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ORIGINAL RESEARCH

Plasma Ceramide Levels Are Elevated 
in Patients With Early Coronary 
Atherosclerosis and Endothelial Dysfunction
Nadia Akhiyat , MD, MS; Vlad Vasile , MD, PhD; Ali Ahmad , MD; Jaskanwal Deep Sara, MBChB; 
Valentina Nardi, MD; Lilach O. Lerman , MD, PhD; Allan Jaffe , MD; Amir Lerman , MD

BACKGROUND: Elevated plasma ceramides are independent predictors of cardiovascular disease and mortality in patients with 
advanced epicardial coronary artery disease. Our understanding of plasma ceramides in early epicardial coronary artery 
disease, however, remains limited. We examined the role of plasma ceramides in early coronary atherosclerosis characterized 
by coronary endothelial dysfunction.

METHODS AND RESULTS: Participants presenting with chest pain and nonobstructive epicardial coronary artery disease under-
went coronary endothelial function. Patients (n=90) demonstrated abnormal coronary endothelial function with acetylcholine 
(≥20% decrease in coronary artery diameter or ≤50% increase in coronary blood flow). A total of 30 controls had normal 
coronary endothelial function. Concentrations of plasma ceramide 18:0 (P=0.038), 16:0 (P=0.021), and 24:0 (P=0.019) differed 
between participants with normal and abnormal coronary endothelial function. Ceramide 24:0 (odds ratio [OR], 2.23 [95% CI, 
1.07– 4.66]; P=0.033) and 16:0 (OR, 1.91×106 [95% CI, 11.93– 3.07×1011]; P=0.018) were independently associated with coro-
nary endothelial dysfunction. Among participants with endothelium- dependent coronary dysfunction (n=78), ceramides 16:0 
(OR, 5.17×105 [95% CI, 2.83– 9.44×1010]; P=0.033), 24:0 (OR, 2.98 [95% CI, 1.27– 7.00]; P=0.012), and 24:1/24:0 (OR, 4.39×10−4 
[95% CI, 4×10−7– 0.48]; P=0.030) were more likely to be elevated.

CONCLUSIONS: The current study demonstrated an association between increased circulating ceramide levels and coronary 
endothelial dysfunction in the absence of epicardial coronary artery disease. This study supports the role of plasma ceramides 
as a potential biomarker or a therapeutic target for early coronary atherosclerosis in humans.
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Early coronary atherosclerosis is characterized by 
coronary endothelial dysfunction (CED). CED oc-
curs within epicardial arteries and subsequent 

downstream high- resistance arterial networks that 
regulate the myocardial blood supply and perfusion.1 
Coronary atherogenesis at its earliest stages seg-
mentally disrupts the endothelial landscape.2– 5 This 
often diagnostically occult progression of CED evolves 
to manifest clinically with eventual ventricular dys-
function, myocardial ischemia, increased mortality, 
and increased risk for major adverse cardiac events 
(MACE) in the absence of obstructive coronary artery 

disease.6– 10 Thus, identification of nontraditional risk 
factors for early coronary atherosclerosis has been an 
area of increasing clinical and academic interest.

An emerging nontraditional risk factor for coronary 
atherosclerosis has been identified among known bi-
ologically active lipid species. Circulating long- chain 
and very- long- chain sphingolipids affect functional and 
structural processes associated with endothelial dys-
function through oxidative, thrombotic, inflammatory, 
apoptotic, and atherogenic pathways. Theoretically 
these observations may translate to the progression 
of coronary artery disease in humans; however, our 
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current understanding of the direct mechanism under-
lying the influence of ceramide (Cer) on human cor-
onary atherogenesis relies predominantly on animal 
and ex vivo studies.11,12 At present, investigations in 
humans focus on clinical observations and outcomes. 
Literature supports a strong association between 

elevated concentrations in plasma ceramides and ad-
vanced coronary atherosclerosis with an emphasis on 
the strong predictive association between plasma cer-
amide concentrations and cardiovascular risk.13– 20

Although studies in humans are currently limited by 
indirect observations, clinical investigation of individual 
acyl chain species concentrations sheds light on our un-
derstanding of their possible independent roles in the 
progression of coronary disease. Emerging evidence 
suggests the role of circulating ceramides in various 
pathways of atherogenesis with predominant associa-
tions between ceramide 18:0, ceramide 16:0, and cera-
mide 24:1 and their respective roles in the inflammatory, 
thrombotic, and low- density lipoprotein (LDL)– mediated 
pathways of atherogenesis. The association of these 
circulating ceramide acyl species in late coronary ath-
erosclerosis is now robustly described; however, our un-
derstanding of the role ceramide acyl species may play 
in humans with very early coronary disease remains lim-
ited.12,13,17,20– 22 The current study was designed to test 
the hypothesis that elevated levels of circulating plasma 
ceramides are associated with CED. In this case- control 
analysis, we examine the relationship between plasma 
ceramides and a range of coronary function abnormali-
ties associated with early coronary atherosclerosis.

METHODS
Ethical Statement
Supporting data are available from corresponding 
author upon reasonable request. This study was 

CLINICAL PERSPECTIVE

What Is New?
• Plasma ceramide levels are elevated in humans 

with early coronary atherosclerosis and coro-
nary endothelial dysfunction in the absence of 
epicardial coronary artery disease.

What Are the Clinical Implications?
• Circulating ceramides may be a biomarker and 

therapeutic target for early coronary atheroscle-
rosis in humans.

Nonstandard Abbreviations and Acronyms

ΔCAD, change in coronary artery diameter; 
ΔCBF change in coronary blood flow
CED coronary endothelial dysfunction
CFR coronary flow reserve
MACE major adverse cardiac events

Table 1. Demographics and Clinical Characteristics

Variable
Patients*
(n=90)

Controls*
(n=30) P value

Age, y 56±10 57±9 0.944

Female sex 67 (74) 24 (80) 0.542

BMI, kg/m2 30±6 28±5 0.410

Systolic blood pressure, mm Hg 122 (112; 138) 120 (112; 130) 0.447

Diastolic blood pressure, mm Hg 77 (70; 82) 74 (70; 80) 0.520

Smoking status

Never smoked 55 (61) 17 (57) 0.912

Former smoker 31 (34) 10 (33) 0.912

Current smoker 4 (4) 3 (10) 0.265

Hypertension 38 (42) 15 (50) 0.462

Diabetes 11 (12) 4 (13) 0.875

Hyperlipidemia 54 (60) 14 (47) 0.205

eGFR, mL/min per 1.73 m2 73 (64; 82) 74 (61; 92) 0.967

Aspirin use 58 (64) 19 (63) 0.913

β- blocker use 42 (47) 9 (30) 0.116

Lipid- lowering drug use 48 (53) 12 (40) 0.209

Antihypertensive use 29 (32) 11 (37) 0.658

BMI indicates body mass index; and eGFR, estimated glomerular filtration rate.
*Data are presented as number (percentage), mean±SD, or median (interquartile range).



