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Purpose of review

Multiple studies have shown a strong association between lipids and diabetes. These are usually described
through the effects of cholesterol content of lipid particles and in particular low-density lipoprotein.
However, lipoprotein particles contain other components, such as phospholipids and more complex lipid
species, such as ceramides and sphingolipids. Ceramides, such as sphingolipids are also produced
intracellularly and have signalling actions in regulating cell metabolism including effects on inflammation,
and potentially have a mechanistic role in the development of insulin resistance.

Recent findings

Recently, techniques have been developed to analyse detailed molecular profiles of lipid particles –
lipidomics. Proteomics has confirmed the different proteins associated with different particles but far less is
known about the relationship of individual lipid species with diabetes and cardiovascular risk. A number of
studies have now shown that the plasma lipidome, and in particular, ceramides and sphingolipids may
predict the development of diabetes.

Summary

Lipidomics had identified ceramides and sphingolipids as potential mediators of cellular dysfunction in
diabetes. Further work is required to ascertain whether they have clinical utility.
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INTRODUCTION

There is a long-standing association between lipids
and diabetes. Lipid particles contain a combination
of different phospholipids, triglycerides and choles-
terol as well as proteins involved in control of lipid-
modifying enzymes, transfer factors and receptor
ligands. Epidemiological studies show a strong asso-
ciation of both low-density lipoprotein cholesterol
(LDL-cholesterol) and high-density lipoprotein cho-
lesterol (HDL-cholesterol) content with type 2 diabe-
tes (T2DM) [1] whereas glycaemia and blood pressure
show a stronger association with type 1 diabetes
(T1DM) [2]. However, these associations underesti-
mate the complexity of these particles as amounts
and species of proteins, lipids and phospholipids vary
with the major underlying lipid particle species and
with disease states. The new techniques associated
with quantifying these relationships form part of the
new ‘omics’, which include proteomics, lipidomics
[3

&&

] and their relationship to metabolism – metab-
olomics [4]. Proteome studies have identified that
HDL is associated with proteins associated with
inflammation, complement and coagulation while
LDL particles have a far simpler proteome [5]. How-
ever, fewer studies have investigated lipid subspecies
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and the lipidome in diabetes, its complications and
cardiovascular disease (CVD).
INFLAMMATION-ASSOCIATED LIPIDS AND
DIABETES

The two main types of diabetes are associated with
different mechanisms of causation. In T1DM, an
autoimmune reaction to pancreatic beta cells is
key whereas T2DM is linked to insulin resistance
and its secondary consequences including adipos-
opathy. Autoimmune disease is directly related to
increased levels of inflammation including activa-
tion of key signalling lipids, such as lyso-lecithins,
prostanoids and other arachidonic acid derivatives
and some sphingolipids.
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KEY POINTS

� Lipidomics can identify subspecies within lipid fractions
that may be associated with chronic disease.

� Ceramides and sphingolipids are lipid intermediates
with signalling properties.

� Elevated ceramide levels are associated with
autoimmune disease and risk of type 2 diabetes in
epidemiological studies.

Lipidomics in diabetes mellitus Kim et al.
With insulin resistance, the changes are more
complex and may differ between tissues. Hepatic
insulin resistance is linked to alterations in ceram-
ides [6,7] and in function of the innate immune
system receptors, such as toll receptors [8]. The
adipose tissue is not only engaged in management
of stored lipids but also has a paracrine function,
secreting hormones and complement proteins, and
interacts with tissue macrophages [9]. Recent analy-
sis of adipocytes from Indian Asian patients with
T2DM has suggested that alteration in signalling
RNAs may play a role in these changes including
regulation of peroxisomal proliferator activating
receptor (PPAR) pathways [10].
PHOSPHOLIPIDS AND DIABETES

The surface of lipoprotein particles is composed of
phospholipids as are cell membranes. Numerous stud-
ies have profiled the response of these to dietary modi-
fication [11

