effects on Cer synthesis pathways, which might be
dependent on cell type.

In addition to Cer concentration reductions, DHA also
prevented cytokine-induced inflammatory responsest?>,
palmitate-decreased Akt activation and palmitate-induced TAG
accumulation®™® in different cells. These findings imply that
DHA may improve inflammation, IR and TAG lipotoxicity by
modulating Cer concentrations. In contrast, Lam et al°” did
not find any alternations in Cer concentrations, net glucose
uptake or TAG concentrations by DHA (0-4 mmol/D in L6
myoblasts compared with palmitate-treated myoblasts.
Furthermore, two studies reported the effect of EPA on Cer
and MetS parameters''“!>. Although one study found that both
EPA (50 pm) and DHA (50 pm) restored palmitate-induced Cer
lipotoxicity and IR in C2C12 muscle cells"?, the other study indi-
cated that DHA (100 pm) has shown to have the greatest inhibi-
tory effect on inflammatory signalling in murine macrophages
compared with EPA (100 pw)">. Taken together, evidence
suggests DHA reduces Cer concentrations and improves IR
and inflammation in various cell types, with the exception of
L6 myoblasts'>1>97, Whether these effects are cell-specific or
related to other confounding factors is currently unknown.

accumulation  was

function

In vivo

Animals. The effects of 7-3 LCPUFA mainly EPA and DHA indi-
vidually or together (often as fish oil) on Cer concentrations and
MetS parameters in animals are summarised in Table 2. Studies
using a variety of murine animal models have demonstrated that
EPA and DHA supplementation reduces total Cer concentrations
including various Cer species in muscle1®2?, liver®'® and adi-
pose tissue''”. Of the reviewed studies, two of eight reported
conflicting evidence with no reductions in muscle or liver Cer
species®9_ Only two studies reported plasma Cer concentra-
tions, and EPA and DHA supplementation (10 % of total fat®”
or 3-05 % of total kcal or kj(l(’) from fish oil) had little to no effect.
Although reductions in individual Cer species seem to differ
among tissues, EPA and DHA supplementation from fish oil
(3-4% of kcal or kJ"%?? unreported dose'”) tends to reduce
saturated Cer species, whereas C24 : 1-Cer demonstrated con-
flicting results with increases in adipose tissue’” and whole
muscle homogenates®?, and decreases in hepatic tissues‘”.

The mechanisms whereby EPA and DHA reduce Cer
concentrations have not been fully elucidated. In vitro studies
indicate that DHA inhibited either serine palmitoyltransferase
or SMase expression and activity, leading to reductions in Cer
concentrations'?1%. As previously stated, inflammatory cyto-
kines such as TNFa promote Cer synthesis” >, Whereas DHA
has anti-inflammatory properties, as it regulates transcription
factor activity involved in gene expression of inflammatory
markers®®. Thus, a potential mechanism of action may be that
DHA reduces inflammatory signalling, thereby inhibiting the
feedforward mechanism of inflammation induced by Cer synthe-
sis, resulting in Cer reductions.