J Am Heart Assoc. 2022;11:e022852. DOI: 10.1161/JAHA.121.022852 3

Akhiyat et al Ceramide Levels in Early Coronary Atherosclerosis

approved by the Mayo Clinic Institutional Review 
Board. Written informed consent was obtained from 
participants.

Participants
Consecutive randomly selected patients presenting for 
clinically indicated coronary angiographic evaluation of 

Table 2. Coronary Angiography and Lipid Data

Variable Patients* n Controls* n P value

CFR 2.5 (2.2; 2.9) 90 3.2 (2.8; 3.7) 30 <0.000

ΔCBF, % −1.74 (−32; 24) 90 114 (89; 161) 30 <0.000

ΔCAD, % −25 (−39; −11) 90 −4 (−11; 1) 30 <0.000

Myocardial infarction– heart ceramide risk score 3 (2; 6) 90 2.5 (1; 4) 30

Risk category

Higher risk 1 (1) 90 1 (3) 30 0.415

Increased risk 13 (14) 90 4 (13) 30 0.881

Moderate risk 36 (40) 90 15 (50) 30 0.749

Lower risk 36 (40) 90 15 (50) 30 0.341

Lipid profile

Total cholesterol, mmol/L 181 (164; 207) 88 177 (160; 208) 29 0.693

LDL cholesterol, mmol/L 101 (83; 123) 88 100 (84.5– 107.5) 29 0.494

HDL cholesterol, mmol/L 56 (43; 64) 88 58 (46; 76) 29 0.587

Triglycerides, mmol/L 109 (83; 141) 87 107 (74.5; 131) 29 0.671

Plasma ceramides

18:0, μmol/L 0.10 (0.08; 0.13) 90 0.08 (0.06; 0.10) 30 0.038

16:0, μmol/L 0.29 (0.25; 0.33) 86 0.27 (0.24; 0.28) 28 0.021

24:1, μmol/L 0.78 (0.66; 0.95) 90 0.77 (0.65; 0.90) 30 0.771

24:0, μmol/L 3.05 (2.73; 3.85) 87 2.82 (2.54; 3.16) 29 0.019

16:0/24:0 0.09 (0.08; 0.11) 90 0.10 (0.08; 0.11) 30 0.854

18:0/24:0 0.03 (0.03; 0.04) 90 0.03 (0.02; 0.04) 30 0.266

24:1/24:0 0.25 (0.21; 0.31) 89 0.28 (0.23– 0.32) 29 0.091

ΔCAD indicates change in coronary artery diameter; ΔCBF, change in coronary blood flow; CFR, coronary flow reserve; HDL, high- density lipoprotein; and 
LDL, low- density lipoprotein.

*Data are presented as number (percentage) or median (interquartile range).

Figure 1. Ceramide levels in patients with and without CED.
CED indicates coronary endothelial dysfunction; and Cer, ceramide.
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chest pain and coronary arteries with <40% obstruc-
tion (n=1991) between the years 1992 and 2019 were 
reviewed. Patients with abnormal CED (n=90) were ran-
domly selected and defined as participants with abnor-
mal coronary endothelial function. These participants 
had either (1) >20% constriction change in coronary 
artery diameter following intracoronary acetylcholine in-
jection indicating epicardial endothelial dysfunction or (2) 
a ≤50% increase change in coronary blood flow (ΔCBF) 
indicating microvascular endothelial dysfunction.6,23 
Eligible participants underwent indicated angiogram 
and routine blood sample collection in 2019. Controls 
(n=30) had normal coronary endothelial function testing 
and were propensity matched by age and sex.

Endothelial Function Testing
A detailed methodology has been previously 
published.24– 26 Briefly, patients presenting for clini-
cally indicated angiography underwent invasive coro-
nary function testing. Participants had not received 
oral nitrates, lipid- lowering drugs, antioxidants, or 
angiotensin- converting enzyme inhibitors for 2 weeks 
before intervention. Other medications such as 
calcium- channel blockers or β- adrenergic blockers 
were discontinued at least 48  hours before the in-
terventional study. Diagnostic coronary angiography 
was then performed to assess epicardial coronary 
artery, microvascular endothelium, and microvascular 

endothelium- independent function in concordance 
with the International Microcirculation Working Group 
expert review.27 Participants with significant obstruc-
tive epicardial coronary artery disease (defined as 
>40% coronary diameter stenosis) were excluded. 
During angiography of eligible participants, a Doppler 
guidewire (FloWire; Philips Healthcare, Andover, MA) 
was advanced to the mid- portion of the left anterior 
descending coronary artery.

To assess nonendothelium microvascular function, 
incremental doses of intracoronary adenosine (18 µg– 
72  µg) were administrated as consecutive boluses 
until maximal hyperemia was observed. Endothelium- 
independent microvascular function was determined 
by highest observed coronary flow reserve (CFR) in re-
sponse to increasing doses of intracoronary adenosine.

Endothelium dependent function was assessed by 
3 consecutive boluses of acetylcholine in the mid- left 
anterior descending coronary artery at 3- minute in-
tervals with increasing concentrations of 10−6, 10−5, 
and 10−4 mmol/L. After each dose of acetylcholine, a 
single operator measured the diameter of the mid- left 
anterior descending coronary artery 5- mm distal to 
the Doppler wire tip with a coronary angiogram tool 
(Medis Cor, Leiden, The Netherlands). We calculated 
coronary blood flow=Π (mean peak velocity/2)×(cor-
onary artery diameter/2)2. The ΔCBF, a measure of 
microvascular function, was calculated as the per-
centage difference between coronary blood flow at 

Table 3. Plasma Ceramide Levels by Sex

Plasma ceramide Female sex* n Male sex* n P value

18:0, μmol/L 0.09 (0.07; 0.12) 91 0.10 (0.08; 0.13) 29 0.365

16:0, μmol/L 0.27 (0.25; 0.32) 87 0.28 (0.24; 0.31) 27 0.844

24:1, μmol/L 0.77 (0.66;0.94) 90 0.82 (0.74; 0.92) 29 0.374

24:0, μmol/L 2.69 (2.69; 3.38) 90 3.09 (2.79; 3.88) 26 0.414

16:0/24:0 0.09 (0.08; 0.11) 91 0.09 (0.08; 0.11) 29 0.996

18:0/24:0 0.03 (0.02; 0.04) 91 0.03 (0.02; 0.04) 29 0.506

24:1/24:0 0.26 (0.22; 0.31) 90 0.25 (0.21; 0.32) 28 0.795

*Data are presented as median (interquartile range).

