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BACKGROUND Obesity is associated with increased cardiovascular risk; however, the potential role of dysregulations

in the adipose tissue (AT) metabolome is unknown.

OBJECTIVES The aim of this study was to explore the role of dysregulation in the AT metabolome on vascular redox

signaling and cardiovascular outcomes.

METHODS A screen was conducted for metabolites differentially secreted by thoracic AT (ThAT) and subcutaneous AT

in obese patients with atherosclerosis (n ¼ 48), and these metabolites were then linked with dysregulated vascular redox

signaling in 633 patients undergoing coronary bypass surgery. The underlying mechanisms were explored in human aortic

endothelial cells, and their clinical value was tested against hard clinical endpoints.

RESULTS Because ThAT volume was associated significantly with arterial oxidative stress, there were significant dif-

ferences in sphingolipid secretion between ThAT and subcutaneous AT, with C16:0-ceramide and derivatives being the

most abundant species released within adipocyte-derived extracellular vesicles. High ThAT sphingolipid secretion was

significantly associated with reduced endothelial nitric oxide bioavailability and increased superoxide generated in human

vessels. Circulating C16:0-ceramide correlated positively with ThAT ceramides, dysregulated vascular redox signaling,

and increased systemic inflammation in 633 patients with atherosclerosis. Exogenous C16:0-ceramide directly increased

superoxide via tetrahydrobiopterin-mediated endothelial nitric oxide synthase uncoupling and dysregulated protein

phosphatase 2 in human aortic endothelial cells. High plasma C16:0-ceramide and its glycosylated derivative were

independently related with increased risk for cardiac mortality (adjusted hazard ratios: 1.394; 95% confidence interval:

1.030 to 1.886; p ¼ 0.031 for C16:0-ceramide and 1.595; 95% confidence interval: 1.042 to 2.442; p ¼ 0.032 for C16:0-

glycosylceramide per 1 SD). In a randomized controlled clinical trial, 1-year treatment of obese patients with the

glucagon-like peptide-1 analog liraglutide suppressed plasma C16:0-ceramide and C16:0-glycosylceramide changes

compared with control subjects.

CONCLUSIONS These results demonstrate for the first time in humans that AT-derived ceramides are modifiable

regulators of vascular redox state in obesity, with a direct impact on cardiac mortality in advanced atherosclerosis. (The

Interaction Between Appetite Hormones; NCT02094183) (J Am Coll Cardiol 2021;77:2494–513) © 2021 The Authors.
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AB BR E V I A T I O N S

AND ACRONYM S

AT = adipose tissue

Cer16:0 = C16:0-ceramide

eNOS = endothelial nitric

oxide synthase
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C ardiovascular disease remains the number
one killer worldwide, and this is exacerbated
by the global obesity pandemic. There is an

unmet need to identify the pathophysiological mech-
anisms linking obesity with cardiovascular disease to
develop therapeutic interventions preventing cardio-
vascular complications of obesity.
SEE PAGE 2514

GlcCer16:0 = C16:0-

glycosylceramide

GLP-1 = glucagon-like

peptide-1

HAEC = human aortic

endothelial cell

L-NAME = NG-nitro-L-arginine

methyl ester

NADPH = reduced

nicotinamide adenine

dinucleotide phosphate

PP2A = protein phosphatase 2

ScAT = subcutaneous adipose

tissue

SPL = sphingolipid

ThAT = thoracic adipose tissue
Studies of human arteries from patients undergo-
ing cardiac surgery have provided useful insights into
the mechanisms of vascular disease pathogenesis in
the context of obesity (1). Prior studies have demon-
strated that adipose tissue (AT) secretes a wide range
of molecules with endocrine and paracrine effects on
the cardiovascular system, including redox signaling
and other key pathogenic mechanisms of vascular
disease (1,2). These findings suggest that the human
AT secretome includes multiple, largely unknown
bioactive molecules that could serve as mechanistic
biomarkers and have therapeutic potential in patients
with cardiovascular disease.

In this study, we applied a metabolomics approach
to interrogate differences in the secretome profiles of
biologically distinct AT depots collected from pa-
tients with atherosclerosis. We revealed AT-secreted
metabolites that are dysregulated in obesity, exert
endocrine effects on the human vascular wall, and
regulate vascular redox state.

METHODS

STUDY DESIGN. The study was approved by the
ethics committees in South Central–Oxford C (11/SC/
0140) and in Copenhagen (H-4-2010-134). In-
vestigations were conducted according to the princi-
ples set forth in the Declaration of Helsinki and
European guidelines for clinical research. Informed
written consent was obtained from all patients. Study
design and experimental details are explained in the
Supplemental Methods and illustrated in Figure 1,
Supplemental Figure 1, and Supplemental Table 1.
Baseline characteristics of study participants are
detailed in Supplemental Table 2.

AT EXPLANTS. Paired thoracic AT (ThAT) and subcu-
taneous AT (ScAT) samples were obtained from 48
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patients undergoing cardiac surgery and pro-
cessed as described (3) (Supplemental
Methods).

AT-SECRETED METABOLITES PROFILING. For
metabolomics profiling, 4 independent liquid
chromatography high-resolution mass spec-
trometry acquisitions were performed as
described (4) (Supplemental Methods).

SPHINGOLIPID DETERMINATION. Sphingoli-
pid (SPL) results were validated in AT (n ¼ 96)
and the AT secretome (n ¼ 96), as well as in
plasma (n ¼ 633), using a targeted liquid
chromatography–tandem mass spectrometry
platform (Supplemental Methods).

