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Abstract
Aims/hypothesis Ceramides are sphingolipids that contribute to insulin resistance in preclinical studies. We hypothesised that
plasma ceramides would be associated with body fat distribution, insulin resistance and incident type 2 diabetes in a multi-ethnic
cohort.
Methods A total of 1557 participants in the Dallas Heart Study without type 2 diabetes underwent measurements of metabolic
biomarkers, fat depots by MRI and plasma ceramides by liquid chromatography-mass spectrometry. Diabetes outcomes were
assessed after 7 years. Associations of body fat and insulin resistance with ceramides at baseline and of ceramides with incident
diabetes outcomes were analysed.
Results The cohort had a mean age of 43 years, with 58% women, 45% black participants and a mean BMI of 28 kg/m2. Total
cholesterol levels were associated with all ceramides, but higher triacylglycerols and lower HDL-cholesterol and adiponectin
were associated only with saturated fatty acid chain ceramides (p < 0.0003). After adjusting for clinical characteristics and total
body fat, visceral adipose tissue was positively associated with saturated fatty acid ceramides (per SD, β = 0.16 to 0.18) and
inversely associated with polyunsaturated fatty acid ceramides (β = −0.14 to −0.16, p < 0.001 for all). Lower-body subcutaneous
fat showed an opposite pattern to that for visceral fat. HOMA-IR was positively associated with saturated (β = 0.08 to 0.09, p <
0.001) and inversely with polyunsaturated ceramides (β = −0.06 to −0.07, p < 0.05). Ceramides were not associated with incident
type 2 diabetes after adjustment for clinical factors.
Conclusions/interpretation Plasma ceramides demonstrate a biologically complex relationship with metabolic and imaging
indicators of dysfunctional adiposity. The role of ceramides in a shared pathway of metabolic dysfunction linking visceral
adiposity and insulin resistance requires further investigation.

Keywords Ceramides . Liver fat . Obesity . Prediabetes . Type 2 diabetesmellitus . Visceral adiposity

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00125-018-4720-1) contains peer-reviewed but
unedited supplementary material, which is available to authorised users.

* Ian J. Neeland
ian.neeland@utsouthwestern.edu

1 Department of Internal Medicine, Division of Cardiology, University
of Texas Southwestern Medical Center, 5323 Harry Hines Blvd,
Dallas, TX 75390-8830, USA

2 Department of Clinical Sciences, University of Texas Southwestern
Medical Center, Dallas, TX, USA

3 Department of Clinical Nutrition, University of Texas Southwestern
Medical Center, Dallas, TX, USA

4 Dallas VA North Texas Health Care System, Dallas, TX, USA

5 Agios Pharmaceuticals, Cambridge, MA, USA

6 Cardiometabolic Disease, Merck & Co., Inc., Kenilworth, NJ, USA

7 Genetics, Merck & Co., Inc., Kenilworth, NJ, USA

8 Waters Corporation, Milford, MA, USA

9 McDermott Center for Human Growth and Development, University
of Texas Southwestern Medical Center, Dallas, TX, USA

10 Department of Cell Biology, University of Texas Southwestern
Medical Center, Dallas, TX, USA

11 Touchstone Diabetes Center, University of Texas Southwestern
Medical Center, Dallas, TX, USA

Diabetologia (2018) 61:2570–2579
https://doi.org/10.1007/s00125-018-4720-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s00125-018-4720-1&domain=pdf
https://doi.org/10.1007/s00125-018-4720-1
mailto:ian.neeland@utsouthwestern.edu


Abbreviations
DHS Dallas Heart Study
DHS-2 DHS phase 2
FBG Fasting blood glucose
hs-CRP High-sensitivity C-reactive protein
IFG Impaired fasting glucose
NAFLD Non-alcoholic fatty liver disease
VAT Visceral adipose tissue

Introduction

Obesity predisposes to the development of insulin resistance
when storage capacity in adipocytes is exceeded and fat accu-
mulates in tissues not suited for lipid storage, such as the
visceral adipose tissue (VAT) depot and other ectopic sites
[1, 2]. VAT is linked to adipose tissue dysfunction, inflamma-
tion, stimulation of lipolysis and delivery of excess
gluconeogenic substrates such as NEFA and glycerol to the
liver [3–5], resulting in inhibition of insulin signal transduc-
tion, hepatic and peripheral insulin resistance, and type 2 dia-
betes mellitus. Chronic exposure to excess saturated NEFA in
the setting of visceral obesity can also lead to de novo biosyn-
thesis of ceramides [6], members of the sphingolipid family
that are ubiquitous lipid constituents of cell membranes and

play a key role in the regulation of signal transduction path-
ways [7]. Abnormal accumulation of ceramides may contrib-
ute to lipid-induced skeletal muscle and hepatic insulin resis-
tance [8, 9], especially among those with obesity [10], and is a
putative intermediate link between excess adiposity, inflam-
mation and metabolic diseases, such as type 2 diabetes
mellitus [11, 12].