&&

]. Measurement of plasmaand erythrocyte
lipid and phospholipid concentrations in epidemiolog-
ical and intervention studies has often been performed.
In the Kuopio Ischaemic Heart Disease Risk Factor
Study (n¼2332) over a 19-year follow-up, the risk of
new type 2 diabetes showed a 25% [95% confidence
interval (CI) 2–43%] lower relative risk (RR)
(Pquartile¼0.02) with higher choline intake driven by
41(22–55)% lower RR (Pquartile<0.001) attributable to
phosphatidylcholine intake [12

&

]. More detailed lipid
subspecies analysis of odd chain fatty acids (OCFA)-
containing lipids included triacylglycerols (TAGs), free
FAs (FFA), cholesteryl esters, phosphatidylcholines,
phosphatidyl-ethanolamines, lysophosphatidylcho-
lines (LPCs), lysophosphatidylethanolamines (LPEs),
monoacylglycerols (MAGs) and diacylglycerols (DAGs)
has been conducted in 820 patients with T2DM and
1248 controls from the European Prospective Investi-
gationintoCancerandNutrition(EPIC)-Potsdamstudy
(n¼27548). These OCFAs were enriched in MAGs, and
the contribution of C15:0 versus C17:0 differed across
lipidclasses. Inwomen, severalOCFA-containingphos-
pholipids were inversely associated with T2D risk with
 Copyright © 2022 Wolters Kluwe
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PC (C15:0), HRquintile 0.56(0.32–0.97); PC (C17:0), haz-
ard ratio per standard deviation (SD): 0.59 (0.48–0.71);
LPC (C17:0), HRquintile 0.42 (0.23–0.76). In men, LPC
(C15:0) levels were associated with T2D risk (HRquintile

1.96 (1.06–3.63)) whereas cholesteryl ester (C17:0),
MAG (C15:0), and DAG (C15:0) were inversely associ-
ated with T2D risk. A positive correlation of fat-rich
dairy and fibre-rich foods with OCFA-lipid levels was
found while red meat intake showed an inverse corre-
lation [13].
DIETS, LIPIDOMICS AND GENETICS

Attempts have been made to study the interaction
between diet, lipid species and high-risk genotypes
for T2DM. In 21 men homozygous for high-risk
TCF7L2 challenged with two isocaloric (450 kcal)
liquid meals were conducted with high-carbohy-
drate (89% of energy) or normocarbohydrate (45%
of energy) meals. Lower postprandial glucose curves
seen were correlated with lower phospholipids (�37
to �53%), lysoPL (�29 to �86%), sphingolipids
(�32 to �47%), arachidonic (�36%) and oleic
(�63%) acids, and leukotrienes (�65% to �83%).
Sphingosine concentrations were higher (125–
832%) after normal carbohydrate meals, whereas
acylcarnitines were lower (�21 to �61%) [14]. This
suggests that risk genotypes interact with carbohy-
drate content in meals to influence lipid subspecies.
LIPIDOMICS OF PHOSPHOLIPIDS IN
EPIDEMIOLOGICAL STUDIES OF NEW
DIABETES

Detailed quantitative techniques involving lipido-
mic analysis have been applied to such studies in
populations either with diabetes or at risk of devel-
oping it. A study of three Swedish cohorts (N¼3638)
including twins and including validation in the
Cooperative Health Research Augsburg (KORA) S4
cohort (n¼855) investigated 5961 metabolic fea-
tures and found 1120 were associated with T2DM
and IFG of which 70 were metabolites replicated in
three cohorts. Including the validation cohort, 15
metabolites were associated with new T2DM after
adjustment for age, sex, BMI, waist circumference
and fasting glucose. These included the bile acid
deoxycholic acid and MAG (18:2) added little to
standard diabetes mellitus risk scores [15].

