Atherosclerosis 327 (2021) 18-30

Contents lists available at ScienceDirect

atherosclerosis

Atherosclerosis

FI. SEVIER

journal homepage: www.elsevier.com/locate/atherosclerosis
Review article ' :.)
Circulating ceramides as biomarkers of cardiovascular disease: Evidence

from phenotypic and genomic studies

Kathryn A. McGurk ™", Bernard D. Keavney “¢, Anna Nicolaou > %"

2 Division of Cardiovascular Sciences, Faculty of Biology, Medicine and Health, Manchester Academic Health Science Centre, University of Manchester, UK

Y Laboratory for Lipidomics and Lipid Research, Division of Pharmacy and Optometry, Faculty of Biology, Medicine and Health, Manchester Academic Health Science
Centre, University of Manchester, UK

¢ Manchester Heart Centre, Manchester University NHS Foundation Trust, UK

9 Lydia Becker Institute of Immunology and Inflammation, Faculty of Biology, Medicine and Health, The University of Manchester, Manchester Academic Health Science
Centre, Manchester, UK

ARTICLE INFO ABSTRACT

Keywords: There is a need for new biomarkers of atherosclerotic cardiovascular disease (ACVD), the main cause of death

C?ramides globally. Ceramides, a class of potent bioactive lipid mediators, have signalling roles in apoptosis, cellular stress

z‘om:_rkers and inflammation. Recent studies have highlighted circulating ceramides as novel biomarkers of coronary artery
enetics

disease, type-2 diabetes and insulin resistance. Ceramides are highly regulated by enzymatic reactions
throughout the body in terms of their activity and metabolism, including production, degradation and transport.
The genetic studies that have been completed to date on the main ceramide species found in circulation are
described, highlighting the importance of DNA variants in genes involved in ceramide biosynthesis as key
influencers of heritable, circulating ceramide levels. We also review studies of disease associations with
ceramides and discuss mechanistic insights deriving from recent genomic studies. The signalling activities of
ceramides in vascular inflammation and apoptosis, associations between circulating ceramides and coronary
artery disease risk, type-2 diabetes and insulin resistance, and the potential importance of ceramides with regard
to ACVD risk factors, such as blood pressure, lipoproteins and lifestyle factors, are also discussed.

circulating ceramide species in ACVD-risk and discusses novel insights
from recent phenotypic and genetic studies. A number of in vitro ex-
periments supporting clinical findings have been published (e.g. Refs.
[7,16,17]) but their detailed examination is outside the scope of this
review.

1. Ceramides as potential biomarkers of cardiovascular disease

Traditional biomarkers of atherosclerotic cardiovascular disease
(ACVD), such as blood levels of lipoproteins, fail to identify all patients
at high risk of cardiovascular events (reviewed in Ref. [1]). There is an
on-going need for the discovery of novel biomarkers to improve our

understanding of causality, as well as the prediction, prevention and
treatment, of ACVD risk.

Ceramides are a class of bioactive lipids which are present during
vascular inflammation [2-6]. Their signalling properties mainly involve
the regulation of apoptosis [7]. Ceramides are found in lipoprotein
complexes [8,9] and are also produced by platelets [10], potentially
linking ceramide signalling to atherosclerosis progression and pathol-
ogy. There is a growing body of evidence that circulating ceramides may
predict ACVD risk, and may potentially be more predictive than LDL
cholesterol [9,11-15]. This review describes the potential value of

2. Ceramide biochemistry and biology

Ceramides are sphingolipids, a class of bioactive lipids with key roles
in cell signalling, proliferation, differentiation, senescence, adhesion,
migration, inflammation and angiogenesis [16,18]. They are produced
de novo but also recycled and stored as complex sphingolipids through
well-controlled and highly conserved reversible enzyme reactions, such
as the conversion to sphingosine, sphingomyelin, and other sphingoli-
pids such as hexosylceramides (Fig. 1A) [18,19].