However, existing evidence regarding the role of ceramides
in insulin resistance syndromes and type 2 diabetes comes
mostly from in vitro experiments, animal models or transla-
tional studies with limited sample sizes [13, 14]. There are no
large-scale epidemiological cohort studies evaluating the rela-
tionship of ceramides to visceral adiposity or development of
type 2 diabetes. Therefore, in order to better understand the
aetiology of type 2 diabetes and the role of ceramides in this
process, we aimed to investigate: (1) the association of various
body fat depots, including visceral, abdominal subcutaneous,
lower-body subcutaneous and liver fat with circulating cer-
amide moieties previously implicated in the insulin resistance
syndrome; and (2) the association between ceramides, insulin
resistance and incident type 2 diabetes and prediabetes (i.e.
impaired fasting glucose) in the large multi-ethnic Dallas
Heart Study (DHS) cohort. We hypothesised that visceral ad-
iposity would be associated with ceramide species and that
ceramides would be associated with insulin resistance and
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diabetes outcomes independent of traditional risk factors (in-
cluding BMI), implicating a visceral adiposity–ceramide link
in the development of insulin resistance and type 2 diabetes.

Methods

Study population The DHS is a single-site multi-ethnic
population-based probability sample of Dallas County resi-
dents (aged 18–65 years), with deliberate oversampling of
black participants. Details regarding the design of the DHS
have been previously described [15]. The current study pop-
ulation included 3072 participants who completed DHS phase
1 (DHS-1) visits from 2000 to 2002, which included a
computer-assisted survey, anthropometric and blood pressure
measurements, laboratory testing and imaging assessments.
Participants with prevalent type 2 diabetes mellitus (defined
by clinical history and/or laboratory assessment) or cardiovas-
cular disease (defined by clinical history of coronary heart
disease, heart failure or ischaemic stroke) and those without
ceramide measurements or without imaging assessment of
VATwere excluded. Participants were subsequently followed
over time for clinical outcomes, and a repeat visit, in DHS
phase 2 (DHS-2), was completed during the period from
2007 to 2009, at which metabolic measures were repeated
and assessment of diabetes status was performed.
Participants who did not attend a follow-up appointment dur-
ing DHS-2 were excluded. There were no major differences in
medical history, demographics or biomarker data between eli-
gible participants who did and did not complete DHS-2 [3].

All participants provided written informed consent and the
University of Texas Southwestern Medical Center
Institutional Review Board approved the protocol.

Demographics, lifestyle and other risk factors were deter-
mined from a baseline questionnaire. BMI was calculated as
kg/m2. Hypertension was defined as BP ≥140/90 mmHg or
taking anti-hypertensive medication (s). Smoking was defined
as cigarette use within the previous 30 days and/or a lifetime
history of having smoked ≥100 cigarettes. Comorbid condi-
tions were determined from self-report, medication history
and clinical assessment.

Body fat distribution assessments Participants were scanned
by a 1.5 T MRI scanner (Intera, Philips Healthcare, Best, the
Netherlands). Retroperitoneal, intraperitoneal and subcutane-
ous adipose tissue abdominal fat masses were quantified by a
single MRI slice taken at the L2–L3 level using manual con-
tours, as previously validated against cadaveric samples [16].
Areas were converted to mass (kg) using previously deter-
mined regression equations [17]. VATwas defined as the com-
bination of both retroperitoneal and intraperitoneal fat masses
[3]. Participants also underwent 1H-magnetic resonance spec-
troscopy for hepatic triacylglycerol quantification, as

previously described [18]. Non-alcoholic fatty liver disease
(NAFLD) was defined as hepatic triacylglycerol content
≥5.5% [19]. Dual x-ray absorptiometry (DXA) was performed
with a Delphi W scanner (Hologic, Bedford, MA, USA) and
analysed using Apex 13.4.2 version software to determine
total and segmental fat and lean mass. Lower-body fat was
quantified as the total fat mass from the lower extremities, hips
and buttocks, as previously described [20].