A study of 107 men with T2DM and 216 controls
from the longitudinal METSIM study assessed lipid
markers at baseline and after 5-years follow-up.
Validation was performed in 631 men from the
general population. Lipidomic analysis was per-
formed on a panel of 277 plasma lipid species.
Higher levels of TAGs and di-acyl-phospholipids
r Health, Inc. All rights reserved.
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Lipids
and lower levels of alkyl-acyl phosphatidylcholines
was seen in incident T2DM. LysoPC (18:2), phos-
phatidylcholine (32:1), phosphatidylcholine (34:2e)
and phosphatidylcholine (36:1) and TAG (17:1/
18:1/18:2) added to a model that included metabolic
risk factors and FINDRISC variables. After adjusting
for age and BMI, these lipids had respective odds
ratios of 0.32, 2.4, 0.50, 2.2 and 0.31 for progression
to T2DM [16].

A lipidomic analysis in China of 667 patients
with new T2DM and 200 propensity-matched con-
trols was performed. The validation cohort consti-
tuted 250 patients with new T2DM and 724
matched control individuals with normal glucose
regulation. Differential correlation network analy-
ses showed 38 lipid species, including TAGs, lyso-
phosphatidylinositols (LPIs), phosphatidylcholines,
polyunsaturated fatty acid (PUFA)-plasmalogen
phosphatidyl-ethanolamines (PUFA-PEps) and cho-
lesteryl esters, were consistently associated with risk
of new T2DM. The lipids identified as significant
included LPI16:1, PC34:3, PE38:4p (18:0p/20:4),
TAG50:2 (16:2), TAG51:0 (17:0) and TAG54:7
 Copyright © 2022 Wolters Kluwer H

FIGURE 1. Pathways involved in synthesis, metabolism and salva
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(22:6), and in this study improved prediction of
incident diabetes [17].

Attempts have been made to identify specific
lipid subspecies as biomarkers of insulin resistance.
A study was performed in 62 subjects characterized
using a 5-point oral glucose tolerance test (OGTT) of
whom 15 underwent hyperinsulinemic-euglycemic
clamp. Linoleoylglycerophosphocholine (LGPC)
were negatively correlated with glucose disposal
in the clamp (r¼�0.56, P¼0.03) but not with OGTT
results. Participants without T2DM with higher
LGPC levels had higher glucose excursions in the
OGTT (P trend¼0.02) [18].
SPHINGOLIPIDS AND DIABETES

Ceramides and sphingolipids are a complex series of
mediators derived from serine and the saturated
fatty acid palmitic acid (C16:0) [19

&&

]. Ceramide is
necessary for synthesis of complex glycosphingoli-
pids and pathways exist for tis catabolism and sal-
vage (Fig. 1). Both ceramides and sphingolipids are
known to be intracellular signalling molecules
ealth, Inc. All rights reserved.
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[19
&&

]. Genetic mutations in sphingolipids are asso-
ciated with a variety of monogenic diseases includ-
ing renal disease (e.g. Fabry’s disease).

There is increasing interest in subtler perturba-
tions in sphingolipid metabolism found in common
diseases [19

&&

,20
&&

,21] including T1DM andT2DM as
these are associated with processes involved in con-
trol of inflammation [22] and beta-cell function
[20

&&

,23
&

,24,25]. Sphingolipids are known to be
associated with alterations in immune system func-
tion. Correlations have been found between plasma
and hepatocyte sphingolipid concentrations and
incidence of islet cell antibodies in type 1 diabetes
[26]. In nonobese diabetic mice, this is mediated
through activation of Ca2þ-independent phospho-
lipase A2b (iPLA2b) via macrophages. Hydrolysis of
the sn-2 glycerophospholipids (see below) by
iPLA2b leads to the generation of eicosanoids,
which can trigger immune responses leading to b

cell death [27]. Similar eicosanoid signatures have
been found in children with autoantibodies or
recent-onset T1DM [27].