VASOMOTOR STUDIES IN HUMAN VESSELS.

Vascular segments were obtained during
coronary artery bypass grafting as described
(1). Vasomotor studies were performed on an
organ-bath system in which endothelium-
dependent and endothelium-independent
vasorelaxations were assessed (Supplemental

Methods).

CELL CULTURE STUDIES. Primary adipocytes were
isolated from ThAT obtained from patients, and
immortalized human aortic endothelial cells
(HAECs) and primary HAECs were purchased
commercially. Isolation, culturing, differentiation,
and treatment of cells are described in the
Supplemental Methods.

SUPEROXIDE PRODUCTION MEASUREMENT. Basal
superoxide (O2

.�), reduced nicotinamide adenine
dinucleotide phosphate (NADPH)–stimulated O2

.�,
and NG-nitro-L-arginine methyl ester (L-NAME)–
inhibitable O2

.� production in fresh intact vessels
and in HAECs were measured using lucigenin-
enhanced chemiluminescence as described (1)
(Supplemental Methods).

ISOLATION AND CHARACTERIZATION OF EXTRACELLULAR

VESICLES. Extracellular vesicles were isolated using
ultracentrifugation as described (5) (Supplemental
Methods).

WESTERN BLOT ANALYSIS. Cellular protein extracts
were analyzed using sodium dodecyl sulfate
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FIGURE 1 Study Design
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from "dysfunctional" adipose tissue
and identify their links with vascular
biology.

48 patients undergoing CABG
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A schematic diagram depicts the goals, the patient cohorts, and the research methodologies of each study. AT ¼ adipose tissue; CABG ¼ coronary artery bypass graft;

NADPH ¼ reduced nicotinamide adenine dinucleotide phosphate; NOS ¼ nitric oxide synthase; SPL ¼ sphingolipid.
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polyacrylamide-gel electrophoresis on 4% to 12%
polyacrylamide gradient gel, transferred to nitrocel-
lulose membranes, and blotted with designated an-
tibodies (Supplemental Methods).
BIOPTERIN QUANTIFICATION BY HIGH-PERFORMANCE

LIQUID CHROMATOGRAPHY. Tetrahydrobiopterin and
oxidized biopterins (7,8-dihydrobiopterin and bio-
pterin) were determined using high-performance

https://doi.org/10.1016/j.jacc.2021.03.314


FIGURE 2 Metabolomics Profiling of AT Secretome

Adipose Tissue Secretome: ThAT vs. ScAT
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liquid chromatography followed by electrochemical
and fluorescence detection, respectively, as described
(6) (Supplemental Methods).

COMPUTED TOMOGRAPHY IMAGING. Participants of
study 1 underwent noncontrast computed tomo-
graphic imaging on a 64-slice scanner (LightSpeed
Ultra, GE Healthcare, Little Chalfont, United
Kingdom). AT defined as described (7)
(Supplemental Methods).

COHORT-WIDE GENE EXPRESSION ANALYSES. To-
tal ribonucleic acid was extracted from whole blood,
reverse-transcribed, and quantified as described (1)
(Supplemental Methods).

EXTRACTION AND DEFINITION OF ENDPOINTS.

Collection and classification of mortality data are
described in Supplemental Methods.

STATISTICAL ANALYSES. The differential and
enrichment analyses of metabolic data presented in
this study were performed using MetaboAnalyst
version 4.0 (McGill University, Montreal, Quebec,
Canada). SPSS version 25 (IBM, Armonk, New York)
was used to perform the statistical analysis.

Non-normally distributed variables are presented as
median (interquartile range) and whiskers (Tukey).
Normally distributed variables are presented as mean
� SD for large datasets and as mean � SEM for small
datasets. Nonparametric tests were used for non-
normally distributed variables. Between-group com-
parisons of continuous variables were performed us-
ing the unpaired Student’s t-test for 2 groups (or the
nonparametric equivalent Mann-Whitney U test) or 1-
way analysis of variance (or the nonparametric
equivalent Kruskal-Wallis test) for 3 groups followed
by calculation of the false discovery rate to correct for
multiple testing, as indicated. Paired comparisons
were performed using paired Student’s t-test (or the
nonparametric equivalent Wilcoxon signed rank test),
and for 3 or more groups, repeated-measures analysis
of variance was used (with Greenhouse-Geisser
FIGURE 2 Continued

(A) Heatmap showing the differential secretion patterns for the top 63

subcutaneous AT (ScAT) secretome (study 2). (B) Pathway enrichment re

the pathways with false discovery rate– and Holm-adjusted p values <0

the percentage of up-regulated metabolites in ThAT secretome versus Sc

ThAT secretome (study 2) of obese patients (n ¼ 31) versus lean counte

radius is determined on the basis of pathway impact values. (D) Fold ch

containing an 18:1-sphingoid backbone comparing significant enrichmen

presented as median � interquartile range; *p < 0.05, **p < 0.01, and *

amounts of sphingolipids in ThAT secretome (study 2) of obese (n ¼ 31

Cer ¼ ceramide; Cer1P ¼ ceramide-1-phosphate; DhCer ¼ dihydroceram

LacCer ¼ lactosylceramide; SM ¼ sphingomyelin; Spa ¼ sphinganine; Sph

ribonucleic acid; other abbreviations as in Figure 1.
correction). For between-group serial changes in
organ-bath studies, we used 2-way analysis of variance
for repeated measures with dose � group interaction
terms. All correlations were assessed using bivariate
analysis, and Spearman’s rank correlation coefficients
were estimated, as indicated in the figure legends.