Ceramides and other laboratory measurements Fasting plas-
ma samples were obtained from participants by venepuncture
and collected into EDTA-containing tubes and stored at
−80°C. Ceramides and NEFA were measured by ultra-
performance liquid chromatography coupled with a hybrid
quadrupole orthogonal time of flight mass spectrometer
(UPLC-QTOF Synapt G2, Waters, Milford, MA, USA). The
data were collected in positive and negative ion electrospray
using accurate mass mode so that elemental compositions
were obtained <5 ppm. Quantification of lipids was achieved
by reference to appropriate heavy labelled deuterated internal
standards for each lipid class detected. Ceramides were iden-
tified on the basis of total acyl carbon content and degrees of
saturation. Ceramides detected were derived from Cer (d18:1)
in sn-1 position. The sn-2 fatty acid chain length in ceramides
varies from 16 to 34 carbon atoms [21]. A total of 13 distinct
species of ceramides and nine NEFA were identified and
analysed in the present study. Ceramides are annotated as
number of carbon (sn-2 position) atoms:number of double
bonds in the fatty acid chain; ceramides with very long-
chain fatty acids likely represent in vivo modifications of di-
etary fatty acids that do not exist in natural food sources.
Ceramides with saturated fatty acid chains are those with no
double bonds; monounsaturated and polyunsaturated fatty ac-
id chains are those with one double bond and ≥2 double bonds
in their fatty acid chains, respectively. Ceramide values that
were lower than the limit of detection of the assay were set to
‘missing’ in the dataset. Samples were analysed for plasma
glucose and cholesterol using standard assays; levels of
high-sensitivity C-reactive protein (hs-CRP), adiponectin,
HbA1c and insulin were measured as previously described
[3, 22].

Ascertainment of insulin resistance, prediabetes and type 2
diabetes outcomes Insulin resistance was determined using
the HOMA-IR index. The HOMA-IR value was calculated
as level of fasting glucose (measured in mmol/l) × level of
fasting insulin (measured in μU/ml)/22.5 [23]. An index
threshold of 3.0 was chosen to define abnormal insulin resis-
tance because it identifies the highest quartile among popula-
tions without diabetes [24], was recently used to select a pop-
ulation at high risk for myocardial infarction or stroke in a
randomised trial [25] and represents the approximate median
value in the baseline DHS population.
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At baseline, diabetes was defined by prevalent medical
treatment for diabetes, a fasting blood glucose (FBG) of
7.0 mmol/l or greater or a non-FBG level 11.1 mmol/l or
greater. At follow-up, incident diabetes was defined by initia-
tion of medical treatment for diabetes during the study interval,
an FBG of 7.0 mmol/l or greater, a non-FBG of 11.1 mmol/l or
greater or HbA1c 48 mmol/mol (6.5%) or greater, according to
updated guidelines [26] (HbA1c was not measured in DHS-1).
No information was available regarding the time of diagnosis
or onset of incident diabetes. At baseline, prediabetes was
defined by the 2003 American Diabetes Association criteria
for impaired fasting glucose (IFG) as an FBG of 5.6–
6.9 mmol/l [27]. At follow-up, incident prediabetes was
defined as either new IFG with an FBG of 5.6 to 6.9 mmol/l
or HbA1c of 39 mmol/mol to 46 mmol/mol (5.7–6.4%) [26].
Oral glucose tolerance testing was not performed.

Statistical analysis To minimise the amount of non-biological
variation and increase precision, ceramide levels were normal-
ised by plate, subtracting the plate-specific median from each
measurement and dividing by the plate-specific median abso-
lute deviation. Ceramide concentrations were transformed
using an inverse-normal transformation to render the distribu-
tions approximately Gaussian and to stabilise the variance. To
assess correlations among ceramide species and between
ceramides and NEFA species, ceramide levels were adjusted
for age, sex and self-reported race/ethnicity and correlations
among the adjusted measurements were calculated using
Spearman rank correlation coefficient. The relationships be-
tween blood lipid levels, adiponectin and body fat distribution
(including visceral, abdominal subcutaneous, lower-body sub-
cutaneous and liver fat [both as a continuous variable and
defined by NAFLD]) with ceramides at baseline were assessed
using multivariable adjusted linear regression models, with
lipids, adiponectin and body fat depots as predictors and cer-
amide levels as the outcomes. When the associations of
ceramides with fasting glucose, insulin and HOMA-IR were
assessed, ceramides were treated as the predictor and the met-
abolic variables were treated as the outcomes. All models were
adjusted for age, sex, self-reported race/ethnicity and other
metabolic factors as specified. Subgroup analyses were per-
formed by sex, race (black/non-black), age (< or ≥50 years)
and obesity status (< or ≥30 kg/m2).