Ceramides are involved in insulin secretion.
Sulphated galactosyl-ceramide increases exocytosis
of secretory granules and activates K(ATP)-channels
increasing insulin secretion while sulphated lacto-
sylceramide (s-lacCer) is present in pancreatic islets
[28]. In a case-control study of 569 individuals, low
serum sulfatide concentrations were associated with
Type 2 diabetes, independent of traditional risk
factors for diabetes (tertile odds ratio (OR) 2.1
(1.1, 3.9) in men, and 2.3 (1.2–4.3) in women).
Patients with T2DM had detectable s-lacCer (OR
1.7 (0.9, 3.4) in men, and 7.6 (3.8, 15.2) in women).
Sulphatides were negatively correlated with insulin
resistance (HOMA-IR) [29].
LIPIDOMICS OF SPHINGOLIPIDS IN
EPIDEMIOLOGICAL STUDIES OF NEW-
ONSET TYPE 2 DIABETES

Lipidomic analyses have been conducted in epide-
miological cohort studies of high-risk groups for
T2DM. Metabolomic profiling of 43 sphingolipids
classified into six scores was performed in fasting
serum in a Hispanic cohort. After adjustment for risk
factors, a ceramide score [quartile RR 2.40 (1.24–
4.65); P¼0.003] and sphingomyelins with fully sat-
urated sphingoid–fatty acid pairs [RR 3.15 (1.75–
5.67); P<0.001] were associated with new T2DM.
The associations were attenuated after adjustment
for other traditional risk factors (e.g. triglycerides)
but the saturated sphingomyelin score remained
significant [RR 1.98 (1.09–3.59); P¼0.03] [30].

In the Strong Heart Study (n¼2145), plasma
ceramide, sphingomyelin and glucosylceramide
 Copyright © 2022 Wolters Kluwe
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species levels were higher in older participants and
lacCer levels were higher in participants with lower
BMIs. Most ceramides and lower lacCer(16:0) were
associated with higher glucose levels. No association
of sphingomyelin species or glucosyl-ceramide spe-
cies was found with glucose [31]. A further analysis of
sphingolipids in 435American-Indian participants in
the Strong Heart Study and 1902 participants from
the associated family study was performed. Higher
levels of ceramides containing stearic acid [Cer-18;
1.22 (1.09–1.37) per SD], arachidic acid [Cer-20; 1.18
(1.06–1.31)] and behenic acid [Cer-22; 1.20 (1.08–
1.32)] were associated with T2DM [32

&

].
In a prospective study of 2174 participants from

China, 76 sphingolipids were quantified using lipido-
mics. Eleven novel and three reported sphingolipids,
namely ceramides (18:1/18:1, 18:1/20:0, 18:1/20:1,
18:1/22:1), saturated sphingomyelins (C34:0, C36:0,
C38:0, C40:0), unsaturated sphingomyelins (C34:1,
C36:1, C42:3), hydroxyl-sphingomyelins (C34:1,
C38:3) and a hexosylceramide (d18:1/20:1), were asso-
ciated with new T2DM after adjustment for standard
risk factors (RRs 1.14–1.21; all P<0.001). Network
analysis showed identified five lipid modules were
associated with T2DM, of which two containing satu-
rated sphingomyelins showed the strongest associa-
tion (quartile RRs 1.59 and 1.43; P<0.001). Mediation
analysis suggested that the associations of 13 sphin-
golipids were largely mediated through b-cell dysfunc-
tion (HOMA-B mediation proportion: 11–42%;
P<0.001). Mendelian randomization in the cohort
for ceramide (d18:1/20:1) also showed an association
with T2DM [OR 1.15 (1.05–1.26); P¼0.002] [33].
LACTOSYLCERAMIDE, INFLAMMATION
AND DIABETES