The prognostic value of ceramides and C16:0-SPL
for cardiac or noncardiac mortality was assessed us-
ing two multivariate Cox regression models: one after
adjustment for age, sex, and smoking and the other
with additional adjustment for hypertension, dia-
betes mellitus, body mass index, total cholesterol,
low-density lipoprotein, high-density lipoprotein,
and triglycerides. Adjusted hazard ratios are pre-
sented per 1-SD increase. The proportional hazard
assumption was satisfied for all variables tested in
this study, as assessed by the significance of the co-
efficient of the time-dependent covariates in the Cox
models. For the Kaplan-Meier survival curves, we
selected the optimal cutoff for circulating ceramide
level by identifying the value that maximized You-
den’s J statistic (the sum of sensitivity and specificity)
on univariate receiver-operating characteristic curve
analysis for cardiac mortality to ensure an optimal
balance between sensitivity and specificity in our
models. Fractional polynomials were also used to
model any underlying nonlinear relations of the
studied metabolites with time to mortality in
adjusted Cox regression models. The linear model
was consistently chosen as the best fitting model for
all 4 metabolites. All tests were 2-sided, and p
values <0.05 were considered to indicate statistical
significance. Between-model improvement was
tested using the chi-square likelihood ratio test.

RESULTS

SPL METABOLISM IS THE TOP-RANKED DYSREGULATED

METABOLIC PATHWAY IN THE SECRETOME OF ThAT IN

OBESITY. We prospectively recruited 633 patients
differential metabolites (p # 0.001) in thoracic AT (ThAT) versus

sults for the differential metabolites (study 2). The bar chart shows

.05, ordered on the basis of their impact and colored on the basis of

AT secretome. (C) Significantly enriched metabolic pathways in the

rparts (n ¼ 17). The node color is based on p value, and the node

ange of relative abundance of all measured sphingolipid species

t of ceramides in ThAT versus ScAT secretome (study 2). Results are

**p < 0.001, ThAT versus ScAT. (E) Heatmap representing average

) and lean (n ¼ 17) patients. (F) Sphingolipid pathway.

ide; GlcCer ¼ glycosylceramide; 3KetoSpa ¼ 3-ketosphinganine;

¼ sphingosine; Sph1P ¼ sphingosine-1-phosphate; tRNA ¼ transfer
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FIGURE 3 Differential Synthesis and Secretion Patterns of Ceramides in ThAT Versus ScAT
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undergoing cardiac surgery at Oxford University
Hospitals (Ox-HVF cohort, study 1) (Supplemental
Table 2). Vascular O2

.� was measured in internal
mammary arteries and saphenous veins harvested
during surgery. In a subgroup of these patients
(n ¼ 87), the volumes of ScAT and ThAT (thoracic-
visceral AT) were quantified using computed tomog-
raphy. Bivariate analysis revealed a positive correla-
tion between internal mammary artery resting O2

.�

and both ScAT (rho ¼ 0.234, p ¼ 0.029) and ThAT
(rho ¼ 0.269, p ¼ 0.03) volume. However, only ThAT
volume was found to be positively related with O2

.�
production in internal mammary arteries after
adjustment for traditional risk factors, suggesting a
link between dysfunctional ThAT and vascular redox
state (Supplemental Figure 2). We then organized a
nested study (study 2) in which we cultured 48 paired
biopsies of ScAT and ThAT from 31 obese and 17
propensity-matched nonobese patients for 4 h and
used the conditioned media for secretome studies
(study 2) (Supplemental Table 2). We performed
hypothesis-free metabolomics profiling of the AT
secretome to identify differentially secreted metabo-
lites related to the AT depot type and the obesity
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FIGURE 4 Human Primary Adipocytes Produce SPLs and Secrete Them via EVs
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status of the patients. We identified 115 metabolites
(54 polar and 61 nonpolar) from ThAT and 116 me-
tabolites (57 polar and 59 nonpolar) from ScAT ac-
cording to their accurate mass, tandem mass
spectrometric pattern, and retention time
(Supplemental Table 3) (4). Paired analysis revealed
82 differentially secreted metabolites between the 2
depots (false discovery rate–adjusted p < 0.05)
(Figure 2A, Supplemental Table 4, Supplemental
Figure 3A). These included amino acids and their
by-products (e.g., arginine, serine, glutamine, pro-
line), purines and pyrimidines nucleotides (e.g.,
adenine, cytosine, uracil), intermediates of glucose
and hepatic metabolism (e.g., citric acid, glucose,
glycocholic acid), and different lipids (e.g., fatty
acids, SPLs).

Functional enrichment analysis mapped the dif-
ferential AT-secreted metabolites to 20 metabolic
pathways (Supplemental Figure 3B). Secreted me-
tabolites were overrepresented in 5 main metabolic
pathways (false discovery rate– and Holm-adjusted
p < 0.05), including SPL metabolism, arginine
biosynthesis, aminoacyl transfer ribonucleic acid
biosynthesis, alanine, aspartate and glutamate
metabolism, and biosynthesis of unsaturated fatty
acids (Figure 2B, Supplemental Figure 3B). As SPL was
the top up-regulated metabolism in ThAT, we inves-
tigated all SPL species detected in the secretomes of
both depots, revealing that ceramides, glycosylcer-
amides, and dihydroceramides were significantly
higher in the secretome of ThAT than in that of ScAT
(Figure 2C).