The initiation step of ceramide biosynthesis is controlled by the
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enzyme serine palmitoyl transferase (SPTLC) that catalyses the
condensation of palmitate and serine to form the sphingoid base dihy-
drosphingosine (C18DS); this is also the rate limiting step of the pathway
[16]. The enzyme ceramide synthase (CERS) adds acyl chains of various
lengths to form dihydroceramides (CER[NDS]), which are desaturated
by dihydroceramide desaturase-1 (DEGS1) to produce a wide range of
ceramides (CER[NS])), differing by carbon chain length. Isoforms of the
genes of these enzymes (i.e. SPTLC1-3, CERS1-6) have different sub-
strate specificity and tissue expression profiles, facilitating the formation
of hundreds of ceramide species [20,21]. Degradation of ceramides is
reversible to and from sphingosine; ceramidases (ACER1-3) catalyse the
degradation of ceramides to sphingosine and sphingosine-1 phosphate,
with further irreversible reactions forming hexadecanal and phosphoe-
thanolamine that can then be recycled to biosynthesise other lipids [22].

Ceramide biosynthesis is induced by a broad range of stimuli, hor-
monal signals (e.g. progesterone, nerve growth factor), inflammatory
stimuli (tumour necrosis factor, interferons, endotoxins, LPS), chemo-
therapeutics, ionising radiation, heat, alterations in the microbiome,
inducers of cell activities (apoptosis, differentiation, and growth sup-
pression, e.g. Fas ligand and CD28) [16,18,19,23-26].

Ceramides are produced by various cells and tissues, including the
liver [27,28]. It is likely that the levels of ceramide species in blood are
due to a contribution from several tissue origins. The most abundant
blood ceramides currently associated with ACVD risk are derivatives of
the C18-sphingoid bases sphingosine [S] and dihydrosphingosine [DS]
[29].

The nomenclature of ceramides has evolved as the field expands. The
notation proposed by Masakawa et al. (2008) describes more than 12
ceramides classes discovered to date [21]. The majority of circulating
ceramides belong to the CER[NS] class of species containing a
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non-hydroxy fatty acid [N] attached to sphingosine [S]; for example, a
ceramide with a 24-carbon non-hydroxy fatty acid and a 18-carbon
sphingosine is denoted as CER[N(24)S(18)] (Fig. 1B). This species is
also denoted as Cer (d18:1/24:0) and C24-Cer in literature. Here we
adhere to the CER[NS] nomenclature.

3. Ceramides as putative cardiovascular disease risk factors
3.1. Apoptosis and inflammation

Ceramides have been well studied for their roles in apoptosis [7], a
key process in atherosclerotic plaque biology [30]. Ceramide species
initiate apoptosis by signalling from the plasma membrane at
pro-apoptotic receptors [31] or directly at the mitochondrial outer
membrane in the cell, causing permeabilisation of the mitochondrial
membrane [31-33]. Ceramides regulate the many components of cell
survival including initiation and mediation of apoptosis and growth
arrest, inhibition of anti-apoptotic mediators [19], and cell differentia-
tion [8,18,34]. Caspases, key enzymes of the apoptotic pathway, regu-
late the production of ceramide species and are themselves in turn
targets of ceramide action [19]. Apoptosis has been implicated in the
many aspects of ACVD [35-37]. For example, cardiomyocytes under-
going apoptosis have been found in tissues from myocardial infarction,
diabetic cardiomyopathy, and heart failure patients [37]. A synthetic
analogue of the ceramide CER[N(16)S(18)] has been shown to trigger
apoptosis of cardiomyocytes during ischemia and reperfusion in rats
[38].

Ceramides have also been implicated in inflammation and vaso-
constriction. Increases in intracellular ceramide levels signal the NLRP3
inflammasome to induce apoptosis in macrophages and adipose tissue
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[6]. In 33 coronary artery disease patients, levels of serum ceramides (e.
g. CER[N(23)S(18)] and CER[N(24:1)S(18)]) correlated with
interleukin-6 concentration (IL-6) [2]. IL-6 has been implicated in
inflammation, accelerating atherosclerosis risk in rheumatoid arthritis
patients [39], and adiponectin is an anti-diabetic and cardio-protective
protein hormone that has been shown to decrease ceramide levels in
obesity models [4] to allow for cell survival [5]. In patients with obesity,
ceramides have been shown to interact with interleukins [2], as well as
TNF-a and adiponectin [3]. The adiponectin receptor in yeast, the PAQR
receptor (progestin and adipoQ receptor), has sequence homology to
ceramidases (ACER) [40], the enzyme which degrades ceramides to
sphingosine for cell survival, potentially highlighting interplay between
adiponectin and CER[NS] degradation in the regulation of apoptosis.