As stated above, elevated Cer concentrations have been cor-
related with IR through their potential ability to inhibit Akt/PKB,
and thus GLUT4 translocation to the plasma membrane?.
Additionally, in murine animals, results from various studies con-
sistently show that consumption of a HFD promotes increases in
fasting plasma glucose, insulin and HOMA-IR scores!7-19:2008),
However, the provision of EPA and DHA, mainly as fish oil,
has shown to improve HFD-induced IR in these animals, paired
with reductions in Cer concentrations. For instance, consuming a
HFD with fish oil (3-05-3-40 % of kcal or kJ from EPA and DHA)
reduced fasting blood glucose™'®??| fasting plasma insulin and
HOMA-IR scores™ in rodents. Fish oil consumption (3-4 % of
kcal or kJ from EPA and DHA) also increased mRNA expression
of genes that promote insulin sensitivity including GLUTH4,
insulin receptor substrate-1 and glycogen synthase-1?%.
Mechanistically, 7-3 LCPUFA may reduce Cer concentrations
and improve insulin sensitivity through the ability of these
fatty acids to improve the health of mitochondria found in skel-
etal muscle and attenuate ER stress associated with HFD
consumption®’? . Specifically, 7-3 LCPUFA have shown to
increase mitochondrial B-oxidation, thereby decreasing ectopic
lipid accumulation including Cer, thus improving mitochondrial
function and insulin sensitivity">"", In contrast, improvements
in IR have occurred without alterations in muscle Cer concentra-
tions as demonstrated by Kuda et al.®®. The provision of EPA
and DHA (15 % of total lipid) with a HFD was successful in
improving plasma insulin in C57BL6 mice, without significantly
reducing soleus muscle Cer after 20 weeks of dietary treatment.
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Table 2. Animal studies investigating EPA and DHA consumption on ceramide (Cer) and characteristics of the metabolic syndrome g
Author Animal model Duration Dietary treatment Main findings of dietary EPA and DHA
Jolly et al.7? C57BL6 mice (n 28) 10d 2% SAF 4+ 1% EPA EPA or DHA:
2% SAF + 1% DHA @ Body weight
V. | Cer mass in splenic lymphocyte
3 % SAF ethyl esters | Murine splenic T-lymphocyte proliferative response to concanavalin A
2% SAF +1% AA | Mitogen-induced murine splenocyte IL-2 secretion
Kuda et al.®® C57BL6 mice (n 40) 5-20 weeks HFD (35-2 % w/w, maize oil) + EPA/ EPA + DHA:
Prevention study DHA (15 % of total lipid) @ Body weight, protein and lean body mass
V.. @ Soleus muscle total Cer
Chow (lipid 3-4 % w/w) @ Fasting blood glucose
HFD @ Glucose turnover
HFD + rosiglitazone (10 mg/kg diet) 1 Glucose infusion rate
HFD + EPA/DHA + rosiglitazone | Hepatic glucose production
@ TAG
| Plasma insulin, TC, NEFA
| Hepatic VLDL-TAG synthesis
| NEFA
@ Hepatic, gastrocnemius and soleus muscle, plasma TAG
| TC
Kuda et al.(®® C57BL6 mice (n 32) HFD, 3-7 months HFD (35-2 % w/w, maize oil) + EPA/ EPA + DHA:
Reversal study of age DHA (15 % of total lipid) @ Body weight
Assigned diet, V. | Fasting blood glucose o
8 weeks Chow (lipid 3-4 % w/w) | Glucose AUC é
HFD @ Insulin S
HFD + rosiglitazone (10 mg/kg diet) | NEFA g
HFD + EPA/DHA + rosiglitazone 1 TAG =N
@ TC Q
Balogun et al®®  C57BL/6 mice (n 12) 16 weeks High n-3 FA (20 % w/w fat; 10 % total FO: N
fat FO) @ Plasma and hepatic C16:0- and C18:0-SM =
V.. 1 Plasma C16: 0-Cer
Low n-3 FA (20 % w/w fat; n-3 FA 2% @ Plasma C18:0-, C20:0-, 22:0-, 24: 1- and 24 : 0-Cer
total fat FO) @ Hepatic C16:0-, C18:0-, C20:0-, 22:0-, 24 : 1- and 24 : 0-Cer
Lanza et al.?%) C57BL/6 mice (n not reported) 10 weeks HFD (60 % kcal or kJ fat) + FO (3-4%  FO:

keal or kJ)
v.:
Control (10 % kcal or kJ fat)
HFD

@ Body weight, fat mass

Whole muscle:

| C18:0- and C20: 0-Cer
@ C14-, C16:0-, C18:1-, C24: 0-Cer and total Cer

@ TAG
| LCACoA

Muscle sarcoplasmic fraction:
1 C18:0-, C18:1-, C20: 0-Cer and total Cer
@ C14:0-,C16:0-, C24:0- and C24: 1-Cer
Muscle mitochondrial fraction:

1 C14:0-Cer
| C20:0-Cer

@ C16:0-, C18:0- and C18: 1-Cer
| Glucose area above baseline

@ Plasma insulin

1 GLUT4, IRS1 and GYS1 expression
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Table 2. (Continued)

Author Animal model Duration Dietary treatment Main findings of dietary EPA and DHA
Kasbi-Chadli Golden Syrian hamsters (n20) 16 weeks HFD (45 % kcal or kJ fat) + FO (3-05% FO:
et al.1® kcal or kJ) @ Body weight
V.. @ Plasma total Cer
HFD Hepatic;
C16:0-, C18:0-, C20:0-, C24 : 0-Cer, total Cer
@ Total SM
Muscle:
|1 C16:0-, C22:0-, C24: 0-Cer, total Cer
@ Total SM
| Fasting blood glucose
1 Glucose tolerance
| TAG
| TC
| HDL
@ LDL
@ VLDL
Taltavull et al.'”)  Wistar Kyoto rats (n 21) 6 months High fat and sucrose (45-8 % kcal or kJ  FO:
fat) + FO (45-8 % kcal or kJ fat) @ Body weight, visceral fat 52
V.. | Hepatic C18:0-, C20:0-, C22:0-, C23:0-, C24:0-, C24: 1-Cer and total Cer >
Control (14-1 % kcal or kJ fat) @ Blood glucose @)
High fat and sucrose @ Plasma insulin E
@ HbA1c o
@ HOMA index 2
Dong et al.("® C57BL/6 J mice (n 18) 6 weeks DL-Hcy (1-8 g/l in water ad EPA/DHA: o
libitum) + EPA/DHA (3-3 % kcal or @ Food consumption 8
kJ) @ Body weight =3
V. | Hepatic C18:0-, C20:0- and C24: 1-Cer &
Control — Chow diet (4 % w/w fat) | Cer synthases (SPTLCS3, Degs2) in vivo and in vitro =
DL-Hcy — Chow diet @ Plasma glucose K
| Hepatic lipid accumulation ::2'
| Hepatic TAG e
| Hepatic TC =)
Chacinska Wistar rats (n 24) 8 weeks HFD (60 % kcal or kJ fat) + FO (3-4 % FO:
etal.19 kcal or kJ) Subcutaneous adipose tissue:

1 C16:0-, C18:0-, C20:0-, C24:0- and total Cer

C18:1-,C18:0-, C20:0-, C22:0- and C24 :0-Cer

V.
Control (10 % kcal or kJ fat) 1 C14:0- and C24: 1-Cer
HFD Vislcer?l adipose tissue:
1 C24:1-Cer
| Plasma insulin
| HOMA-IR

SAF, safflower oil; AA, arachidonic acid; HFD, high-fat diet; VLDL, very LDL; TC, total cholesterol; FA, fatty acid; FO, fish oil; SM, sphingomyelin; LCACoA; long-chain acyl CoA; IRS1, insulin receptor substrate 1; GYS1, glycogen synthase 1;
HOMA, homoeostatic model assessment; DL-Hcy, DL-homocysteine; HOMA-IR, homoeostatic model assessment of insulin resistance; @, no change; |, decrease; 1, increase.
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Table 3. Clinical studies investigating n-3 long-chain PUFA consumption on ceramide (Cer) and characteristics of the metabolic syndrome

Main findings of dietary n-3 long-chain

Author Population Study design Duration and diet fatty acids
Lankinen et al.?)  Adults with myocardial Controlled diet, 8 weeks, Fatty fish:
infarction or ischaemic parallel Control (n 10) (beef, pork and chicken) @ BMI
attack (n 33) 4 Fish meals/week (100-150 g/meal) 1 Plasma n-3 LCPUFA
Lean fish (n 12) | Total plasma Cer
Fatty fish (n 11) @ Plasma glucose
@ Serum insulin
@ HOMA-IR
@ Serum total, LDL, HDL-cholesterol
@ Serum TAG
Ottestad et al™  Healthy adults (n 33) Double-blind, 7 weeks, Fish oil:
placebo, 8 g/d high-oleic sunflower oil (n 17) @ BMI
parallel 8 g/d cod liver oil (0-7 g/d EPA + 0-9 g/d @ Total plasma Cer
DHA; n 16) 1 SM (C18:1/C24:0; C18:0/C22:6 and
C18:0/C26:2)
1 Phospholipids and TAG of LCPUFA
@ Serum total, LDL,
HDL-cholesterol
@ Serum TAG
Wang et al."™® Adults with high CVD Case—cohort Mean follow-up 4-8 years, Mediterranean diet with EVOO or nuts:

risk (n 980)

Control, reduced fat
Mediterranean diet + EVOO
Mediterranean diet + nuts

@ Plasma Cer

Participants with higher Cer consuming the
Mediterranean diet had similar CVD risk
to those with a low Cer. Participants with
a higher Cer consuming the control diet
had significantly higher CVD risk.