More specifically among lipid-derived factors, lactosyl-
ceramide (LacCer) (CD17) is a glycosphingolipid com-
ponent of lipid rafts involved in inflammation [34]. A
number of pathways activate LacCer synthesis by phos-
phorylating LacCer synthase (b-1,4 galactosyltransfer-
ase) including those involving platelet-derived growth
factor (PDGF), vascular endothelial growth factor
(VEGF), tumor necrosis factor-a (TNF-a) and oxidized
low-density lipoprotein (ox-LDL) This pathway acti-
vates nicotinamide adenine dihydrogen phosphate
(NADPH) oxidase to generate reactive oxygen species
(ROS), other signalling pathways involved in inflam-
mation, such as cytosolic phospholipase A2 (cPLA2)
[28]. LacCer may also have direct actions on mitochon-
dria and be implicated in the pathogenesis of diabetes-
related cardiac dysfunction. In mice with streptozocin-
induced T1DM ceramide synthesis by desaturase 1,
(dihydro)ceramide synthase (CerS)2, serine palmitoyl
transferase 1 and mitochondrial CerSs was increased
r Health, Inc. All rights reserved.
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but lackof changes in mitochondrial ceramide profiles
suggest that this was only a turnover effect. Neutral
ceramidase (NCDase) knockdown increased LacCer
suggesting crosstalk between glucosylceramide syn-
thase-mediatedandNCDase-mediatedceramidepath-
ways. Elevated LacCer in mitochondria was associated
with decreased respiration and calcium retention
capacity (CRC) indicating mitochondrial dysfunction
[35]. Plasma hexosylceramides (H) and lacer were
measured in a cohort of 432 patients from the
DCCT/Epidemiology of Diabetes Interventions and
Complications cohort with T1DM. The association
of ceramides with the risk of developing macroalbu-
minuria (albumin excretion rate >300 mg/24h) or
chronic kidney disease (eGFR<60ml/min) over a
period of 21–28years was investigated. Decreases in
long and very long chain LacCers were associated with
macroalbuminuria [36].
LACTOSYLCERAMIDE AND
NONALCOHOLIC FATTY LIVER DISEASE

Hepatic dysfunction, nonalcoholic fatty liver dis-
ease (NAFLD), nonalcoholic steatohepatitis (NASH)
and cirrhosis are complications associated with dia-
betes and are associated with altered ceramide
metabolism [37,38]. A study using euglycaemic
clamp was conducted in 21 insulin-resistant obese
patients with or without NAFLD and/or NASH and 7
healthy lean individuals using tissue biopsies during
bariatric or elective surgery. In patients, hepatic
total ceramides were higher by 50% in NASH and
33% in NAFLD Hepatic dihydroceramides (16:0,
22:0 and 24:1) and lacCer were increased in patients
with NASH. Serum ceramides and dihydroceramides
(hepatic dihydroceramides 22:0 and 24:1) correlated
negatively with whole-body but not with hepatic
insulin sensitivity. Hepatic oxygen use correlated
positively with serum lacCer, hepatic sphinganine
and lacCer(14:0). Liver lipid peroxides correlated
with the respective hepatic sphingolipids [39].
INTERVENTION STUDIES

Epidemiological studies can only establish correlations
as opposed to causation. Intervention studies are
required to demonstrate that changing ceramides
may be related to clinically relevant outcomes. A rela-
tionship exists between adipocyte sphingolipid and
PPARs. In a randomized 6-month trial in 37 insulin-
resistant subjects, the effects of pioglitazone on
plasmaceramideconcentrationswere investigated.Pio-
glitazone therapy reduced plasma ceramide concentra-
tions: C18:0 (P¼0.001), C20:0 (P¼0.0004), C24:1
(P¼0.009), dihydroceramide C18:0 (P¼0.005), dihy-
droceramide C24:1 (P¼0.004), lacCer C16:0 (P¼0.02)
 Copyright © 2022 Wolters Kluwer H
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and HC C16:0 (P¼0.0003), C18:0 (P<0.0001), C22:0
(P<0.0001) and C24:1 (P¼0.0006). Overall reductions
were found in grouped ceramide species: ceramides
(P¼0.03), dihydroceramides (P¼0.02), HC (P¼
0.00001) and LacCers (P¼0.02) and in total ceramides
(P¼0.001). Some ceramide species correlated nega-
tively with the change induced in insulin sensitivity
(DHC C16:0; r¼�0.54; P¼0.02) and others positively
including lacCer C24:0 (r¼0.53; P¼0.02) and lacCer
C24:0 (r¼0.48; P¼0.05) [40]. In mouse nonobese
diabetic (NOD) models of diabetes fenofibrate (a
PPAR-alpha agonist) increases very-long-chain C22:1
and C24:0 sphingomyelin and C24:0 ceramide and
decreases C16:0, C16:1 and C18:0 improving the pan-
creatic lipidome [41].