Sensitivity analyses were performed in the body fat models
by additionally adjusting for total cholesterol, NEFA and hs-
CRP levels in the model of HOMA-IR by additionally
adjusting for visceral adiposity and in the diabetes outcomes
models by removing smoking as a covariate. The relationships
between baseline ceramides (exposure) and follow-up
HOMA-IR (adjusted for baseline values), incident insulin re-
sistance (HOMA-IR >3 at follow-up among those with values
<3 at baseline), incident prediabetes and incident type 2 dia-
betes (outcomes) were further assessed using multivariable

linear and logistic regression adjusted for age, sex, race/
ethnicity and other covariates as indicated. Significance levels
were corrected for multiple testing using the Bonferroni meth-
od. We calculated the study-wise significance level with
Bonferroni correction for the total number of ceramides and
metabolic variables tested, which resulted in a significance
level of 0.0003 (13 ceramides × 13 metabolic traits). The
statistical analyses were performed using R version 3.2.1

Table 1 Baseline characteristics

Characteristic Result

Age, years 43.4 ± 9.5
Female 897 (57.6)
Race/ethnicity

Black 695 (44.6)
Non-Hispanic white 610 (39.2)
Hispanic 223 (14.3)
Other 29 (1.9)

Systolic BP (mmHg) 119 (111–130)
Anti-hypertensive medication use 196 (12.6)
FBG (mmol/l) 5.0 (4.7–5.4)
Insulin (pmol/l) 79.2 (47.2–127.8)
HOMA-IR 2.5 (1.5–4.2)
Total cholesterol (mmol/l) 9.9 (8.6–11.3)
HDL-cholesterol (mmol/l) 2.7 (2.2–3.3)
LDL-cholesterol (mmol/l) 5.9 (4.7–7.0)
Triacylglycerols (mmol/l) 5.2 (3.7–7.6)
Adiponectin (ng/mL) 7.0 (4.7–10.1)
Hs-CRP (nmol/l) 22.9 (9.5–52.4)
Adiposity measure

BMI (kg/m2) 28.4 (24.8–33.1)
Total body fat (kg) 24.7 (18.2–32.4)
Total abdominal fat (kg) 6.3 (4.6–8.4)
Abdominal subcutaneous fat (kg) 4.1 (2.7–6)

Subcutaneous/total body fat (%) 17 (14.0–19.0)
Subcutaneous/total abdominal fat (%) 69.0 (59.0–76.0)

Visceral fat (kg) 1.9 (1.4–2.7)
Visceral/total body fat (%) 8.0 (5.0–12.0)
Visceral/total abdominal fat (%) 31.0 (24.0–41.0)

Lower-body subcutaneous fat (kg) 8.8 (6.3–12.1)
Lower-body/total body fat (%) 36.0 (31.0–41.0)
Liver fat (%) 3.5 (2.0–6.0)
NAFLD 354 (22.7)

Ceramides (RU × 100)
C16:0 14.1 (11.9–16.4)
C18:0 4.1 (3.1–5.6)
C20:0 3.4 (2.3–5.0)
C22:1 7.5 (5.2–11.0)
C22:9 26.0 (20.3–32.4)
C22:10 0.9 (0.6–0.12)
C24:2 9.0 (5.9–13.2)
C24:10 5.2 (4.1–7.0)
C26:9 3.9 (3.1–4.9)
C28:9 18.7 (14.1–24.9)
C30:9 25.3 (18.0–37.4)
C30:10 38.7 (30.7–50.5)
C32:11 7.4 (5.9–9.4)

Data are mean ± SD, median (interquartile range) or proportion (%) as
appropriate

n for ceramides missing or < lower limit of detection: C16:0, 91; C18:0,
51; C20:0, 87; C22:1, 81; C24:2, 131

RU, relative units
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statistical analysis software (http://www.r-project.org) and
SAS version 9.4 software (SAS Institute, Cary, NC, USA).