To identify dysregulated metabolic pathways in
the AT secretome in patients with obesity, we iden-
tified metabolites that were differentially secreted
from ThAT and ScAT of the obese versus lean partic-
ipants from study 2 (matched for age, sex, and risk
factors) (Supplemental Figure 4). SPL metabolism
scored the highest pathway impact in obesity
(Figure 2D). Obesity was also related with higher
secretion of ceramides from ThAT (Figures 2E and 2F).
Hence, we tested the expression of key enzymes
involved in ceramide biosynthesis in ThAT biopsies
collected from patients in study 1 (Supplemental
FIGURE 4 Continued

SPL intracellular levels in differentiated adipocytes and pre-adipocytes is

per class (A to D). Adipocyte extracellular vesicles (EVs) (n ¼ 5) were po

Adipocyte EVs showed typical morphology by transmission electron micr

adipocytes is presented in G to L. Bars in A to D indicate mean � SEM;

(nominal) and **p < 0.01 (false discovery rate adjusted) for mature adi

rank tests). Abbreviations as in Figures 1 and 2.
Results), and we detected a significant obesity-
related down-regulation of ceramide kinase
(Supplemental Figure 5). In conclusion, the unbiased
metabolomic exercise revealed that SPLs were
significantly higher in the ThAT secretome compared
with the ScAT secretome, a difference driven by the
higher levels of ceramides. SPLs were also higher in
the secretome of ThAT from obese versus lean sub-
jects, with the ceramides again driving these
differences.
DIFFERENTIAL SECRETION AND PRODUCTION

LEVELS OF CERAMIDES BETWEEN ThAT AND ScAT.

We next explored the role of ThAT-derived SPLs as
endocrine regulators of vascular function. We
measured the concentrations of all commonly detec-
ted SPL metabolites using a targeted platform in the
secretome of ThAT and ScAT samples from study 2.
Using this additional quantitative approach, we vali-
dated the results from the metabolomics screening
and also extended the total number of measured SPL
species (Figure 3, Supplemental Figure 6). We found
that C16:0-ceramide (Cer16:0) (Figure 3A) and other
C16:0-SPLs (Supplemental Figures 6A to 6E), namely,
C16:0-glycosylceramide (GlcCer16:0) (Supplemental
Figure 6C), C16:0-lactosylceramide (Supplemental
Figure 6D), and C16:0-dihydroceramide
(Supplemental Figure 6B), but not C16:0-
sphingomyelin (Supplemental Figure 6A), were the
most abundant secreted fatty-acyl chains in ceram-
ides in these AT depots, with levels of Cer16:0 and
GlcCer16:0 being 3 times greater in the
ThAT secretome.

We next quantified the levels of SPLs in AT biopsies
(Figure 3B, Supplemental Figures 6F to 6J) to deter-
mine the relationship between SPL levels in AT and
SPL concentrations in the AT secretome.We confirmed
that C16:0-SPLs were the most abundant species in AT
(Figure 3B, Supplemental Figures 6F to 6J). The levels
of GlcCer16:0 were 2-fold higher in ThAT compared
with ScAT (Supplemental Figure 6H), whereas the
levels of Cer16:0 (Figure 3B), C16:0-lactosylceramide
(Supplemental Figure 6I), C16:0-dihydroceramide
(Supplemental Figure 6G), and C16:0-sphingomyelin
(Supplemental Figure 6F) were not significantly
olated from ThAT biopsies (n ¼ 10 patients) and relative abundance

oled for western blot analysis and were positive for EV markers (E).

oscopy (F). The abundance of each SPL species in EVs released from

bars in G to L indicate median � interquartile range; *p < 0.05

pocytes versus pre-adipocytes (calculated using Wilcoxon signed
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FIGURE 5 Relationship Between ThAT Ceramides and Vascular Redox State
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different between the 2 depots. This suggests differ-
ential production and secretion of GlcCer16:0 in ThAT
versus ScAT, but only differential secretion of almost
all the other C16:0-SPL species in ThAT versus ScAT.
Sphingosine was also identified among the differen-
tially secreted, but not differentially produced, me-
tabolites in ThAT versus ScAT (Supplemental
Figures 6E and 6J). Importantly, there was no signifi-
cant association between triglycerides and Cer16:0
levels in the secretome of ThAT (rho¼0.163, p¼0.267)
or ScAT (rho ¼ 0.171, p ¼ 0.239). This finding suggests
that the differences in Cer16:0 secreted levels
observed between ThAT and ScAT are not due to gen-
eral leakage of fat from these tissues.

ThAT PRIMARY ADIPOCYTES PRODUCE AND

RELEASE SPLs VIA EXTRACELLULAR VESICLES. To
examine whether AT SPLs are generated by the adi-
pocytes, we isolated pre-adipocytes from ThAT bi-
opsies of 10 patients undergoing cardiac surgery. We
differentiated the pre-adipocytes into mature adipo-
cytes in cell culture and quantified SPL production
(Figures 4A to 4D). We observed that both undifferen-
tiated pre-adipocytes and mature adipocytes gener-
ated SPLs,with C16:0 species being themost abundant.
Differentiated adipocytes produced significantly
higher levels of Cer16:0 (Figure 4A), but similar levels
of GlcCer16:0 (Figure 4D), compared with the undif-
ferentiated pre-adipocytes. Increased Cer16:0 pro-
duction was accompanied by a significant reduction in
C22:0-ceramide and C24:0-ceramide levels in differ-
entiated adipocytes (Figure 4A), resulting in a >2-fold
increase in the respective ratio of Cer16:0 to these
species after differentiation (Supplemental Figure 7).