Table 4. Plasma Ceramide Levels by Sex in Patients With Coronary Endothelial Dysfunction

Plasma ceramide Female sex* n Male sex* n P value

18:0, μmol/L 0.09 (0.08; 0.13) 67 0.11 (0.07; 0.13) 23 0.787

16:0, μmol/L 0.29 (0.25; 0.33) 64 0.29 (0.25; 0.31) 22 0.664

24:1, μmol/L 0.76 (0.66; 0.96) 67 0.83 (0.74; 0.94) 23 0.381

24:0, μmol/L 3.00 (2.69; 3.71) 66 3.11 (2.85; 3.88) 21 0.570

16:0/24:0 0.09(0.08; 0.11) 67 0.09 (0.08; 0.11) 23 0.814

18:0/24:0 0.03 (0.03; 0.04) 67 0.03 (0.02; 0.04) 23 0.955

24:1/24:0 0.25 (0.21; 0.31) 67 0.24 (0.20; 0.34) 22 0.825

*Data are presented as median (interquartile range).
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basal flow and maximal hyperemia after acetylcholine 
injection. We defined microvascular CED as <50% 
increase in coronary blood flow after intracoronary 
acetylcholine infusion. We defined endothelium- 
independent microvascular dysfunction as CFR <2.0.

Clinical and Biochemical Data
Demographic data were obtained at the time of coro-
nary angiography.5,28 Conventional cardiovascular risk 
factors were obtained from medical records, including 
associated comorbidities, smoking status, body mass 
index, glomerular filtration rate, and pharmacologic 
therapy. Comorbidities were defined as follows: diabe-
tes was defined as a documented comorbidity and/or 
use of hypoglycemic agents, hypertension was defined 
as a documented comorbidity and/or use of antihyper-
tensive agents, hyperlipidemia was defined as elevated 
lipid laboratory data and/or use of lipid- lowering agents. 
Blood samples were obtained within 2 weeks before an-
giography. Routine laboratory analysis (lipid profile, hs- 
CRP [high- sensitivity C- reactive protein]) and cytokine 
measurement was performed. Frozen plasma speci-
mens stored in EDTA collected from fasting participants 
before coronary angiography were analyzed by liquid 
chromatography– tandem mass spectrometry. The fol-
lowing ceramide acyl chain species were selected based 
on their association with cardiovascular risk: ceramide 
18:0, ceramide 16:0, ceramide 24:0, ceramide 24:1, and 
ratios of each with ceramide 24:0.13,17,18 Ceramide con-
centrations obtained by mass spectrometry were ex-
amined for significant confounding outlier data. Among 
participants, there were significant outliers identified in 
ceramide 16:0, ceramide 24:01, and ceramide 24:1/24:0 
(n=6, n=4, n=1, respectively), which were excluded from 
further analysis. No significant outliers were observed 
among other ceramide acyl species (Figure S1).

Statistical Analysis
Continuous variables were listed as mean±SD when 
data are normally distributed and median with inter-
quartile range when data are skewed. Demographic, 

clinical, angiographic, and lipid data were compared 
between participants with and without CED with an 
unpaired t test. Correlations were examined between 
plasma ceramides and sex, age, hs- CRP, and inflam-
matory markers (IL [interleukin]- 2, IL- 4, IL- 5, IL- 6, IL- 8, 
IL- 10, IFNγ [interferon γ], and TNFα [tumor necrosis fac-
tor α]). An unpaired t test examined plasma ceramide 
levels between patients who were and were not treated 
with lipid- lowering therapy. The independent associa-
tion of each plasma ceramide was then assessed by 
a multivariable regression analysis with 3 separate 
variables used to characterize CED: percentage ΔCBF, 
ΔCAD and CFR. Regressions were adjusted by 3 con-
secutive models for factors known to affect cardiovas-
cular risk and potential lipid confounders. Model 1 was 
adjusted for age and sex; model 2 was further adjusted 
for hypertension, diabetes, hyperlipidemia, and lipid- 
lowering drug use; and model 3 was further adjusted 
for LDL and non– high- density lipoprotein (HDL) cho-
lesterol. A receiver operating characteristic curved as-
sessed the predictive accuracy of plasma ceramide 
concentrations in predicting CED. Area under the curve 
(AUC) assessed discrimination of CED by plasma cera-
mide species. A subgroup analysis of participants with 
endothelial- dependent vascular dysfunction (defined 
by CFR >2) was conducted in the same manner. Data 

Table 5. Correlation Between Plasma Ceramides and Age

Plasma ceramide Correlation with age

18:0, μmol/L 0.08

16:0, μmol/L 0.05

24:1, μmol/L 0.09

24:0, μmol/L 0.04

16:0/24:0 0.05

18:0/24:0 0.13

24:1/24:0 0.11

Correlation coefficients for circulating plasma ceramides and age.

Table 6. Correlation Between Plasma Ceramides and 
hs- CRP

Plasma ceramide Correlation with hs- CRP

18:0, μmol/L 0.17

16:0, μmol/L 0.02

24:1, μmol/L 0.13

24:0, μmol/L 0.06

16:0/24:0 −0.03

18:0/24:0 0.14

24:1/24:0 0.08

Correlation coefficients for circulating concentrations of ceramides and 
hs- CRP. hs- CRP indicates high- sensitivity C- reactive protein.

Table 7. Linear Association Between Plasma Ceramides 
and High- Sensitivity C- Reactive Protein

Plasma ceramide
Standardized β 
coefficient P value

18:0, μmol/L 6.20 0.088

16:0, μmol/L −0.01 0.998

24:1, μmol/L 0.82 0.209

24:0, μmol/L 0.23 0.294

16:0/24:0 −1.51 0.807

18:0/24:0 19.46 0.139

24:1/24:0 1.22 0.825

Linear regression is controlled for age and sex.
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were analyzed using Stata software (StataCorp. 2017; 
Stata Statistical Software: Release 15; StataCorp LLC., 
College Station, TX).

RESULTS

Ceramides and CED
Between participants with and without CED, there was 
no significant difference in demographic and clinical 
characteristics (Table 1). Table 2 summarizes Measures 
obtained by coronary angiograph and serum lipid data 
of patients undergoing elective angiography for chest 
pain Participants with CED had a median CFR of 2.5 
(2.2; 2.9), median ΔCBF of −1.74 (−32; 24), and me-
dian ΔCAD of −25 (−39; −11). Controls had a median 
CFR of 3.2 (2.8; 3.7), median ΔCBF of 114 (89; 161), 
and median ΔCAD of −4 (−11; 1). There was a signifi-
cant difference in all 3 of these physiologic measures 
that characterize CED between the patient and control 
groups. Between participants with normal coronary 
endothelial function and those with CED, we observed 
a significant difference in plasma concentrations of 
ceramides 18:0 (P=0.038), 16:0 (P=0.021), and 24:0 
(P=0.019) (Figure 1).

We observed no difference in plasma ceramide 
levels between women (n=91) and men (n=29; Table 3). 
When we isolated patients with coronary endothelium- 
dependent dysfunction (CFR >2), there remained no 
difference in plasma ceramide concentrations by sex 
(Table  4). No significant correlation between plasma 
ceramides and age was observed (Table 5).

Plasma hs- CRP data were available for 100 par-
ticipants. We did not observe a strong correlation 
between hs- CRP and plasma ceramides (Table  6). 
Exploring this further, a linear regression controlled 
for age and sex showed no significant association 
between hs- CRP and plasma ceramides (Table 7).