Results

Baseline characteristics The final study population included
1557 participants; baseline characteristics are described in
Table 1. Ceramide species were variably distributed in the
population: ceramide C30:10 had the highest relative concen-
tration, whereas ceramide C22:10 had the lowest concentra-
tion (Fig. 1). As some ceramide levels differed systematically
between men and women and across races/ethnicities, all analy-
ses were adjusted for age, sex and race/ethnicity. Ceramides with
saturated fatty acid chains were highly correlated with each other
and correlated less well with ceramides with mono- or polyun-
saturated fatty acid chains (ESM Fig. 1). Correlations between
ceramides and NEFA species were generally modest (all ρ <
0.25, ESM Fig. 2). Participants with adverse lipid profiles (e.g.
higher total cholesterol, LDL-cholesterol and triacylglycerols and
lower HDL-cholesterol) generally had higher levels of shorter-
chain saturated and monounsaturated ceramides (p < 0.0003 for
all), whereas HDL-cholesterol and triacylglycerols hadmore var-
iable relationships with longer-chain polyunsaturated ceramides.
In multivariable models adjusted for age, sex and race/ethnicity,
higher total and LDL-cholesterol levels were significantly asso-
ciated with higher relative concentrations of all ceramides,
whereas higher triacylglycerol levels and lower levels of HDL-
cholesterol and adiponectin were consistently associated with
shorter-chain saturated fatty acid ceramides (C16:0 and C18:0)
(p< 0.0003 for all). In contrast, lower levels of triacylglycerol

were significantly associated with longer-chain polyunsaturated
fatty acid ceramides (C30:10 and C32:11) (Table 2).

Body fat distribution and plasma ceramides Higher BMI and
total abdominal fat were positively associated with many
ceramides in models adjusted for age, sex and race/
ethnicity (ESM Table 1). In order to evaluate the indepen-
dent associations of different body fat depots with
ceramides, each body fat depot (except liver fat) was
indexed to total body fat. After multivariable adjustment
for age, sex and race/ethnicity, higher VAT/total fat ratio
was inversely associated with C30:10 and C32:11 (p <
0.0003 for both; Fig. 2). After additional adjustment for
BMI, higher VAT/total fat ratio was positively associated
with saturated fatty acid ceramide C18:0 (p < 0.0003), but
the inverse associations with C30:10 and C32:11 were no
longer significant after Bonferroni correction (p < 0.001 for
both; Fig. 2). In contrast, after adjustment for age, sex and
race/ethnicity, higher lower-body fat/total fat was positively
associated with the longer-chain polyunsaturated fatty acid
ceramide C26:9 and inversely associated with the shorter-
chain saturated fatty acid ceramides (C16:0, C18:0 and
C20:0) (p < 0.0003 for all; Fig. 2). After additional adjust-
ment for BMI, higher lower-body fat/total fat ratio remained
significantly positively associated with C26:9 and inversely
associated with C18:0 and C20:0 (p < 0.0003 for all; Fig. 2).
Subgroup analyses by sex, race (black/non-black) and age
(< or ≥ 50 years) were generally consistent and demonstrat-
ed only rare heterogeneity of effects between groups of bor-
derline statistical significance (ESM Table 2). Conversely,
subgroup analyses by obesity status (< or ≥30 kg/m2) dem-
onstrated several significant interaction p values (ESM Table
2), with generally stronger relationships between fat depots
and ceramides among those with obesity. A higher abdom-
inal subcutaneous/total fat ratio was positively associated
with ceramides C16:0, C18:0, C20:0, C22:1 and C22:10 in
models adjusted for age, sex and race/ethnicity, but associa-
tions were attenuated and no longer statistically significant
after adjustment for BMI (ESM Table 1). Increasing liver fat
was inversely associated with ceramides C24:2, C26:9,
C30:10 and C32:11, even after adjusting for VAT (ESM
Table 1). Increased concentrations of ceramides C30:10
and C32:11 were associated with lower odds of NAFLD,
even after adjustment for traditional risk factors (ESM
Table 3), with consistent effects across subgroups.
Ceramides C16:0 and C18:0 were not statistically signifi-
cantly associated with higher liver fat (p = 0.40 and p =
0.001, respectively) or odds of NAFLD (p = 0.53 and p =
0.09, respectively; ESM Tables 1 and 3). In sensitivity anal-
yses, most associations between body fat and ceramides
remained significant, independent of total cholesterol, and
results were not materially different after additional adjust-
ment for total NEFA levels or hs-CRP.

Fig. 1 Box-and-whiskers plot of the distribution of ceramide species
measured in the DHS. Ceramides are annotated as number of carbon
(sn-2 position) atoms:number of double bonds in the fatty acid chain
and plotted against relative units of concentration. Boxes represent the
25th, 50th and 75th percentiles, and whiskers represent the 10th and 90th
percentiles. Circles represent outlier values
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When the relationships between body fat depots and spe-
cific ceramide ratios were examined, including those ceramide
ratios previously demonstrated by Tarasov et al [28] and
Laaksonen et al [29] to have prognostic value for cardiovas-
cular disease, we found a similar pattern for individual cer-
amide ratios such that VAT/total fat was positively associated
with the ratio of C18:0/24:2 (β = 0.19, p = 7.4×10−5) and
lower-body fat/total fat was inversely associatedwith the same
ceramide ratio (β = −0.16, p = 1.1×10−5) (ESM Table 4).