To understand how SPLs are secreted from the
human adipocytes, we quantified SPLs in extracel-
lular vesicles from the secretome of ThAT-derived
adipocytes (Figures 4E to 4L, Supplemental
Figure 8). C16:0-SPLs were the most enriched SPL
species in extracellular vesicles, with Cer16:0 being
substantially higher compared with other ceramides
(Figures 4G to 4L).
FIGURE 5 Continued

Unsupervised clustering of study 2 patients (n ¼ 48) on the basis of the

clusters (Th1, n ¼ 11; Th2, n ¼ 25; Th3, n ¼ 12) and ScAT clusters (Sc1,

secreted and produced SPLs in the clusters of ThAT (A) and ScAT (B). H

vascular superoxide (O2
.�) production in both internal mammary arterie

impaired vasorelaxations of human vessels in response to acetylcholine

similar (but borderline) trend for SPLs in ScAT (H) from the same patien

bioavailability in vessels. On the contrary, NO-independent vasorelaxati

with SPL levels in either ThAT (I) or ScAT (J). P values in C to F were calc

2-way analysis of variance with dose � group interaction terms. RLU ¼
HIGH LEVELS OF ThAT-DERIVED SPLs ARE ASSOCIATED

WITH INCREASED O2
.L PRODUCTION AND IMPAIRED

ENDOTHELIAL FUNCTION IN HUMAN VESSELS. To
examine whether AT SPLs affect vascular tone and
endothelial function in human vessels, we clustered
the SPL profiles of the patients in study 2 on the basis
of their intensities using an unsupervised self-
organizing map, as illustrated by the heatmaps in
Figures 5A and 5B. The algorithm clusters of SPLs
produced in ThAT (Figure 5A, Supplemental
Figure 9A) and ScAT (Figure 5B, Supplemental
Figure 9B) correlated with nearly all ceramides
secreted from these tissues (Supplemental Figures 9C
and 9D). We explored the association between these
clusters and O2

.� production in human internal
mammary arteries and saphenous veins from the
same patients. Increased ThAT SPL was correlated
with increased O2

.� generation in human arteries
(Figure 5C) and veins (Figure 5D), whereas no such
correlation was observed for ScAT SPL (Figures 5E and
5F). Furthermore, high SPL content prominently in
ThAT was associated with reduced endothelium-
dependent vasorelaxation of human vessels to
acetylcholine (Figures 5G and 5H), whereas the
endothelium-independent vasorelaxations to sodium
nitroprusside were not significantly different be-
tween the SPL clusters from either ThAT or ScAT
(Figures 5I and 5J), indicating an association between
high AT SPL and reduced endothelial nitric ox-
ide bioavailability.

ELEVATED LEVELS OF PLASMA CER16:0 ARE

ASSOCIATED WITH INCREASED ARTERIAL

OXIDATIVE STRESS, ENDOTHELIAL DYSFUNCTION, AND

SYSTEMIC INFLAMMATION IN HUMANS. To further
investigate the role of SPLs as endocrine mediators
linking ThAT with the vascular disease pathogenesis,
we performed a comprehensive high-throughput
quantification of SPL metabolites in 633 plasma
samples from patients in study 1 (Supplemental
Table 5). The SPLs detected in the plasma of these
patients and their circulating concentrations are
amounts of SPLs in AT stratified the patients into 3 clusters per tissue: ThAT

n ¼ 11; Sc2, n ¼ 26; Sc3, n ¼ 11). Relevant heatmaps showing the intensities of

igh SPL synthesis in ThAT (C,D), but not in ScAT (E,F), were related with high

s (IMAs) and saphenous veins (SV) obtained from the same patients. Similarly,

(ACh) were observed in patients with high SPLs in ThAT (G), while there was a

ts, suggesting that high AT SPL levels are related with reduced nitric oxide (NO)

ons in response to sodium nitroprusside (SNP) vasorelaxations were not related

ulated using the Kruskal-Wallis test. The p values in G to J were calculated using

relative light units; other abbreviations as in Figures 1 and 2.
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FIGURE 6 Circulating Cer16:0 Associated With Vascular Redox State
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shown in Supplemental Figure 10 and Supplemental
Table 5. Very long chain ceramides ($20 carbons)
were the most abundant ceramides in plasma, yet
specific Cer16:0 metabolites were still detected in
high concentrations, although they were no longer
the dominant species, as was the case for the AT.
C16:0-SPL were also enriched in circulating extracel-
lular vesicles (Supplemental Figure 11).

We then explored the associations between AT
and circulating ceramides and key mechanisms of
vascular disease pathogenesis (Figure 6A,
Supplemental Figures 12A to 12H). Cer16:0 was
significantly associated with elevated concentra-
tions of ceramides in ThAT but not in ScAT
(Figures 6A and 6B), implying that ThAT may drive
the increased plasma levels of Cer16:0. Circulating
Cer16:0 was also found to be positively associated
with high-sensitivity C-reactive protein (Figures 6A
and 6C). Plasma Cer16:0 was associated with
increased O2

.� production (Figures 6A and 6D) and
with endothelial nitric oxide synthase (eNOS)
uncoupling, as determined by L-NAME-inhibitable
O2

.� in human arteries (Figures 6A and 6E). How-
ever, plasma Cer16:0 levels were not correlated with
NADPH-stimulated O2

.� generated by NADPH oxi-
dases in patients’ internal mammary artery seg-
ments (Figure 6A, Supplemental Figure 12I).
Circulating Cer16:0 was also associated with
reduced vasorelaxation of human vessels in
response to acetylcholine (but not to sodium nitro-
prusside) (Figures 6F and 6G), suggesting that high
levels of circulating Cer16:0 are related with
impaired nitric oxide bioavailability in human
vessels.