3.2. Diet, exercise and obesity

Diet does not appear to substantially alter circulating ceramide
concentrations. In a study of 200 participants comparing plasma cer-
amide levels in subjects with low fat diet versus control regular-fat diet,
ceramide levels did not show any significant differences with the
alteration in diet [41]. There was also no effect on plasma ceramide
levels in a study of the Mediterranean diet in 980 participants, where
their Mediterranean diet was supplemented with olive oil or nuts, or
they were on a non-Mediterranean control diet [15]. In a study of 18
participants, total serum ceramides decreased with a diet low in palmitic
acid, and high in oleic acid [42]. Palmitic acid is required for de novo
ceramide biosynthesis and decrease in diet palmitic acid may reduce
ceramide production.

Regular exercise has a positive impact on cardiovascular health and
decreases cardiovascular risk factors [43], but the impact of circulating
ceramide levels on exercise and obesity is currently unclear and requires
future studies with more substantial sample sizes. Exercise has been
shown to decrease circulatory ceramide levels in a small sample of eight
participants [44]. Knockout mice of the ceramide synthase isoforms
CERS5 and CERS6 were protected from high-fat-diet-induced obesity
and glucose intolerance [45-47]. In humans, maternal obesity and a
reduction in plasma ceramides in 47 mother-infant dyads lead to
long-term decreased levels of plasma ceramides in four-year-old
offspring [48].

3.3. Relationship with established lipoprotein biomarkers of ACVD

Ceramides are packed in lipoprotein complexes and are found at
higher concentration in LDL than HDL or VLDL [49]. They have been
shown to contribute to the retention of LDL in atherosclerotic lesions
[50], enhance macrophage uptake of LDL cholesterol [24], and allow for
increased transcytosis of LDL across vascular endothelial cells [51] in
atherosclerosis progression. Furthermore, oxidised-LDL has been shown
to induce the co-localisation of ceramides and sphingomyelin in mem-
brane lipid rafts of cultured human coronary arterial endothelial cells,
which is blocked by statins [52].

However, many of the studies exploring the relationship between
ceramides and current cardiovascular disease risk markers only depict
the sum (total) plasma ceramide concentrations instead of the individual
ceramide species measured. For example, total ceramide level associated
positively with lipid biomarkers (total cholesterol (R = 0.65, p < 0.01),
triglycerides (R = 0.44, p < 0.01), and phospholipids (R = 0.66, p <
0.01), in one study of 1000 Japanese participants [53]. Another study of
15 participants identified a significant relationship between total plasma
ceramides and VLDL apoB-100 fractional catabolic rate (r = —0.67)
[54]. These positive associations between total circulating ceramide
levels and current clinical biomarkers of ACVD is encouraging, however
this relationship could be fully uncovered in the future with the
assessment of ceramides as unique entities [55].
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3.4. Age

Plasma ceramides were measured in 992 participants in a longitu-
dinal study of aging, which showed increased plasma ceramide con-
centrations with age [56]. Another study of 164 participants also
identified this positive association between circulating ceramide levels
and age [57], as did a study of diabetes in 2145 participants [58]. This
association with age has also been identified in rat liver [59], mouse
plasma, and aortic tissue (ApoE knockouts) [60], and sheep blood ves-
sels [61]. Of note, Drosophila melanogaster loss of function of ceramide
transport protein (CERT) mutants, which cannot transport ceramides to
the Golgi for storage, decreased total body ceramide levels, showed
premature aging, died earlier than expected, and had increased glucose
levels [62].

Telomerases, key enzymes involved in the regulation of cellular
aging, are repressed by ceramides through deacetylation of epigenetic
factors of the telomerase reverse transcriptase promoter (catalytic unit
of telomerase) in human lung adenocarcinoma cells, causing rapid aging
[63]. Another study measured total ceramides indirectly via a kinase
assay, and found that ceramide levels positively correlated with
increased activation of phosphatases and sphingomyelinases in arteries
and endothelia of aged rats, and linked ceramides to loss of vasomotor
function [64].