Cer positively associated with incident
CVD risk

LCPUFA, long-chain PUFA; HOMA-IR, homoeostatic model assessment of insulin resistance; SM, sphingomyelin; EVOO, extra-virgin olive oil; @, no change; |, decrease; 1,

increase.

Interestingly, in obese mice with impaired glucose tolerance,
the same dietary treatment also improved glucose tolerance,
with a non-significant trend towards a reduction in plasma
insulin concentrations. Considering the complexity of IR, Cer
modulation may be one of many pathways involved in insulin
signalling.

The evidence is inconsistent in regard to which specific Cer
species are more important in the onset of IR; however, it is clear
that acyl chain length of Cer influences the pathogenesis of IR.
Despite this knowledge gap, SFA-Cer species including
C18:0-, C20:0-, C22:0- and C24:0-Cer were often lowered
by EPA and DHA supplementation from fish oil (3-05-3-4 % of
kcal or kJ) in various tissues, occurring with improvements in
IRUO29 Tt is clear that EPA and DHA supplementation has ben-
eficial effects on IR by modulating total cer concentrations; how-
ever, more research is required to determine the association
among EPA and DHA, individual Cer species and IR.

Currently, little research exists regarding the role of EPA and
DHA consumption in reducing Cer-induced inflammation and
only two of the reviewed studies evaluated markers of inflamma-
tion. Kuda et al%® determined that C537BL6 mice consuming a
HFD had low-grade inflammation as measured by macrophage
infiltration surrounding adipocytes. This was attenuated with the
addition of fish oil (15 % of total lipid). Lastly, an earlier study by
Jolly et al.”? determined that consumption of a 2 % safflower oil
with 1% EPA or 1% DHA diet by C57BL6 mice for 10 d reduced
Cer mass along with T-lymphocyte proliferative response and
IL-2 secretion in splenocyte cultures. Although these studies sug-
gest EPA and DHA consumption may reduce HFD-associated

Cer and inflammation, much further investigation is required
to establish this relationship in vivo.

Dyslipidaemia is a hallmark characteristic of the MetS and is
often seen in combination with elevated Cer concentrations.
Research utilising EPA and DHA, often as fish oil, to improve dys-
lipidaemia often demonstrates reductions in plasma TAG in nor-
molipidic and dyslipidic individuals”®. Few studies have
investigated the role of EPA and DHA on both dyslipidaemia
and Cer concentrations. One of the reviewed studies"® demon-
strated a reduction in total and hepatic Cer, plasma TAG, TC and
HDL-cholesterol, with no change to plasma very LDL-cholesterol
and LDL-cholesterol concentrations following consumption of a
HFD with fish oil (3-:05% kcal or kJ). Whereas Kuda et alo®
reported no changes to skeletal muscle Cer and plasma TAG
with EPA and DHA (15 % of total lipid) consumption, but both
NEFA and TC concentrations were reduced. In the same study,
HFD-induced obese mice with impaired glucose tolerance con-
suming a HFD diet with fish oil saw a reduction in TAG and NEFA
and no change in TC concentrations. These studies imply that 7-
3 LCPUFA consumption may synergistically improve both dysli-
pidaemia and Cer, yet research is highly limited and slightly con-
flicting. As dyslipidaemia and elevated Cer may both be
important risk factors for CVD risk, further investigation could
be highly valuable.