Inflammatory data were available for 58 participants. 
We did not observe a significant correlation between 
plasma ceramides and other inflammatory markers 
(IL- 2, IL- 4, IL- 5, IL- 6, IL- 8, IL- 10, IFNγ, TNFa; Table  8). 

There was a significant difference in plasma ceramide 
18:0/24:0 levels (P=0.037) between patients who were 
and were not treated with lipid- lowering agents (Table 9).

Table 10 summarizes linear regression models ad-
justed for cardiovascular risk factors and confounding 
lipids. When adjusted for cardiovascular comorbidities, 
LDL cholesterol, and non- HDL cholesterol, lower CFR 
was associated with elevated circulating ceramides 
18:0/24:0 (β, −12.8; P=0.016), 16:0/24:0 (β, −5.57; 
P=0.015), and 24:1/24:0 (β, −1.74; P=0.022). There was 
no linear association between change in epicardial coro-
nary artery diameter or coronary blood flow in response 
to acetylcholine and circulating plasma ceramide levels.

Table  11 summarizes significant multivariable lo-
gistic regressions progressively adjusted for age, sex, 
hypertension, diabetes, hyperlipidemia, lipid- lowering 
drug use, LDL cholesterol, and non- HDL cholesterol. 
In each progressive model, ceramides 24:0 (OR, 2.23 
[95% CI, 1.07– 4.66,]; P=0.033) and 16:0 (OR, 1.91×106 
[95% CI, 11.93– 3.07×1011]; P=0.018) remained inde-
pendently associated with CED. When adjusted for 
age and sex, ceramide 18:0 (OR, 7.26×105 [95% CI, 
1.32– 3.99×1011]; P=0.045) was independently associ-
ated with CED, but not when further adjusted for car-
diovascular risk factors, LDL cholesterol, and non- HDL 
cholesterol. Ceramides 24:1, 18:0/24:0, 16:0/24:0, and 
24:1/24:0 were not associated with CED.

Table 8. Correlation Between Plasma Ceramides and Inflammatory Markers

Plasma ceramide IL- 2 IL- 4 IL- 5 IL- 6 IL- 8 IL- 10 IFNγ TNFα

18:0 0, μmol/L −0.08 −0.09 −0.02 0.03 0.23 −0.02 −0.02 −0.07

16:0 0, μmol/L −0.08 −0.09 0.01 0.02 0.19 0.01 0.01 −0.05

24:1 0, μmol/L −0.06 −0.07 −0.02 0.00 0.22 −0.01 −0.01 −0.09

16:0/24:0 −0.09 −0.10 −0.01 0.05 −0.06 −0.01 −0.01 −0.06

18:0/24:0 −0.11 −0.12 −0.04 0.03 0.05 −0.04 −0.05 −0.09

24:1/24:0 −0.08 −0.09 −0.02 0.04 0.03 −0.02 −0.01 −0.08

Correlation coefficients for circulating inflammatory markers and plasma ceramides. IFNγ indicates interferon γ; IL, interleukin; and TNFα, tumor necrosis 
factor α.

Table 9. Plasma Ceramide Levels Stratified by the Use of 
Lipid- Lowering Therapy

Plasma ceramide
No lipid 
therapy* (n=60)

Lipid- lowering 
therapy* (n=60) P value

18:0, μmol/L 0.08 (0.07; 0.12) 0.10 (0.07; 0.13) 0.096

16:0, μmol/L 0.29 (0.26; 0.35) 0.28 (0.24; 0.31) 0.305

24:1, μmol/L 0.78 (0.69; 0.93) 0.77 (0.63; 0.96) 0.813

24:0, μmol/L 3.05 (2.73; 3.87) 2.93 (2.68; 3.43) 0.950

16:0/24:0 0.09 (0.08; 0.11) 0.09 (0.08; 0.11) 0.337

18:0/24:0 0.03 (0.02; 0.04) 0.03 (0.03; 0.04) 0.037

24:1/24:0 0.25 (0.22; 0.31) 0.26 (0.21; 0.32) 0.620

*Data are presented as median (interquartile range).
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Ceramides and Endothelial- Dependent 
Vascular Dysfunction
To assess the relationship between plasma ceramide lev-
els and endothelial function exclusively, we excluded in-
dividuals with non- endothelium- dependent CFR defined 
as CFR ≤2. A subanalysis isolating patients with predom-
inant endothelial- dependent vascular dysfunction (n=78) 
was then performed with the same age- matched and 
sex- matched controls (n=30) without CED (Table 12).

A 2- tailed t test demonstrated a significant differ-
ence in the levels of plasma ceramides 16:0 (P=0.038), 
24:0 (P=0.01), and 24:1/24:0 (P=0.011) between the pa-
tient and control groups (Table 13). A linear regression 
adjusted for cardiovascular risk factors and confound-
ing lipids examining the independent association of 
plasma ceramides and CED was performed using the 
previously described 3 models. Restricted change in 
coronary artery diameter in response to acetylcholine 
was associated with high circulating levels of ceramide 

Table 10. Association Between Plasma Ceramides and 
CFR

Adjusted model
Standardized β 
coefficient P value

1

Age −0.01 0.170

Sex −0.20 0.116

Plasma ceramides 
18:0/24:0

−9.78 0.034

2

Age −0.01 0.169

Sex −0.22 0.108

Hypertension 0.09 0.426

Diabetes −0.06 0.718

Hyperlipidemia −0.04 0.757

Lipid- lowering drug use 0.02 0.869

Plasma ceramides 
18:0/24:0

−9.88 0.040

3

Age −0.01 0.114

Sex −0.19 0.180

Hypertension 0.06 0.599

Diabetes −0.01 0.964

Hyperlipidemia −0.02 0.873

Lipid- lowering drug use −0.01 0.961

LDL cholesterol −0.01 0.115

Non- HDL cholesterol 0.01 0.097

Plasma ceramides 
18:0/24:0

−12.80 0.016

1

Age −0.01 0.123

Sex −0.19 0.148

Plasma ceramides 
16:0/24:0

−5.35 0.014

2

Age −0.01 0.162

Sex −0.22 0.115

Hypertension 0.07 0.560

Diabetes −0.06 0.741

Hyperlipidemia −0.07 0.637

Lipid- lowering drug use −0.03 0.803

Plasma ceramides 
16:0/24:0

0.016

3

Age −0.01 0.091

Sex −0.19 0.185

Hypertension 0.03 0.783

Diabetes −0.02 0.941

Hyperlipidemia −0.05 0.735

Lipid- lowering drug use −0.05 0.761

LDL cholesterol −0.00 0.454

 (Continued)

Adjusted model
Standardized β 
coefficient P value

Non- HDL cholesterol −0.00 0.405

Plasma ceramides 
16:0/24:0

−5.57 0.015

1

Age −0.01 0.154

Sex −0.20 0.117

Plasma ceramides 
24:1/24:0

−1.38 0.044

2

Age −0.01 0.175

Sex −0.23 0.094

Hypertension 0.10 0.409

Diabetes −0.06 0.727

Hyperlipidemia −0.06 0.671

Lipid- lowering drug use −0.02 0.878

Plasma ceramides 
24:1/24:0

−1.42 0.044

3

Age −0.01 0.113

Sex −0.20 0.164

Hypertension 0.06 0.613

Diabetes −0.02 0.908

Hyperlipidemia −0.02 0.888

Lipid- lowering drug use −0.08 0.601

LDL cholesterol −0.01 0.140

Non- HDL cholesterol 0.01 0.146

Plasma ceramides 
24:1/24:0

−1.74 0.022

Linear regression models consecutively adjusted for cardiovascular risk 
factors and lipids. HDL indicates high- density lipoprotein; and LDL, low- 
density lipoprotein.