3.5. Blood pressure

Positive associations have been found between ceramides and blood
pressure or vasoconstriction from both human and animal studies. A
number of plasma hexosylceramides were shown to associate with dia-
stolic blood pressure, mean arterial blood pressure [65] and systolic
blood pressure [53] in 42 Mexican American families. In spontaneously
hypertensive rats (SHR) with increased plasma ceramides by inhibition
of ceramide degradation through increased expression of sphingomye-
linases (SMPD1), endothelium-dependent vasoconstriction and
increased blood pressure were identified. This was absent in normo-
tensive Wistar-Kyoto rats [66] and was repeated in human plasma
samples from 18 patients with essential hypertension, compared to 18
normotensive controls. In a separate study, inhibiting ceramide de novo
production in rats on a high fat diet by intervention with myriocin, a
SPTLC inhibitor, improved endothelium-dependent vasodilation and
reversed atherosclerosis [67]. Other studies have also found that
ceramides initiate vasoconstriction in rat and human pulmonary arteries
[68] and bovine coronary arteries [69].

3.6. Atherosclerotic cardiovascular disease and associated complications

A number of ceramide species have been recently implicated as novel
biomarkers of ACVD risk and associated complications. The associations
reported in each of the studies for the individual ceramide species
implicated in ACVD risk are summarised in Table 1. These studies
highlight CER[N(16)S(18)] as a risk ceramide species by positive asso-
ciation with broad fatal cardiovascular outcomes including coronary
artery disease (CAD), major adverse cardiovascular events (MACE), and
acute coronary syndrome (ACS). This ceramide is increased in concen-
tration in participants with a fatal outcome, and in participants who
have experienced a MACE.

As depicted in the studies summarised in Table 1, the evidence for
association of the ceramide species CER[N(24)S(18)] with ACVD de-
scribes the ceramide acting in opposition to the other ceramides
measured, with respect to ACVD risk. It is identified at lower concen-
trations in patients than healthy controls, particularly decreased in
concentration in the participants with fatal outcome. Thus, it may be a
cardio-protective ceramide species.

Ratios between ceramides, of shorter ceramides to CER[N(24)S(18)],
were found to have a positive association with fatal outcome in partic-
ipants experiencing acute coronary syndrome (ACS) [9,11,13,70]. The
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Table 1
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Ceramide species measured in circulation and their associations with coronary-artery disease (A-D) and type-2 diabetes (E) outcomes [109-111].

(A) Fatal outcome (by hazard or odds ratio)