DIRECT EFFECTS OF CER16:0 ON ENDOTHELIAL

REDOX STATE. To explore the potential causal effect
of Cer16:0 on vascular endothelial dysfunction, we
first investigated whether ceramides are taken up by
endothelial cells. We exposed immortalized HAECs to
NBD-Cer6:0, a fluorescent analogue of ceramide, and
examined cells under a confocal microscope. The
fluorescently labeled ceramide accumulated
FIGURE 6 Continued

Univariate correlations between plasma levels of 10 quantified ceramide

(Cer16:0) levels were significantly related with ceramide levels in ThAT

reactive protein (hsCRP) levels (C; n¼ 351), O2
.� production in human IMA

ester (L-NAME)–inhibitable O2
.� (E; n ¼ 269), and reduced endothelial

There was no association between plasma Cer16:0 and endothelium-ind

using the Kruskal-Wallis test (B–D) or 2-way analysis of variance with do

HOMA-IR ¼ homeostasis model assessment of insulin resistance; LDL ¼
intracellularly (Figure 7A). Treatment of cells with
natural Cer16:0 resulted in a significant increase in
the levels of intracellular Cer16:0 after treatment, as
confirmed by liquid chromatography–tandem mass
spectrometry (Figure 7B). Cer16:0 treatment of both
immortalized HAECs (Figure 7C) and primary HAECs
(Figure 7D) significantly increased O2

.� production.
This was confirmed using dihydroethidium staining
of these cells (Figure 7E).

Next, to determine the mechanism by which
Cer16:0 increases vascular O2

.� production in human
vessels, we explored whether the association
observed across the cohort (Figure 6A) between
Cer16:0 and eNOS uncoupling is causal. We per-
formed a series of in vitro experiments and found that
Cer16:0 induced eNOS uncoupling in both immortal-
ized HAECs (Figure 7F) and primary HAECs
(Figure 7G), as evidenced by reduced L-NAME-inhib-
itable O2

.�. Exogenous treatment of the primary
HAECs with a naturally occurring ceramide of a
medium-length acyl chain (C12:0-ceramide) had a
borderline, nonsignificant effect on basal O2

.� or L-
NAME inhibitable O2

.� in these cells (Supplemental
Figure 13). To understand how Cer16:0 induces
eNOS uncoupling, we evaluated its effects on the
intracellular levels of the eNOS cofactor tetrahy-
drobiopterin. Cer16:0 reduced intracellular tetrahy-
drobiopterin levels (Figure 7H) as well as the ratio of
tetrahydrobiopterin to total biopterins (Figure 7I),
suggesting that Cer16:0 induces tetrahydrobiopterin
oxidation. Following this observation, we examined
whether Cer16:0 had any effect on eNOS activation
by exploring its impact on the phosphorylation of
its activation (Ser1177) and inhibitory (Thr495) sites.
Notably, Cer16:0 reduced the phosphorylation of
eNOSSer1177 (Figure 7J, Supplemental Figures 14 and
15) and increased the phosphorylation of
eNOSThr495 (Figure 7K). To understand how Cer16:0
regulates eNOS phosphorylation, we then demon-
strated that although Cer16:0 had no effect on the
activation of AktSer473 (Figure 7L), it increased the
activity of protein phosphatase 2 (PP2A) in HAECs,
s, vascular redox state, and risk profile of patients in study 1 (A). Plasma C16:0-ceramide

but not ScAT (B). Association between plasma Cer16:0 levels and serum high-sensitivity C-

s (D; n ¼ 309), endothelial NO oxide uncoupling determined by the NG-nitro-L-arginine methyl

NO bioavailability measured by the ex vivo vasorelaxations in response to ACh (F; n ¼ 128).

ependent vasorelaxations of human vessels to SNP (G; n ¼ 123). P values were calculated

se � group interaction terms (F,G). BMI ¼ body mass index; HDL ¼ high-density lipoprotein;

low-density lipoprotein; other abbreviations as in Figures 1, 2, and 5.
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FIGURE 7 Effects of Exogenous Cer16:0 on Redox State and eNOS Coupling of Human Aortic Endothelial Cells
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by suppressing the phosphorylation of its inhibitory
site PP2ATyr307 (Figure 7M). We then used LB100, a
potent inhibitor of PP2A activity, which prevented
Cer16:0-induced reductions in p-eNOSSer1177:eNOS
(Figure 7N).

PLASMA CER16:0 LEVELS PREDICT CARDIAC MORTALITY.

We next explored whether these newly described
causal effects of Cer16:0 on vascular dysfunction
would translate to clinical phenotypes associated
with vascular disease outcomes. The population of
study 1 was followed for up to 5.5 years. There were
44 deaths in the cohort, 17 of which were cardiac
related. Kaplan-Meier survival functions were evalu-
ated for these metabolites with cardiac (Figures 8A to
8D) and noncardiac mortality (Figures 8E to 8H) and
were compared statistically using the log-rank test
(Figures 8A to 8H) after ensuring the absence of
competing risk (data not shown). The cutoff value for
each ceramide species was identified from univariate
analysis (Youden index) (Supplemental Table 6). The
concentrations of Cer16:0, GlcCer16:0, Cer16:0/C22:0-
ceramide, and Cer16:0/C24:0-ceramide were signifi-
cant predictors of cardiac death (Supplemental
Figure 16, Supplemental Table 7, Figure 8). Cox
regression was performed to define the predictive
value of each ceramide for mortality, after adjust-
ment for age, sex, and smoking (Figure 8F) plus body
mass index, cholesterol, low-density lipoprotein,
high-density lipoprotein, triglycerides, hypertension,
and diabetes (Supplemental Table 7). The tested me-
tabolites were also found to be associated with car-
diovascular death (Supplemental Tables 8 and 9),
adverse cardiac phenotypes, and endpoints
(Supplemental Figure 17, Supplemental Table 10).
There was no association between these metabolites
and noncardiac mortality in the same
cohort (Figure 8I).