Table 10. (Continued)
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18:0/24:0 when adjusted for age, sex, and cardiovas-
cular comorbidities (β, −418; P=0.020), but not when 
further adjusted for LDL cholesterol and non- HDL 
cholesterol (Table 14). There was no linear association 
between change in coronary blood flow in response to 
acetylcholine and circulating plasma ceramide levels.

Table 15 details significant multivariable logistic regres-
sion models. We observed a significant association be-
tween elevated circulating ceramides 16:0 (OR, 5.17×105 
[95% CI, 2.83– 9.44×1010]; P=0.033), 24:0 (OR, 2.98 [95% 
CI, 1.27– 7.00]; P=0.012), and 24:1/24:0 (OR, 4.39 ×10−4 
[95% CI, 4×10−7– 0.48]; P=0.030) and CED in all models 
progressively adjusted for age, sex, cardiovascular risk 
factors, and confounding lipids. Ceramides 18:0, 24:1, 
18:0/24:0, and 16:0/24:0 were not associated with CED.

Elevated Ceramides in the Prediction of 
CED
A receiver operating characteristic curve among all 
study participants suggested plasma ceramides 18:0 

Table 11. Association Between Circulating Plasma 
Ceramides and CED

Adjusted model
Odds 
ratio 95% CI P value

1

Age 0.99 0.95– 1.04 0.819

Sex 0.82 0.29– 2.31 0.704

Plasma ceramide 18:0, 
μmol/L

7.26×105 1.32– 3.99×1011 0.045

2

Age 1.00 0.95– 1.04 0.897

Sex 0.85 0.28– 2.59 0.777

Hypertension 0.61 0.25– 2.59 0.285

Diabetes 0.75 0.20– 2.88 0.677

Hyperlipidemia 1.25 0.43– 3.63 0.679

Lipid- lowering drug use 1.50 0.55– 4.04 0.428

Plasma ceramide 18:0, 
μmol/L

4.73×105 0.49– 
4.55×1011

0.063

3

Age 1.00 0.96 – 1.05 0.875

Sex 0.76 0.25– 2.35 0.640

Hypertension 0.69 0.27– 1.75 0.439

Diabetes 0.68 0.17– 2.74 0.592

Hyperlipidemia 1.00 0.30– 3.30 0.996

Lipid- lowering drug use 1.82 0.57– 5.87 0.311

LDL cholesterol 1.03 0.99– 1.08 0.154

Non- HDL cholesterol 0.97 0.93– 1.01 0.182

Plasma ceramide 18:0, 
μmol/L

1.10×107 0.87– 1.40×1014 0.052

1

Age 0.99 0.95– 1.04 0.824

Sex 0.69 0.23– 2.10 0.516

Plasma ceramide 24:0, 
μmol/L

2.12 1.10– 4.08 0.024

2

Age 1.00 0.95– 1.05 0.940

Sex 0.80 0.24– 2.65 0.716

Hypertension 0.51 0.19– 1.34 0.172

Diabetes 0.82 0.21– 3.29 0.783

Hyperlipidemia 1.22 0.40– 3.75 0.723

Lipid- lowering drug use 1.84 0.64– 5.29 0.255

Plasma ceramide 24:0, 
μmol/L

2.33 1.15– 4.72 0.019

3

Age 1.01 0.96– 1.06 0.804

Sex 0.76 0.23– 2.53 0.658

Hypertension 0.57 0.21– 1.54 0.268

Diabetes 0.77 0.19– 3.10 0.709

Hyperlipidemia 1.09 0.33– 3.63 0.892

Lipid- lowering drug use 1.86 0.56– 6.16 0.309

LDL cholesterol 1.00 0.96– 1.05 0.908

Non- HDL cholesterol 1.00 0.96– 1.04 0.938

 (Continued)

Adjusted model
Odds 
ratio 95% CI P value

Plasma ceramide 24:0, 
μmol/L

2.23 1.07– 4.66 0.033

1

Age 1.00 0.96– 1.05 0.956

Sex 0.61 0.20– 1.84 0.377

Plasma ceramide 16:0, 
μmol/L

7.64×104 4.71– 1.24×109 0.023

2

Age 1.00 0.96– 1.05 0.868

Sex 0.67 0.20– 2.27 0.521

Hypertension 0.48 0.18– 1.27 0.139

Diabetes 0.88 0.22– 3.56 0.859

Hyperlipidemia 1.30 0.41– 4.07 0.658

Lipid- lowering drug use 1.69 0.57– 5.02 0.342

Plasma ceramide 16:0, 
μmol/L

3.06×105 7.64– 1.22×10 t 0.019

3

Age 1.01 0.97– 1.07 0.565

Sex 0.65 0.19– 1.07 0.489

Hypertension 0.54 0.20– 1.43 0.214

Diabetes 0.79 0.19– 3.28 0.750

Hyperlipidemia 1.28 0.38– 4.35 0.689

Lipid- lowering drug use 1.54 0.46– 5.13 0.481

LDL cholesterol 1.00 0.96– 1.05 0.922

Non- HDL cholesterol 0.99 0.96– 1.03 0.736

Plasma ceramide 16:0, 
μmol/L

1.91×106 11.93– 
3.07×1011

0.018

Logistic regression models consecutively adjusted for cardiovascular risk 
factors and lipids. HDL indicates high- density lipoprotein; and LDL, low- 
density lipoprotein.

Table 11. (Continued)
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(AUC, 0.64 [95% CI, 0.52– 0.76]; P=0.019) and 16:0 
(AUC, 0.64 [95% CI, 0.53– 0.75]; P=0.027) predicted 
CED with reasonable accuracy (Figure 2). Endothelial- 
dependent coronary dysfunction was predicted with 
reasonable accuracy by plasma ceramides 18:0 (AUC, 
0.63 [95% CI, 0.51– 0.75]; P=0.034), 24:0 (AUC, 0.64 
[95% CI, 0.53– 0.76]; P=0.021), and 24:1/24:0 (AUC, 
0.64 [95% CI, 0.53– 0.76]; P=0.022; Figure  3). A re-
ceiver operator curve was not significant when com-
bining subtypes of ceramide acyl species among all 
study participants (AUC, 0.53 [95% CI, 0.27– 0.59]; 
P=0.360) and with endothelial- dependent coronary 
dysfunction (AUC, 0.52 [95% CI, 0.44– 0.59]; P=0.675).