[11] [13] [13] [9] [70] [109] [109] [110] [ [111]
Mortalities 258 81 51 Mortality or | Mortality or Fatal Incident Fatal Recurrent 200 26
Controls (n) | Stable CAD | Stable CAD | Stable CAD 516 574 Incident MACE | Recurrent MACE | CHF AMI
N(14)S(18) NS
N(16)S(18) Positive Positive Positive Positive Positive® Positive Positive
N(18)S(18) Positive® Positive Positive® Positive® NM NS
N(18:1)S(18) P=0.047
N(20)S(18) Positive NM NS
N(20:4)S(18) NS
N(22)S(18) NM NS
N(22:1)S(18) NS
N(23)S(18) NS
N(24)S(18) NS Negative® NM NS NS NS NM NS
N(24:1)S(18) Positive Positive® Positive® NS Positive Positive
N(25)S(18) Positive
N(26)S(18) NS
N(26:1)S(18) Positive
Egg;g% } gg/ Positive Positive Positive Positive Positive NS NS
N(18)S(18)/ Positive Positive Positive Positive NS
N(24)S(18)
N(20)S(18)/ Positive Positive
N(24)S(18)
N(24)S(18)/ Negative
N(24:1)S(18)
N(24:1)S(18)/ Positive Positive Positive Positive NS NS
N(24)S(18)
Total Positive
(B) Fatal outcome (by mean concentration)
Reference [11] [13] [13] [13]
Mortalities (n) 258 81 51 80
Controls (n) 187 Stable CAD = 1499 | Stable CAD =1586 | Stable CAD =80
N(16)S(18) Increased Increased NS Increased
N(18)S(18) Increased NS NS NS
N(20)S(18) Increased
N(24)S(18) Decreased Decreased Decreased Decreased
N(24:1)S(18) Increased NS Increased
N(16)S(18)/N(24)S(18) Increased Increased Increased
N(18)S(18)/N(24)S(18) Increased Increased Increased
N(24:1)S(18)/N(24)S(18) Increased Increased Increased
(C) Major adverse cardiovascular event (by concentration)
Reference [12] [15] [110] [109] [70]
Mortalities (n) AMI 114 MACE 230 | CHF 423 | MACE 813 MACE 155
Other (n) Unstable AP 92
Other (n) Stable AP 98
Controls (n) 52 104 6892 419
N(16)S(18) Increased Increased Positive (HR)
N(18)S(18) NM NM Increased
N(20)S(18) NM NM NS
N(22)S(18) NM Increased NM
N(24)S(18) NM Increased NM Increased NS
N(24:1)S(18) Increased Increased NS
N(16)S(18)/N(24)S(18) Increased NS NS
N(18)S(18)/N(24)S(18) Increased
N(20)S(18)/N(24)S(18) NS
N(22)S(18)/N(24)S(18) NS
N(24:1)S(18)/N(24)S(18) NS Increased NS
Total ceramides® Increased for all Increased
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(D) Acute coronary syndrome (by concentration)
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Reference [9] [70]
ACS (n) 313 313
Stable CAD (n) 261 Stable AP =261
N(16)S(18) Increased in ACS Increased in ACS
N(20)S(18) Increased in ACS
N(24)S(18) Increased in ACS  Increased in ACS
N(24:1)S(18) Increased in ACS
N(16)S(18)/N(24)S(18) | Increased in ACS Increased in ACS
N(20)S(18)/N(24)S(18) NS NS
N(24:1)S(18)/N(24)S(18) NS NS
(E) Type-2 diabetes
Reference [78] [77] [73] [74] [74] [58] [75] [75] [75] [75] [76] [76] [76] (771 [73] [58]
T2D (n) 14 14 15 1038 610 Assoc. Assoc. Assoc. 240 Assoc. Assoc. Assoc. Correl. Correl. Correl.
15 obese
Controls (n) 14 13 and 7007 3344 2145 1557 1000 2086
15 athletes
Other info Conc. Conc. Conc. HR HR HR Fasting | Fasting | yoyage | | 2D Fasting | poma-r | Homa-g | Iulin Se‘:;‘:i‘j;“y Fasting
N(16)S(18) NS NS NS NM Positive | Positive  Positive  Positive NS Positive  Positive NS Inverse NS
N(18)S(18) Increased  Increased "i‘f%ssd Positive  Positive®  Positive | Positive  Positive Positive NS Positive Positive Positive Inverse Inverse Positive
N(18:1)S(18) NS
NQ0)S(18) Increased  Increased "i‘:’;“zséd Positive NS NS NS NS Positive Positive Positive Inverse Inverse NS
N@22)s(18) Increased NS Positive Positive  Positive Positive NM Positive
Ne2sas) | NS Ns NS NS
TN@29)S(8) | NS NS NS NS
N(22:10)S(18) NS NS NS NS
N(24)S(18) NS NS I?:r.f.;s;d NM NM Positive® NS¢ Positive NS Inverse NS
N(24:1)S(18) NS Increased I‘i‘l‘;’;"fgd NM NM Inverse Inverse
N(24:2)S(18) NS Increased Ir::r_tle;sgd NS Positive Positive NS
N(24:10)S(18) NS Increased I'i‘:’;‘;s]jd NS NS NS NS
N(26:9)S(18) NS NS NS NS
TNES9SUS) | NS NS NS NS
NGO9)S(S) | NS NS NS NS
N(30:10)S(18) NS Positive Positive NS
W NS Positive Positive NS
NI - .
E:i 2;22 1 2;/ Positive Positive
E};i;gg:i;/ Positive Positive® NM NS
E:;?]sgffg) Positive  NS®
Total ceramides® NS Increased NS Inverse NS

Circulatory ceramide species that have been measured in cardiovascular disease settings in literature, alongside the total summation of species studied and further
ratios of species reported in literature. Association is by hazard ratio or odds ratio, where significant includes a confidence interval (CI) of greater than 1. Positive:
HR > 1.00 or a positive correlation coefficient, Negative/Inverse: significant HR < 1.00 or a negative correlation coefficient. Change by concentration is due to an
alteration of the mean concentration from controls. MACE, major adverse cardiac events; NS, not significant; NM, not mentioned even though the species has been
measured (likely means the result was NS). HR, hazard ratio; CHF, chronic heart failure; AP, angina pectoris; T2D, Type-2 Diabetes. Sum ceramides; *depending on
adjustment used; ‘composite of different species. Conc., by concentration; Assoc., association; Correl., correlation. “Increased in T2D” is in comparison to athletes. It
should be noted “total ceramides” is the sum of the subset of ceramides that have been studied in a particular article, and not the full profile of ceramide species in

circulation.

increased ratios potentially highlight an increased concentration of
ceramide species with a shorter fatty acyl chain to those with larger
carbon length. These ratios may highlight the involvement of CERS
isoforms, such as CERS1, CERS5, CERS6, which have preference for
shorter fatty acyls (C14-C18), while CERS2, CERS3, and CERS4 utilise
longer acyl chains (C18-C26) [71,72], however, more experiments are
required to understand the mechanism of action and significance of
these ratios, and their association with disease.