PLASMA CER16:0 LEVELS ARE MODIFIABLE BY THE

GLUCAGON-LIKE PEPTIDE-1 AGONIST LIRAGLUTIDE. We
then explored whether treatments that are known to
FIGURE 7 Continued

Confocal microscope images of NBD-Cer6:0 (green, A). Cer16:0 treatme

(teloHAECs) (B; n ¼ 11), resulting in increased intracellular O2
.� productio

n ¼ 5 different donors). Representative teloHAECs stained with dihydro

n ¼ 10). Treatment of teloHAECs (F; n ¼ 9) and primary HAECs (G; n ¼
intracellular tetrahydrobiopterin (BH4) (H; n ¼ 5) and BH4/total biopter

endothelial NO synthase (eNOS) phosphorylation on activation site Ser1

Although there was no effect of Cer16:0 on AKT phosphorylation at site

phosphorylation at its inhibitory site Tyr307 (M). The Cer16:0-induced r

inhibitor (N; n ¼ 6). *p < 0.05 versus control (DMSO <1%); all present
reprogram AT biology (such as a low-calorie diet with
or without glucagon-like peptide-1 [GLP-1] analogs)
could also affect Cer16:0 levels. We explored whether
plasma SPLs, specifically Cer16:0, are amenable to
treatment by the GLP-1 analog liraglutide, in a ran-
domized clinical trial (NCT02094183) (Figure 9A)
(8).We measured the circulating levels of SPLs in 32
obese patients (average body mass index 33.5 �
2.5 kg/m2 at inclusion) (study 3 in Supplemental
Table 2). Before randomization to treatment, all par-
ticipants adhered to an 8-week low-calorie diet (800
kcal/day), during which they lost 12.8 � 6.0 kg of body
weight, exhibiting significant reductions in body
mass index (p < 0.0001), which were paralleled by
significant effects on the circulating levels of SPLs
(levels of 27 of 34 SPLs changed, with false discovery
rate–adjusted p values <0.05, after correcting for
body mass index) (Figure 9B, Supplemental Table 11).
Following this initial phase, the patients were ran-
domized to liraglutide treatment (1.2 mg/day) or no
treatment for a period of 52 weeks (Figure 9A). Lir-
aglutide treatment differentially affected several SPL
species compared with the control group
(Supplemental Table 12, Figures 9C to 9F,
Supplemental Figure 18) despite no significant
changes in body mass index in either of the two
groups. Of these, Cer16:0 and GlcCer16:0 were
significantly increased in the control group after
52 weeks, while they remained unchanged in the
liraglutide-treated group (Figures 9C to 9F), suggest-
ing that metabolic reprogramming of AT by targeting
GLP-1 signaling, may reduce cardiovascular risk by
modifying circulating Cer16:0.

DISCUSSION

In this study, we used an unbiased metabolomics
approach to identify AT-derived metabolites with
endocrine effects upon vascular health. A summary of
study tests and key findings are shown in
Supplemental Table 13 and the Central Illustration.
nt significantly increased Cer16:0 in immortalized human aortic endothelial cells

n in teloHAECs (C; n ¼ 9) and primary human aortic endothelial cells (HAECs) (D,

ethidium (DHE) show increased intensity of O2
.�

fluorescence in treated cells (E;

5) with Cer16:0 increased the L-NAME-inhibitable O2
.�, via reduction of

in ratio (I; n ¼ 5). Treatment of teloHAECs (n ¼ 7 or 8) with Cer16:0 reduced

177 (J) and increased its phosphorylation at the inhibitory site Thr495 (K).

Ser473 (L), it induced significant reduction of protein phosphatase 2 (PP2A)

eductions in p-eNOSSer1177/eNOS ratio was reversed by 10 mM LB100, a PP2A

ed as median (interquartile range). Abbreviations as in Figures 1, 2, 5, and 6.
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FIGURE 8 Plasma Cer16:0 and GlcCer16:0 Are Modifiable Risk Biomarkers
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FIGURE 8 Continued
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Ceramides have been recognized as key signaling
molecules in different cell types regulating vital
cellular processes. The origin of circulating ceramides
in humans is poorly understood, although the liver
and AT might be key sources (9,10). We now
demonstrate that SPL is the most prominent dysre-
gulated pathway in obese ThAT compared with ScAT.
Cer16:0 is the most abundant ceramide generated in
ThAT, and it is secreted largely in extracellular vesi-
cles released from the adipocytes (Supplemental
Figures 19 and 20). The secreted Cer16:0 levels from
ThAT (but not ScAT) are correlated with plasma
Cer16:0 levels, implying that ThAT may contribute to
circulating Cer16:0 levels, although this association is
suggestive and not conclusive.

Ceramides and their derivatives have been linked
with cardiovascular disease (11,12). In particular,
plasma Cer16:0 has been associated with increased
risk for major adverse cardiovascular events,
including heart failure (13,14) and myocardial infarc-
tion (11,15), in the general population. However, it is
unclear whether AT-secreted ceramides play a role in
the vascular complications of obesity. We now
demonstrate that ThAT volume is associated with
increased arterial oxidative stress and that this depot
secretes more ceramides than ScAT, particularly
Cer16:0. ThAT-derived ceramide levels were also
related with vascular redox state.