Similar findings were seen when additional ratios of
saturated/polyunsaturated moieties (e.g. C18:0/C26:9,
C18:0/C30:10 and C:18:0/C32:11) were examined.

Plasma ceramide concentrations and insulin resistance The
relationship between ceramides and markers of dysglycaemia
and insulin resistance at baseline are shown in Table 3.
Shorter-chain saturated fatty acid ceramides (C16:0, C18:0)
were positively associated with fasting insulin and HOMA-

Fig. 2 Associations between body fat depots and ceramides. Plots dem-
onstrating the association between plasma ceramides and (a, b) VAT and
(c, d) lower-body fat, normalised to total body fat. β coefficients and 95%
CIs represent the difference in ceramide concentration per 1 SD (kg) of

body fat in the depot. Data in (a, c) are adjusted for age, sex and race/
ethnicity; (b, d) are additionally adjusted for BMI. *p < 0.05, ***p <
0.001 and †p < 0.0003

Table 2 Associations between lipids, adiponectin and ceramides

Ceramides Total cholesterol LDL-cholesterol HDL-cholesterol Triacylglycerol Adiponectin

C16:0 0.44 (0.39, 0.49) † 0.42 (0.37, 0.46) † −0.22 (−0.27, −0.17) † 0.33 (0.28, 0.38) † −0.13 (−0.18, −0.07) †

C18:0 0.35 (0.30, 0.40) † 0.32 (0.27, 0.37) † −0.20 (−0.26, −0.15) † 0.33 (0.28, 0.38) † −0.21 (−0.27, −0.16) †

C20:0 0.31 (0.26, 0.36) † 0.30 (0.25, 0.34) † −0.11 (−0.16, −0.06) † 0.21 (0.16, 0.26) † −0.07 (−0.12, −0.02)*

C22:1 0.28 (0.23, 0.33) † 0.32 (0.27, 0.37) † −0.20 (−0.25, −0.15) † 0.13 (0.08, 0.18) † −0.09 (−0.15, −0.04)***

C22:9 0.45 (0.41, 0.50) † 0.51 (0.46, 0.55) † −0.03 (−0.08, 0.02) −0.04 (−0.09, 0.02) −0.02 (−0.08, 0.03)
C22:10 0.42 (0.37, 0.46) † 0.40 (0.36, 0.45) † −0.01 (−0.06, 0.04) 0.09 (0.04, 0.14)*** −0.05 (−0.1, 0)
C24:2 0.24 (0.19, 0.29) † 0.28 (0.23, 0.33) † −0.13 (−0.19, −0.08) † 0.07 (0.02, 0.12)* −0.04 (−0.1, 0.02)
C24:10 0.45 (0.40, 0.49) † 0.50 (0.46, 0.55) † −0.04 (−0.09, 0.01) −0.03 (−0.08, 0.02) −0.03 (−0.09, 0.02)
C26:9 0.29 (0.25, 0.34) † 0.35 (0.31, 0.40) † 0.06 (0.01, 0.11)* −0.17 (−0.22, −0.12) † 0.04 (−0.01, 0.09)
C28:9 0.48 (0.44, 0.53) † 0.51 (0.46, 0.55) † −0.04 (−0.09, 0.01) 0.04 (−0.01, 0.10) −0.07 (−0.12, −0.01)*

C30:9 0.47 (0.42, 0.52) † 0.51 (0.47, 0.55) † −0.02 (−0.07, 0.04) −0.01 (−0.06, 0.04) 0 (−0.06, 0.05)
C30:10 0.43 (0.39, 0.48) † 0.50 (0.46, 0.55) † −0.01 (−0.06, 0.04) −0.11 (−0.16, −0.06) † 0 (−0.05, 0.06)
C32:11 0.39 (0.34, 0.44) † 0.47 (0.43, 0.52) † −0.02 (−0.07, 0.04) −0.14 (−0.19, −0.09) † 0.01 (−0.05, 0.06)

Data represent the β coefficient and 95% CI of the association adjusted for age, sex and race/ethnicity
* p < 0.05, *** p < 0.001 and † p < 0.0003
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IR and, to a lesser degree, fasting glucose, and longer-chain
polyunsaturated ceramides (C24:2, C30:10 and C32:11) were
inversely associated with these markers, a pattern similar to
that seen with the relationship between visceral adiposity and
ceramides. The associations with insulin resistance persisted
even after adjustment for BMI and VAT.