Overall, the significant correlations between the levels of most cer-
amide species studied to date demonstrate association with fatal out-
comes in ACVD, the occurrence of MACE, and ACS. For the discovery of
ceramides as predictive disease biomarkers, it is currently unknown

22

whether the concentration of certain ceramides, ratios of ceramide
species abundance, or measures of total concentration of ceramides, are
more predictive of disease. As the current analyses of ceramide profiles
show individual ceramide species acting in opposition, for example a
negative association with disease was found for CER[N(24)S(18)]
compared to the positive association with disease found for shorter
ceramide species, the assessment of total summation of ceramides for
disease prediction may provide deflated prediction results. Measure-
ment and reporting of the full ceramide profile in large cohorts would
aid our understanding of which species and ratios may be biomarkers of
disease and health.
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3.7. Type-2 diabetes

Ceramides have been strongly implicated in type-2 diabetes (T2D) as
novel biomarkers of insulin resistance, but further targeted studies are
required to expand the range of ceramide species studied. The associa-
tions reported in each of the current human studies for the individual
ceramide species implicated in T2D risk are summarised in Table 1. This
data highlights increased CER[N(18)S(18)] in T2D patients, positive
hazard ratios with T2D incidence, positive associations with this species
and markers of T2D such as fasting glucose, fasting insulin, HOMA-IR,
and HOMA-B, as well as inverse correlations identified with this risk
ceramide species and insulin sensitivity [58,73-78].

Other ceramides of note include CER[N(16)S(18)], which correlates
with current diabetes risk markers [75,76]. However, this relationship
of circulatory ceramides with both cardiovascular diseases and T2D is
not clear, as some studies did not find significant associations or do not
report associations for the measured lipids, suggesting lack of signifi-
cance. Functional studies have begun to identify the role of ceramides in
T2D. For example, inhibition of SPTLC via the drug myriocin amelio-
rates glucocorticoid-, saturated fat- and obesity-induced insulin resis-
tance in rats [79].

3.8. Potential use of mendelian randomisation techniques

Observational epidemiology has led to a number of “blind alleys”
where strongly associated putative atherosclerotic risk factors from
observational epidemiological studies have, when modified in clinical
trials, proven not to affect disease risk; examples include plasma HDL-
cholesterol [80] and vitamins. The massive resource costs of drug
development and clinical trials aiming to modify putative risk factors,
which turn out to be non-causal, could perhaps be avoided in the future
through the use of Mendelian randomisation (MR), a genetic approach
to determining causality on which there is now extensive literature
[81-87]. The concept underlying MR is outlined in Fig. 2, with specific
reference to ceramides. MR can be used to investigate the causality of
putative ACVD biomarkers; broadly speaking, if DNA variants can be
discovered with effects on ACVD risk, which congruently influence the
levels of associated biomarkers, causality can be inferred for the bio-
markers on ACVD [88]. For example, MR was the key technique in
establishing the causality of plasma levels of lipoprotein(a) in ACVD
[89].

e.g. Age, Sex, Medication

Confounders

Ceramides- _

Exposure S
A Y
A
N
N
h1Y
DNA variant ACVD
Instrument Outcome

Fig. 2. Mendelian randomisation.

This figure depicts the principles of Mendelian randomisation. If a DNA variant
(SNP) associates with a trait (ceramide species) and disease (CAD) indepen-
dently, Mendelian randomisation can be used to confirm the causality of the
trait with the disease, as DNA variants are not affected by confounding factors.
For example, if a DNA variant affects the levels of a ceramide species in cir-
culation, then the differences in that ceramide species will be lifelong differ-
ences, as genotype is allocated at conception. Both this predetermined effect of
the DNA variant on ceramide species levels, and a GWAS association of the
same variant with risk of ACVD, would give strong support for a causal asso-
ciation with ceramides and ACVD risk.
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Although there is a growing body of evidence that blood ceramide
concentrations are associated with CAD risk and other cardiovascular
diseases such as T2D, more work is needed to provide definitive answers
and confirm these associations. The identification of highly heritable
ceramide species and the genetic variants responsible enables MR to be
applied to this class of bioactive lipid mediators implicated in ACVD risk,
to confirm or refute some hypothesised associations for specific cer-
amide species. While there are drugs available that target the major
metabolic enzymes in the ceramide biosynthetic pathway, there are no
selective drugs that can alter the levels of specific ceramides, to date.
Thus, studies analysing larger numbers of circulating ceramides, with
increased study sample sizes and including different populations, as well
as molecular experimentation, are needed to further our understanding
of the mechanisms behind the role of ceramides in these diseases.