Human subjects. The relationship between EPA, DHA and Cer
concentrations has been minimally investigated in human stud-
ies, which are displayed in Table 3. A randomised controlled par-
allel study suggested that consuming fatty fish four times/week
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(100-150 g per meal) for 8 weeks increased plasma EPA and DHA
concentrations and lowered total plasma Cer concentrations, com-
pared with those consuming lean fish or no fish®". However, there
were no changes in plasma Cer concentrations in participants con-
suming either 8g of fish oil per d for 7weeks”, or a
Mediterranean diet supplemented with extra-virgin olive oil or
nuts, that emphasised foods rich with 72-3 LCPUFA for 1 year”.

Regardless of Cer concentrations, fish or fish oil supplemen-
tation did not change serum cholesterol or TAG®L™®,
Conversely, risks of CVD were lowered in participants consum-
ing a Mediterranean diet with either extra-virgin olive oil or
nuts compared with those consuming a control diet”>. This is
not surprising as a large variety of literature has praised the
Mediterranean diet for its role in improving cardiovascular
health.

It is difficult to conclude whether EPA and DHA can influence
Cer concentrations and associated MetS in humans, due to lim-
ited data availability and differences in the characteristics of par-
ticipants or doses of EPA and DHA among studies. In animal
studies, EPA and DHA are provided in combination with a
HFD, whereas clinical trials are not designed in this manner.
Furthermore, it is not clear if Cer concentrations are changed
in other tissues, such as muscle and liver following fish or fish
oil consumption in humans, as research in murine animals dem-
onstrated reductions in tissue Cer, with limited alterations in
plasma. At this time, further research is required to examine
the ability of EPA and DHA consumption to reduce Cer concen-
trations and improve parameters of the MetS in humans.

Conclusion

Overall, the evidence from #n vitro and animal studies is strong
regarding the ability of 7-3 LCPUFA EPA and DHA to positively
influence Cer concentrations when cells were treated with pal-
mitate or animals consumed a HFD, whereas evidence in
humans is greatly lacking. However, plasma Cer concentrations
were the only parameter assessed in clinical trials, while evi-
dence from animal studies suggests that EPA and DHA supple-
mentation reduces tissue and not plasma Cer concentrations.
Therefore, there is a potential for EPA and DHA to attenuate
Cer accumulation in human tissues. In addition, animal studies
demonstrated that a HFD with EPA and DHA reduced Cer con-
centrations, whereas diets utilised in clinical trials were quite
opposite and focused on healthier behaviours. Whether EPA
and DHA inhibit HFD-induced elevations in Cer concentrations
in humans remains unknown. Among studies reviewed, changes
in individual Cer species after EPA and DHA supplementation
also vary among tissues. These discrepancies may be an impli-
cation that Cer with different acyl chain lengths have distinct
functions and effects in various tissues.

Itis evident that Cer accumulation is related to HFD consump-
tion, IR and inflammation and often occurs concurrently with
dyslipidaemia. In North America, the MetS is a highly prevalent
condition that is associated with various metabolic diseases
including obesity, CVD, diabetes and non-alcoholic fatty liver
disease. A common recommendation for the management of
these conditions is weight reduction; yet, research consistently

demonstrates most (80 %) of individuals will re-gain lost weight
within 1year”®. By examining the role of Cer in the MetS, this
may lead to the development of new therapeutic strategies to
ultimately reduce the morbidity, mortality and health care bur-
den associated with these chronic conditions, without focusing
solely on weight reduction.

Although still controversial, there is a wide variety of evi-
dence suggesting that EPA and DHA may have many health ben-
efits including those related to the MetS and other diseases such
as diabetes, cancer, mental illness and rheumatoid arthritis©>. By
highlighting the potential for EPA and DHA (fish oil) supplemen-
tation to reduce Cer concentrations associated with a HFD, and
sequentially improve IR in both cell culture and murine animals,
this review has contributed further to the list of potential benefits
of EPA and DHA (or fish oil) supplementation. Whether EPA and
DHA consumption in combination with a HFD can reduce
Cer-associated inflammatory signalling or improve dyslipidae-
mia remains unknown and requires further investigation.
Nonetheless, considering the common and relatively safe nature
of fish oil supplementation, this may be a promising, simple and
affordable strategy to target Cer-induced MetS.
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