Incident diabetes-related outcomes After a median follow-up
of 7 years (interquartile range 6.6 to 7.6), metabolic measure-
ments were repeated. Higher ceramide levels were not statisti-
cally associated with higher HOMA-IR at follow-up after ad-
justment for age, sex, race/ethnicity, BMI, VAT and baseline
HOMA-IR after adjustment for multiple comparisons. There
was no significant association of the baseline ceramide species
with incident insulin resistance (HOMA-IR >3) at follow-up
(ESMTable 5), after adjustment for age, sex and race/ethnicity.
A total of 112 participants (7.2%) developed type 2 diabetes
mellitus over the follow-up period. Higher VAT (OR 1.72,
95% CI 1.29, 2.29) and VAT/total fat ratio (OR 1.69, 95% CI
1.22, 2.35) were positively associated with incident type 2
diabetes and lower-body fat (OR 0.48, 95% CI 0.31, 0.75)
and lower-body fat/total fat ratio (OR 0.56, 95% CI 0.42,
0.76) were inversely associated with type 2 diabetes in models
adjusted for age, sex, race/ethnicity, systolic BP, anti-
hypertensive medication use and BMI. Adiponectin was not
independently associated with incident diabetes in our dataset,
after adjusting for traditional risk factors, BMI and VAT (p =
0.074). None of the ceramide species was independently asso-
ciated with incident type 2 diabetes after adjustment for age,
sex and race/ethnicity. Among those with normal fasting plas-
ma glucose at baseline (n = 1240), 240 (19.4%) developed pre-
diabetes over the follow-up period. VAT/total fat (OR 1.31,
95% CI 1.02, 1.68) and lower-body fat/total fat ratios (OR
0.67, 95%CI 0.54, 0.82) were also significantly and oppositely
associated with incident prediabetes; however, none of the
ceramides was associated with incident prediabetes in models
adjusted for clinical factors. We also assessed the relationships
between baseline ceramides and insulin resistance, prediabetes
(IFG) and type 2 diabetes at follow-up among subgroups of
sex, race, age and obesity status. We did not find any evidence
of effect modification on these relationships and we did not
find any significant associations between ceramides and inci-
dent diabetes outcomes in any subgroup after adjusting for
multiple testing. Sensitivity analyses removing smoking as a
covariate in the models did not impact the results.

Discussion

In this prospective study of a large population-based multi-
ethnic cohort, we observed that an unfavourable adiposity,
lipid and insulin resistance profile was associated with
shorter-chain saturated fatty acid ceramidemoieties, while this

phenotype was inversely associated with the longer-chain un-
saturated fatty acid ceramide species. These opposing associ-
ations of saturated and unsaturated ceramide species were
consistent across multiple fat depots, including visceral,
lower-body and liver fat. We did not find that ceramides were
independently associated with incident prediabetes or type 2
diabetes after adjustment for clinical factors.

To our knowledge, this is the first study to evaluate the rela-
tionship between ceramide species, visceral adiposity and inci-
dence of type 2 diabetes in a large epidemiological cohort.
Previous studies have demonstrated increased saturated ceramide
moieties and skeletal muscle ceramide accumulation in individ-
uals with generalised obesity [30, 31]. C16:0 ceramide has been
shown to be elevated in the white adipose tissue of obese
humans, as well as in the white adipose tissue and liver of mice
fed a high-fat diet [32], and C16:0 ceramide in human subcuta-
neous adipose tissue was found to correlate with insulin resis-
tance by HOMA-IR [33]. Our study extends these findings to
include systemically circulating C16:0 and other short-chain sat-
urated ceramide species. These findings suggest that a circulating
ceramide pattern reflecting a poor nutritional state of excess sat-
urated NEFA, rather than a general increase in ceramide content,
may be amore specific andmeaningfulmarker of a dysmetabolic
obesogenic state leading to insulin resistance. As the detrimental
effect of higher ceramide concentrations on cardiometabolic risk
may be modified by dietary intervention (such as the
Mediterranean diet) [34], it is possible that dietary modification
of visceral adiposity, even in the absence of weight loss (as dem-
onstrated in the PREDIMED [Prevencion con Dieta
Mediterranea] trial), could improve cardiometabolic risk through
alteration in ceramides.