4. Genetic insights
4.1. Current genetic studies of ceramides

Genome-wide association studies (GWAS) have identified common
DNA variants influencing circulating ceramide levels. In 2009, a dis-
covery GWAS was undertaken to identify genes influencing sphingolipid
production and metabolism [90]. This involved the genetic analyses of
seven ceramide species, namely: CER[N(16)S(18)], CER[N(18)S(18)],
CER[N(20)S(18)], CER[N(22)S(18)], CER[N(23)S(18)], CER[N(24:1)S
(18)], CER[N(24)S(18)], and summed total ceramides, which were
profiled in 4400 participants from plasma or serum of five European
populations [91,92]. Polymorphisms at CERS4 were associated with the
ceramide species CER[N(20)S(18)] (p < 5 X 107®) in the South Tyrol
and Croatian populations.

The studies also identified a polymorphism in SPTLC3 that associated
with five plasma ceramides (CER[N(16)S(18)], CER[N(22)S(18)], CER
[N(23)S(18)]1, CER[N(24)S(18)], CER[N(24:1)S(18)]). Of the variants
identified, those in SPTLC3 associated with myocardial infarction inci-
dence in the study of 4110 participants from five European populations
and a replication study in 4034 participants from the same populations
[90,91]. The GWAS association of circulating ceramide species with
variants in SPTLC3 has now been repeated in a number of studies
[90-92], which have been identified as confirmed liver expression
quantitative trait loci (eQTLs) of SPTLC3 [93,94]. However, variants in
SPTLC3 have not associated with myocardial infarction in large genetic
analyses of ACVD, e.g. 60,000 myocardial infarction patients compared
to controls [95]. The locus does not show significant disease associations
through PheWAS analysis in UK Biobank, and to date, MR has not
confirmed a causal relationship between ceramides with ACVD through
DNA variants in SPTLC3 [93].

Recent GWAS have also identified common variants in other genes of
ceramide biosynthetic enzymes: sphingosine 1-phosphate phosphatase 1
(SGPP1) and dihydroceramide desaturase (DEGS1) [93]. A rare non-
synonymous variant in DEGS1 has also been identified to increase con-
centrations of dihydroceramides [96].

While MR has not confirmed a causal role for ceramides in ACVD
risk, ceramides are substantially heritable; variation in ceramides is
influenced by genetic factors. Six ceramides (CER[N(16)S(18)], CER[N
(18)S(18)]1, CER[N(20)S(18)]1, CER[N(22)S(18)], CER[N(24)S(18)],
CER[N(24:1)S(18)]) were analysed in a study of a broad number of
lipids in 1212 participants from 42 Mexican American families [97]. A
median estimate of heritability, the variation in ceramide levels to due
genetic factors, was reported at 45% for all ceramides, using
family-based variance-components analyses. Other estimates of
narrow-sense heritability have estimated the heritability of circulating
ceramides to be between 9% and 62% [93,97-99].
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4.2. Ceramide metabolising enzymes implicated in GWAS for
cardiovascular traits