Statins are first-line therapy for atherosclerosis
in diabetes but are associated with increased dysgly-
caemia [42]. Ceramides were analysed from a lipid
turnover study of 12 patients on placebo, low-dose
(10 mg) or high-dose (40 mg) rosuvastatin. Baseline
plasma ceramides were associated with very LDL
(VLDL) apolipoprotein (apo)-B100 concentrations
(r¼0.58, P<0.05) and inversely with fractional cat-
abolic rate (FCR; r¼�0.67, P¼0.02). Changes in
ceramides after treatment with high-dose statin
were inversely associated with FCR (r¼�0.62,
P¼0.03) independent of changes in lipids. Plasma
sphingomyelin levels were unaffected [43].

A number of novel agents are being investigated
that affect HDL metabolism. A study of apabetalone
(RVX-208) a bromodomain (BRET) inhibitor with
effects on inflammation and HDL in 20 male patients
measured ceramide levels over 4 weeks showed
increased six sphingolipid and four phospholipid
classes in the HDL lipidome (P<0.05), but did not
change standard lipids [44]. Medium-sized HDL par-
ticles increased by 11% (P¼0.01) whereas small HDL
particles decreased by 10% (P¼0.04). Postchallenge
plasma glucose profiles changed to delayed (30 min)
and sustained (P¼0.003) profiles with suppression of
endogenous glucose production (P¼0.014). The rate
of glucose disappearance was lower but no effects
were seen on glucose oxidation or total glucose dis-
posal. However, cardiovascular outcome studies have
shown no effect of apabetalone in reducing cardio-
vascular events or new diabetes in man so its devel-
opment has been discontinued [45].
CONCLUSION

There is substantial evidence from cell and animal
studies that changes in ceramide metabolism are
associated and potentially may be causative in alter-
ing glucose and lipid metabolism. However, data
in man is far more limited and mostly derived
from associations found in prospective cohort
ealth, Inc. All rights reserved.
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epidemiological studies. Few studies have been con-
ducted in populations with diabetes and those
mostly in epidemiological cohorts to ascertain pro-
gression to T2DM. Modern analytical techniques,
such as lipidomics measure multiple species, where
the degree of intercorrelation between various spe-
cies is unclear [4]. Metabolomic pathway analysis is
in its infancy. Metabolomics and its lipid subsection
are likely to identify pathogenic mechanisms con-
tributing to development or progression of diabetes
and its complications and provide validation of
genetic studies by identifying the pathways affected,
and thus potential sites for drug targeting. The
complexities induced by this mean that large and
very well designed studies are required to avoid
artefactual findings induced by statistical errors. It
will probably require analysis of cohorts of the size
of UK Biobank to identify the best statistical analyt-
ical techniques for epidemiological datasets (possi-
bly including machine-learning approaches) to give
reliable findings on the relationship of ceramides to
new-onset diabetes. Studies of phospholipids and
their derivatives suggest that many changes may be
secondary to diet rather than because of alterations
in intrinsic metabolism. In contrast, lipidomics of
sphingolipids show associations with metabolic
derangements with a strong link to pathways
involving inflammation. To date, only data on
lacCer seems to give any consistent association with
type 2 diabetes but this association requires further
validation. In intervention studies, it will require
analysis of biobanked samples from long-term inter-
vention trials to identify whether established thera-
pies derive some of their benefits through actions on
ceramide pathways. These may suggest whether
ceramide-focused interventions have a role to play
in the management of diabetes or its complications.
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