Longer-chain unsaturated ceramide species were positively
associated with lower-body fat and negatively correlated with
visceral and liver fat. Epidemiological studies have demonstrated
that lower-body fat is associated with a lower cardiac risk factor
burden [35] and a lower risk for incident cardiovascular disease
[36] and cancer [37], when adjusted for body size. These data
suggest that long-chain unsaturated ceramide species may actu-
ally reflect a healthy adiposity/metabolic phenotype. Higher cir-
culating levels of these ceramides could result from a specific
dietary pattern in parallel with expansion of the lower-body fat
depot to store excess fat. Alternatively, lower-body subcutaneous
fat depot expansion could alter de novo ceramide synthesis, with
beneficial downstream effects on systemic metabolism.

From a mechanistic standpoint, ceramides are theorised to be
important modulators of obesity-induced metabolic disorders
[38]. Studies have revealed altered ceramide metabolism and
accumulation of specific saturated ceramides (C16:0 and
C18:0) in obese individuals due to reduced fatty acid oxidation,
causing increased levels of saturated NEFA and resulting in de
novo synthesis of these specific ceramide species. These data
provide insight into a link between variation in body fat distribu-
tion and metabolic status vis à vis ceramide physiology. They
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suggest a more nuanced understanding of global ceramide syn-
thesis and signalling pathways, given the clear dichotomy be-
tween various ceramide species in relation to metabolic pheno-
types. Assessment of circulating ceramide speciesmay be amore
feasible approach to population-based investigation and confir-
mation that ceramides previously linked to dysfunctional adipos-
ity only at the tissue level now show similar relationships when
measured in plasma suggests a potential role for blood-based
ceramide screening in metabolic risk stratification. Given the
cross-sectional nature of our study with regard to fat depots and
metabolic markers, however, we are unable to discern whether
variation in body fat distribution impacts de novo ceramide syn-
thesis or if modification of circulating ceramide levels could
modulate metabolic outcomes. Further studies should examine
the temporal variation in ceramide levels and their impact on
adiposity and diabetes outcomes.

The robust associations between ceramides and body fat/
metabolic status did not translate to significant relationships be-
tween circulating ceramide species and diabetes outcomes in our
study. This may be due to multiple factors, such as a lack of
power from insufficient diabetes event rates to detect a statisti-
cally significant relationship with ceramides. Alternatively, there
may be a discordance between ceramides measured at the tissue
level and those measured in the plasma. Indeed, there are limited
clinical data available that compare plasma ceramides with tissue
ceramides, most importantly in adipose tissue and liver, and there
may be significant differences between tissue and plasma
ceramides depending on the species. Although plasma ceramide
measurements did not indicate higher risk for clinical diabetes in
our study, they were nevertheless strongly associated with mul-
tiple markers of altered glucose and lipid metabolism.

Our results should be interpreted in the context of several
limitations. First, as our study cohort oversampled black partici-
pants and did not include South or East Asians, the results may
not be generalisable to these racial/ethnic groups or the general
US population. Second, there may have been other factors/
unmeasured confounders that could have influenced both adipos-
ity and ceramide levels, such as dietary habits, that we are unable
to account for in this study. Third, because all of our participants
were free of clinically apparent diabetes and cardiovascular dis-
ease at baseline, the participants represent a relatively healthy
population-based sample and results may not be applicable to
those with established cardiometabolic disease. Fourth, as some
ceramides were lower than the limit of detection of the assay,
there were some missing ceramide values for individual partici-
pants; however, it is unlikely that missing values impacted the
results as all ceramides were detectable in >94% of study partic-
ipants. Finally, after adjusting for multiple comparisons, several
of the p values were of borderline statistical significance. This
limitation is of particular importance for interpretation of the
multiple subgroup analyses and should be viewed as hypothesis
generating. However, the consistency of these results across the

plasma ceramides supports the reproducibility of these
observations.

In summary, our study documented a biologically complex
relationship ofmetabolic and imaging indicators of dysfunctional
adiposity with plasma ceramide concentrations in a large multi-
ethnic cohort of adults free from cardiovascular disease or diabe-
tes. An adverse adiposity and metabolic profile was associated
with shorter-chain saturated fatty acid ceramide species and a
healthier metabolic profile was associated with longer-chain
polyunsaturated fatty acid ceramides. Plasma ceramides were
not associated with incident diabetes outcomes after accounting
for clinical factors. Further studies are needed to replicate these
results in alternative populations and to investigate the impact of
changes in body fat depots and ceramide concentrations on dia-
betes outcomes over longitudinal follow-up.

Data availability The datasets generated during and/or analysed during
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