Increased vascular oxidative stress and reduced
endothelial nitric oxide bioavailability are key fea-
tures of atherogenesis (16). Nitric oxide is produced
by eNOS, an enzyme that becomes a source of O2

.�

when its cofactor tetrahydrobiopterin is oxidized (6).
It is unclear whether AT-derived ceramides play a
role in the regulation of these fundamental mecha-
nisms of atherogenesis. We now reveal using
ex vivo human tissue and in vitro primary cultured
cells that increased levels of Cer16:0 in the

https://doi.org/10.1016/j.jacc.2021.03.314
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FIGURE 9 Plasma Cer16:0 and GlcCer16:0 Are Modifiable Risk Biomarkers
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(A) A schematic representation of the randomized controlled trial design. (B) A heat map showing the significant differential metabolites

between day 0 and week 8. Box plots represent changes in GlcCer16:0 (C,D) and Cer16:0 (E,F) body mass index–normalized concentrations in

patients who were randomized to a low-calorie diet or liraglutide treatment (1.2 mg/day) for 52 weeks, following 8 weeks (baseline) of low-

calorie diet–induced weight loss. Box plots represent median (interquartile range). Abbreviations as in Figure 8.
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CENTRAL ILLUSTRATION Proposed Mechanistic Effects of Fat-Derived C16:0-Ceramide

Akawi, N. et al. J Am Coll Cardiol. 2021;77(20):2494–513.

Dysfunctional thoracic adipose tissue in obese cardiac patients secretes higher levels of C16:0-ceramide (Cer16:0), increasing its circulating levels. Acting via

endothelial nitric oxide synthase signaling, circulating Cer16:0 enhances systemic inflammation, amplifies oxidative stress, and reduces endothelium-dependent

vasorelaxation, eventually leading to adverse cardiac outcomes including death.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:

Metabolic crosstalk between the cardiovascular sys-

tem and AT is crucial to normal function of both.

Dysregulation of fat-derived SPL in obese patients

with cardiovascular disease reflects plasma levels of

Cer16:0, an independent predictor of mortality.

TRANSLATIONAL OUTLOOK: Further studies are

needed to clarify the roles of Cer16:0 and its glyco-

sylated derivative in preventing adverse outcomes

among patients with atherosclerosis managed with

weight loss and treatment with liraglutide.
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secretome of ThAT cause arterial oxidative stress.
This effect was observed with long-chain ceramides
in the initial association screening, but not with
medium-chain ceramides such as C12:0-ceramide.
We also show that Cer16:0 induces eNOS uncoupling
via tetrahydrobiopterin oxidation, while it affects
eNOS activity via PP2A. These findings suggest that
Cer16:0, the most abundant ceramide in ThAT
secretome, has direct effects on the mechanisms of
atherogenesis.

Although our findings suggest causal links between
ceramides and vascular dysfunction, existing data on the
prognostic role of circulating ceramides in humans remain
unclear, with some studies reporting positive (11,12) and
others negative (17) results. Laaksonen et al. (12) have
shown that Cer16:0 predicts cardiac death in large-scale
cardiac angiography cohorts with a hazard ratio (per 1-SD
increase) of 1.98 (95% confidence interval: 1.49 to 2.62;
p < 0.001). Here, we have measured circulating ceramide
levels in 633 patients with advanced atherosclerosis
who underwent cardiac surgery and demonstrated that
plasma Cer16:0 independently predicts cardiac mortality
in a similar way (hazard ratio per 1-SD increase: 1.39; 95%
confidence interval: 1.03 to 1.89; p ¼ 0.031). Patients with
high glycosylated Cer16:0 have 2-fold higher risk for
a fatal cardiac event over a follow-up period of 5.5 years,
independent of any clinical risk factors.

Promising therapeutic approaches specifically tar-
geting ceramides biosynthesis have been reported
(18,19), but it is unknown whether ceramides could be
modified by therapeutic interventions that are known
to reprogram AT and to reduce cardiovascular disease
risk, such as GLP-1 analogs (20). We explored the ef-
fects of liraglutide on the ceramide profile in a ran-
domized trial in patients with obesity. Indeed,
52 weeks’ treatment with liraglutide, following
8 weeks of intense, low-calorie diet–induced weight
loss, led to better control of Cer16:0 and GlcCer16:0
plasma levels compared with the control group, con-
firming that ceramides are modifiable therapeutic
targets in obesity. This may partly explain the
improved cardiovascular disease outcomes observed
in patients treated with liraglutide in the LEADER
clinical trial (20).

STUDY LIMITATIONS. The metabolomics methodol-
ogy used in this study confidently screened for 413
pre-determined polar and nonpolar metabolites, and
identification of additional metabolites and lipids
would require different platforms. Another limitation
of this study was the small number of events in the
outcomes part of the study, which may have pre-
vented additional ceramides with smaller effect sizes
on prognosis from reaching statistical significance. In
addition, this study lacked an external validation
cohort as well as computed tomographic scans
quantifying the volume of other fat depots, such as
the gluteal fat. Further mechanistic investigations are
needed to confirm the effect of human ThAT
secretome–derived Cer16:0 on endothelial cells.

CONCLUSIONS

We demonstrate the ThAT secretes ceramides, and
particularly Cer16:0, which has an endocrine effect on
the vascular wall, inducing vascular redox state. We
also show that high plasma levels of Cer16:0 have
striking prognostic value for cardiac mortality, and
may be a drugable target of GLP1-analogues.
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