DISCUSSION
Summary of Findings
First, elevated levels of plasma ceramides 18:0, 24:0, 
and 16:0 are independently associated with early 
coronary atherosclerosis in the absence of epicardial 
coronary artery disease. Second, higher plasma lev-
els of circulating ceramides 18:0, 18:0/24:0, 16:0/24:0, 
and 24:1/24:0 are associated with abnormal micro-
vascular function. Third, in participants with predomi-
nant endothelium- dependent dysfunction, plasma 

ceramides 16:0, 24:0, and 24:1/24:0 are associated 
with CED. Thus, we present the first study associat-
ing elevated plasma ceramides with early coronary 
atherosclerosis. The current study supports a potential 
role of serum ceramides as a marker and a potential 
therapeutic target in early coronary atherosclerosis in 
humans.

Ceramides and Early Atherosclerosis
Despite our growing understanding of potential 
mechanisms and specific associations of individual 
ceramide acyl species and cardiovascular disease, lit-
erature associating individual ceramides with aspects 
of atherosclerosis remains largely inconsistent.14,29 
Scientists postulate that specific acyl species may 
be more associated with varying atherogenic path-
ways in humans– that is, ceramide is 18:0 associated 
with the inflammatory pathway, ceramide 16:0 is as-
sociated with the thrombotic pathway, and ceramide 
24:1 is associated with the LDL pathway of atherogen-
esis.11,17,29,30 In support of these associations, we pre-
sent data that further suggest an association between 
elevated circulating ceramide 18:0 and ceramide 16:0 
in humans with observed endothelial dysfunction re-
lated to early atherosclerosis. Furthermore, a linear 
association shows a positive association between hs- 
CRP and circulating ceramide 18:0, which may be in 
part attributed to its role in the inflammatory pathway 
of atherosclerosis.

Studies examining the association between cera-
mide 24:0 and cardiovascular disease are widely in-
consistent, and our overall understanding of their role 
in atherogenesis in humans remains limited; however, 
there may be a role in early atherosclerosis as alluded 
to by our findings. Traditionally, the abundant very- 
long- chain sphingolipid ceramide 24:0 has been mea-
sured to normalize other circulating ceramide species 
relative to its abundance. Interestingly, our findings 
suggest an inverse correlation between ceramide 24:0 
and early coronary atherosclerosis. When we exam-
ine patients with endothelium- dependent dysfunction 
(CFR >2), the normalized ratio ceramide 24:1/24:0 is 
further associated with early atherosclerosis, which 
may suggest the role of ceramides in the LDL pathway 
in these participants. We interpret these findings with 
the understanding that atherogenesis is a progressive 
and dynamic process over time and that these asso-
ciations may be unique to participants with early coro-
nary atherosclerosis.

Existing literature remains inconsistent regarding 
the specific consequence of elevated individual cera-
mides. Clinically, ceramide 16:0 has repeatedly been 
shown to be associated with recurrent MACE and 
acute coronary syndrome, whereas ceramide 18:0 
appears to be associated with MACE alone.16,21,31,32 

Table 12. Demographics and Clinical Characteristics 
of Participants With Normal Endothelial Function and 
Endothelium- Dependent Dysfunction

Variable
Patients*
(n=78)

Controls*
(n=30) P value

Age, y 54±10 57±9 0.839

Female sex 59 (76) 24 (80) 0.634

BMI, kg/m2 30±6 28±5 0.274

Systolic blood pressure, 
mm Hg

125±17 120 (112; 
130)

0.540

Diastolic blood pressure, 
mm Hg

76±9 74 (70; 80) 0.638

Smoking status

Never smoked 50 (64) 17 (57) 0.800

Former smoker 24 (31) 10 (33) 0.800

Current smoker 4 (5) 3 (10) 0.362

Hypertension 32 (59) 15 (50) 0.404

Diabetes 10 (13) 4 (13) 0.944

Hyperlipidemia 47 (60) 14 (47) 0.206

eGFR, mL/min per 1.73 m2 75±15 74 (61; 92) 0.681

Aspirin use 50 (64) 19 (63) 0.941

β- blocker use 37 (47) 9 (30) 0.103

Lipid- lowering drug use 41 (53) 12 (40) 0.246

Antihypertensive use 23 (29) 11 (37) 0.476

BMI indicates body mass index; and eGFR, estimated glomerular filtration 
rate.

*Data are presented as number (percentage), mean±SD, or median 
(interquartile range).
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The most inconsistent data exist for the association 
of circulating ceramide 24:0 and cardiovascular dis-
ease. Most large studies investigating the association 
between cardiovascular disease and ceramide 24:0 
remain consistent and observe no association.13,22,31 
Few other studies suggest an inverse association 
between ceramide 24:0 and coronary atherosclero-
sis. An examination of ceramide 24:0 in patients from 
the Framingham Heart Study and Study of Health in 
Pomerania in participants with coronary artery disease 
observed the relative risk of coronary artery disease for 
each 3- unit increase in ceramide 24:0 was 0.79 when 
adjusted for confounding lipids and cardiovascular risk 
factors.19 Additional studies have supported that ele-
vated levels of ceramide 24:0 may be associated with a 
lower risk of cardiovascular event in patients with pre-
existing coronary artery disease.22,30,33 Our study inter-
estingly finds a positive association between ceramide 
24:0 in participants with early coronary atherosclerosis. 
Discrepancies in specific associations may be in part 
secondary to population selection (ie, healthy partici-
pants with stable coronary disease, participants with 
heart failure, population studies). Our particular cohort 

with early coronary disease and endothelial dysfunc-
tion remains unique and distinct from the populations, 
which likely underlie our specific findings.

Elevated Plasma Ceramides and Non- 
Endothelium- Dependent Dysfunction
The mechanistic role of ceramides in endothelial 
and microvascular dysfunction is likely multifacto-
rial. Ceramides are biologically active lipids key to 
cell membrane integrity and are either synthesized 
de novo or transported by LDL into the endothelium 
where they facilitate various metabolic pathways.34– 37 
Notably, ceramides have been observed to mediate 
endothelium- dependent flow- induced dilation by fa-
cilitating the production of endothelium- derived hydro-
gen peroxide rather than the preferred nitrous oxide.38 
Although this process may to an extent preserve flow- 
induced dilation in an early atherosclerotic artery, hy-
drogen peroxide leads to adverse consequences to 
endothelial function over time.39– 41 In addition to the 
chemical consequence of these bioactive lipids, cer-
amides add structural consequence to arteries by 

Table 13. Coronary Angiography and Lipid Data of Participants With Normal Endothelial Function and Endothelium- 
Dependent Dysfunction