GWAS for cardiovascular traits have identified associations between
common variation in the genes involved in ceramide biosynthesis and
certain cardiovascular disease-related traits (Table 2). Of note, DNA
variants have been identified near genes of the ceramide pathway that
associate with LDL-cholesterol and HDL-cholesterol [90,100-102].
Perhaps particularly noteworthy are the association of variants near
ASAH]1 with atrial fibrillation and that of CERS2 variants with glycated
haemoglobin Alc. ASAH]I is the gene for ceramidases, the enzymes that
degrade ceramides to sphingosine (as before: biochemistry section and
Fig. 1A). The variant rs7508 near ASAH1 was identified in three GWAS
studies of atrial fibrillation with association p-values of 6 x 10710 - 2 x
102! and odds ratios of 1.07-1.10. These studies were a meta-analyses
of common and rare variant association studies of 40,277 individuals
with atrial fibrillation and 247,228 controls [103], a GWAS study of 60,
620 cases and 970,216 controls [104], and a multi-ethnic meta-analysis
of more than half a million participants including 65,446 cases [105].
The variant is found in the 3'untranslated region of the gene and ge-
notype is associated with RNA expression of ASAHI in multiple tissues
including the heart left ventricle and atrial appendage, where the risk
allele has increased expression of ASAH] in the heart tissues [94]. This
potentially implicates an alteration in tissue or circulating ceramide
levels in the pathogenesis of atrial fibrillation. However, an analysis of
total ceramides in atrial biopsies from 54 patients with atrial fibrillation
or sinus rhythm did not identify a difference in total ceramide levels
between the two groups [106]. Circulating ceramide species in patients
with atrial fibrillation have not thus far been investigated. Encourag-
ingly, in 2020 a GWAS of T2D in 433,540 East Asian individuals iden-
tified a GWAS significant association with variant and confirmed eQTL
of ASAH1 (rs34642578) [107] (Table 1).

A missense variant (rs267738) in the CERS2 gene has been identified
at GWAS to associate with HDL cholesterol, cathepsin S measurements,
glomerular filtration rate, serum creatinine measurement and haemo-
globin A1C measurement (p = 1 x 107°- 9 x 10~%7). The variant is an
eQTL of many genes, including CERS2 where the risk allele has
decreased expression of CERSZ2 in the testis and tibial artery [94].

Genes encoding the enzymes of the de novo ceramide biosynthesis
have been studied for prospective association with hypertension (n =
2523) [108]. The study undertook a network analysis on 162 SNPs in 84
genes of sphingolipid metabolism. The variance explained by the cer-
amide biosynthesis network was more than 50% in a subpopulation of
hypertensive participants.

To fully address causality of ceramides in ACVD, large cohort ana-
lyses with genetic data available are needed to profile each circulating
ceramide species. This may identify specific ceramide species with ge-
netic associations that would allow the issue of causality to be fully
addressed.

5. Conclusions and future directions

Cardiovascular diseases remain the most prevalent cause of death
globally despite highly impactful interventions on proven risk factors.
New biomarkers remain needed to more precisely stratify individuals at
high risk of disease and events. Lipids have key roles in cardiovascular
disease, but even as mass spectrometry techniques and lipidomics ap-
plications have expanded, there are as yet few studies with substantial
sample sizes measuring the large number of lipid species now identifi-
able. Bioactive lipid mediators of inflammation found in circulation may
reflect an underlying predisposition to cardiovascular disease. Ceramide
species from the sphingolipid class of lipids may be causing chronic
underlying apoptosis, mediating inflammation and priming the vascu-
lature for atherosclerosis or diabetes, adding to other cardiovascular risk
factors. Here, their implications as potential risk biomarkers of ACVD
are described. We conclude that larger cohort studies, together with
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Table 2

Genes of key ceramide metabolising enzymes (proteins) identify near DNA
variants associated with cardiovascular traits at GWAS. Data was assessed via
GWAS catalog (up to April 2021).

Gene GWAS association
Enzyme [Protein]
Ceramide synthase CERS2 HDL cholesterol [102]
Glycated haemoglobin A1C [112]
Glomerular filtration rate [113,114]
Serum creatinine [113]
Apolipoprotein Al levels [115]
CERS3 Childhood BMI [116]
CERS5 Hypertension and blood pressure [117-119]
CERS6 Triglyceride levels [115]
Ceramide transfer protein CERTI1 LDL cholesterol [120]
Neutral ceramidase ASAH1 Atrial fibrillation [103-105]

Type-2 diabetes [107]

functional studies, are needed to fully decipher this relationship. Their
causality in ACVD risk is currently not clear, and large-scale genetic
studies (for example, in the UK Biobank population) incorporating full
coverage of the many species of ceramides currently measurable would
be a powerful means of addressing this question. Identification of the
most genetically influenced lipids may be the first step to identify the
most promising novel lipid species for focused studies in large cohorts.
Continued identification of genome-associated variants of circulatory
ceramide concentrations will allow for further Mendelian randomisation
analyses with ACVD, to allow for targeting specific ceramide species for
use in ACVD diagnosis, risk stratification, and treatment.
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