Variable Patients* n Controls* n P value

CFR 2.7 (2.3– 2.9) 78 3.2 (2.8; 3.7) 30 <0.000

ΔCBF, % −8.7 (−34; 24) 78 114 (89; 161) 30 <0.000

ΔCAD, % −27 (−40; −11) 78 −4 (−11; 1) 30 <0.000

Myocardial infarction– heart ceramide risk score 3.5 (2; 5) 78 2.5 (1; 4) 30

Risk category

Higher risk 1 (1) 78 1 (3) 30 0.483

Increased risk 8 (10) 78 3 (10) 30 0.919

Moderate risk 34 (44) 78 11 (37) 30 0.518

Lower risk 35 (45) 78 15 (50) 30 0.636

Lipid profile

Total cholesterol, mmol/L 185 (165; 206) 76 177 (160; 208) 29 0.681

LDL cholesterol, mmol/L 105 (84; 121) 76 100 (84.5; 107.5) 29 0.437

Non- HDL cholesterol, mmol/L 129 (103; 151) 76 58 (46; 76) 29 0.501

Triglycerides, mmol/L 112 (82; 140) 75 107 (74.5; 131) 29 0.454

Plasma ceramides

18:0, μmol/L 0.09 (0.07; 0.13) 78 0.08 (0.06; 0.10) 30 0.060

16:0, μmol/L 0.29 (0.25; 0.33) 74 0.27 (0.24; 0.28) 28 0.038

24:1, μmol/L 0.77 (0.66; 0.94) 78 0.77 (0.65; 0.78) 30 0.945

24:0, μmol/L 3.07 (2.78; 3.85) 75 2.82 (2.54; 3.16) 29 0.007

16:0/24:0 0.09 (0.08; 0.10) 78 0.10 (0.08; 0.11) 30 0.563

18:0/24:0 0.03 (0.02; 0.04) 78 0.03 (0.02; 0.04) 30 0.466

24:1/24:0 0.24 (0.20; 0.29) 77 0.28 (0.23; 0.32) 29 0.011

ΔCAD indicates change in coronary artery diameter; ΔCBF, change in coronary blood flow; CFR, coronary flow reserve; HDL, high- density lipoprotein; and 
LDL, low- density lipoprotein.

*Data are presented as number (percentage) or median (interquartile range).
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progressively infiltrating plaque, further impairing mi-
crovascular function.

In early coronary artery disease, lower CFR is 
associated with higher levels of circulating plasma 
ceramides. Impaired non- endothelium- dependent 
dysfunction (typically when CFR <2.5) has been 
used as a marker to predict the development of car-
diovascular events such as heart failure, chest pain, 
ischemia, recurrent hospitalizations, long- term ad-
verse cardiovascular outcomes, and acute coro-
nary syndrome.5,42,43 In our cohort with no coronary 
artery stenosis, impaired dilation represents non- 
endothelium- dependent dysfunction (typically when 
CFR <2.5). We found lower CFR to be associated 
with higher plasma levels of ceramides 18:0/24:0, 
16:0/24:0, and 24:1/24:0. This association may be in 
part secondary to changes in endothelial reactive ox-
ygen species related to vascular ceramide infiltration. 
Ceramide- infiltrated endothelium favors hydrogen 
peroxide rather than physiologically preferred NO as a 
mediator of flow- induced dilation. Compounded struc-
tural change of endothelium by early lipid infiltration 

Table 14. Association Between Plasma Ceramides and 
Change in Coronary Artery Diameter in Study Participants 
With Endothelium- Dependent Vascular Dysfunction (CFR 
>2)

Adjusted model
Standardized β 
coefficient P value

1

Age 0.44 0.032

Sex 10.20 0.033

Plasma ceramides 18:0/24:0 −428.86 0.016

2

Age 0.53 0.011

Sex 9.25 0.056

Hypertension −4.68 0.262

Diabetes 9.44 0.149

Hyperlipidemia −5.12 0.378

Lipid- lowering drug use −6.59 0.242

Plasma ceramides 18:0/24:0 −418.38 0.020

3

Age 0.45 0.031

Sex 9.11 0.072

Hypertension −3.69 0.389

Diabetes 10.28 0.149

Hyperlipidemia −6.61 0.275

Lipid- lowering drug use −2.53 0.676

LDL cholesterol 0.59 0.017

Non- HDL cholesterol −0.51 0.020

Plasma ceramides 18:0/24:0 −322.55 0.084

HDL indicates high- density lipoprotein; and LDL, low- density lipoprotein.

Table 15. Association Between Elevated Circulating 
Plasma Ceramides and Endothelium- Dependent Vascular 
Dysfunction (CFR >2)

Adjusted model Odds ratio 95% CI P value

1

Age 1.00 0.92– 1.04 0.919

Sex 0.62 0.20– 1.92 0.407

Plasma ceramide 
16:0, μmol/L

3.05×104 1.79– 5.20×108 0.038

2

Age 1.00 0.95– 1.05 0.996

Sex 0.70 0.20– 2.43 0.573

Hypertension 0.46 0.17– 1.23 0.123

Diabetes 0.93 0.22– 3.84 0.917

Hyperlipidemia 1.50 0.45– 4.96 0.511

Lipid- lowering drug 
use

1.36 0.43– 4.31 0.595

Plasma ceramide 
16:0, μmol/L

7.97×104 2.04– 2.88×109 0.036

3

Age 1.01 0.96– 1.06 0.692

Sex 0.67 0.19– 2.36 0.535

Hypertension 0.53 0.20– 1.44 0.214

Diabetes 0.81 0.19– 3.49 0.781

Hyperlipidemia 1.48 0.42– 5.23 0.545

Lipid- lowering drug 
use

1.33 0.38– – 4.60 0.653

LDL cholesterol 1.01 0.96– 1.06 0.689

Non- HDL cholesterol 0.99 0.95– 1.03 0.546

Plasma ceramide 
16:0, μmol/L

5.17×105 2.83– 9.44×1010 0.033

1

Age 0.99 0.94– 1.03 0.564

Sex 0.77 0.25– 2.44 0.664

Plasma ceramide 
24:0, μmol/L

2.59 1.26– 5.32 0.010

2

Age 0.99 0.94– 1.04 0.664

Sex 0.98 0.28– 3.42 0.973

Hypertension 0.45 0.16– 1.22 0.117

Diabetes 1.06 0.24– 4.55 0.942

Hyperlipidemia 1.25 0.38– 4.16 0.715

Lipid- lowering drug 
use

1.71 0.54– 5.38 0.362

Plasma ceramide 
24:0, μmol/L

3.02 1.35– 6.77 0.007

3

Age 1.00 0.95– 1.05 0.874

Sex 0.96 0.27– 3.41 0.949

Hypertension 0.50 0.18– 1.39 0.184

Diabetes 0.97 0.22– 4.24 0.969

Hyperlipidemia 1.20 0.34– 4.25 0.779

Lipid- lowering drug 
use

1.68 0.48– 5.93 0.418

 (Continued)
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further limits the dilatory capacity of coronary vessels 
and overall results in limited CFR.44

Few other studies highlight the association of circu-
lating ceramides and impaired vascular hemodynamics 
in early coronary disease. A prospective community- 
based cohort study demonstrated decreased survival 
free of stroke and myocardial infarction participants with 
an average burden of coronary artery disease and el-
evated plasma ceramides 18:0/24:0 (hazard ratio [HR], 
3.00 [95% CI, 1.17– 7.68]) and 24:1/24:0 (HR, 2.93 [95% 
CI, 1.52– 5.67]).21 Interestingly, ceramide 24:1/24:0 was 
identified in this study as a marker for high cardiovascu-
lar risk in patients with a low atherosclerotic cardiovas-
cular disease risk score. This highlights the suspicion 
that ceramides are not only constituents of obstruc-
tive plaque but are also drivers of endothelial disease, 
which carries a risk for adverse cardiac outcomes in-
dependent of coronary plaque burden.17,20,21,45 In the 
The European Collaborative Project on Inflammation 
and Vascular Wall Remodeling in Atherosclerosis- 
Intravascular Ultrasound study examining 581 patients 
with coronary artery disease, elevated plasma ceramide 
16:0/24:0 was associated with vulnerable plaque char-
acteristics determined by intravascular ultrasound and 
MACE.46 Endothelial dysfunction is known to be associ-
ated with characteristics of vulnerable plaque. Although 
mounting clinical science increases our suspicion for 
ceramides as possible independent drivers of endothe-
lial dysfunction and eventual coronary atherosclerosis, 
further direct investigation in humans is needed to sup-
port these observations. Our novel findings associate 
elevated circulating ceramides in a unique cohort of 
patients at the earliest detectable stages of coronary 
artery disease and emphasize their potential role in the 
contribution of impaired vascular hemodynamics.

Adjusted model Odds ratio 95% CI P value

LDL cholesterol 1.01 0.96– 1.06 0.737

Non- HDL cholesterol 0.99 0.95– 1.03 0.664

Plasma ceramide 
24:0, μmol/L

2.98 1.27– 7.00 0.012

1

Age 0.99 0.95– 1.04 0.804

Sex 0.93 0.32– 2.70 0.888

Plasma ceramides 
24:1/24:0

4.63×10−4 8.80×10−7– 0.24 0.016

2

Age 0.99 0.95– 1.04 0.759

Sex 1.06 0.34– 3.31 0.921

Hypertension 0.54 0.21– 1.41 0.212

Diabetes 0.76 0.19– 3.08 0.702

Hyperlipidemia 1.93 0.60– 6.24 0.272

Lipid- lowering drug 
use

1.27 0.41– 3.90 0.676

Plasma ceramides 
24:1/24:0

3.65×10−4 5.64×10−7– 0.24 0.017

3

Age 1.00 0.95– 1.05 0.967

Sex 1.05 0.32– 3.43 0.931

Hypertension 0.60 0.23– 1.59 0.306

Diabetes 0.73 0.17– 3.06 0.666

Hyperlipidemia 1.64 0.47– 5.66 0.438

Lipid- lowering drug 
use

1.28 0.37– 4.44 0.698

LDL cholesterol 1.00 0.95– 1.05 0.975

Non- HDL cholesterol 1.00 0.96– 1.04 0.949

Plasma ceramides 
24:1/24:0

4.39×10−4 4×10−7– 0.48 0.030

HDL indicates high- density lipoprotein; and LDL, low- density lipoprotein.

Table 15. Continued

Figure 2. Predictive assessment of plasma ceramides levels in coronary endothelial dysfunction.
AUC indicates area under the curve; and Cer, ceramide.
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Coronary Artery Diameter
We observe impaired coronary artery dilation related to 
elevated plasma ceramide levels. Change in coronary 
artery diameter in response to intracoronary admin-
istration of acetylcholine can be used to evaluate the 
endothelium- dependent flow– diameter relationship 
of coronary arteries. A normal endothelial response 
to acetylcholine is vasodilation, whereas an abnor-
mal response is either no change in coronary artery 
diameter or vasoconstriction.47 This normal coronary 
vasodilation occurs under balanced circumstances. 
Intravascular acetylcholine acts on endothelial mus-
carinic receptors that facilitate smooth muscle vaso-
constriction and endothelial- mediated NO release; 
the summative effect in normal physiology is vessel 
dilation. In normal endothelium, this smooth muscle 
vasoconstriction is counteracted by NO- mediated vas-
odilation, resulting in overall coronary dilation following 
acetylcholine exposure. If a coronary artery vasocon-
stricts following acetylcholine exposure, we presume 
that acetylcholine acts on smooth muscle muscarinic 
receptors to vasoconstrict in an environment unop-
posed by NO activity. The consequent imbalance sig-
nifies endothelial dysfunction.12 Among patients with 
predominant endothelium- dependent dysfunction, we 
observed an association between elevated levels of 
ceramides 18:0/24:0 and coronary artery dilation in re-
sponse to intracoronary acetylcholine. These findings 
suggest endothelial cell rather than smooth muscle 
dysfunction. Recent evidence supports the potential 
role of ceramides 18:0/24:0 in advanced coronary ath-
erosclerosis. Meeusen et al observed an association 
between elevated plasma ceramides 18:0/24:0 and 
MACE when adjusted for cardiovascular risk factors 

in participants undergoing nonurgent coronary angi-
ography. Of these participants, 54% were observed to 
have obstructive coronary artery disease.13 Our find-
ings extend previous observations by highlighting an 
association between CED and specifically elevated 
plasma ceramide species implicated in adverse out-
comes of advanced coronary disease.

Limitations
Several limiting factors of this case- control analysis 
should be discussed. First, our retrospective analysis 
examined the clinical association between elevated 
plasma ceramides and early coronary atheroscle-
rosis. We did not examine the biologic and patho-
physiologic mechanisms that may underly these 
associations. Regarding angiographic evaluation, oc-
cult atherosclerosis not observed by the procedural 
operator may confound vascular hemodynamic data 
and may not be specific to microcirculation abstrac-
tion. The implications of the associations highlighted 
by this study require future validation. Lastly, in the 
current analysis, multiplicity control methodologies 
were not employed.

CONCLUSIONS
In conclusion, we present evidence that supports 
the association between elevated plasma ceramides 
and early coronary atherosclerosis defined by en-
dothelial dysfunction and absence of obstructive cor-
onary artery disease. We speculate the mechanism 
of injury to be related to smooth muscle damage as 
suggested by our presented association of plasma 

Figure 3. Predictive assessment of plasma ceramide levels in coronary endothelial dysfunction 
in patients with endothelium- dependent dysfunction.
AUC indicates area under the curve; and Cer, ceramide.
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ceramides and CFR. Emerging data further suggest 
systemic vascular implications of elevated plasma 
ceramide levels, including stroke.48– 50 Circulating 
plasma ceramides may be a novel therapeutic target 
and could be used to stratify risk. Emerging stud-
ies suggest therapies that reduce circulating plasma 
ceramides; however, further studies are required 
to determine the long- term outcomes of ceramide- 
lowering therapy on outcomes.51,52 Further studies 
are needed to investigate the effects of lowering 
plasma ceramide levels in patients with CED on car-
diovascular outcomes.
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SUPPLEMENTAL MATERIAL



Figure S1. Plasma ceramide levels between case and reference groups including outliers

Plasma ceramide levels between case and reference groups without statistical significance were examined. 
Red dots illustrate data beyond two standard deviations from the mean. 
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