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Abstract
Background Cardiovascular disease (CVD) remains the leading cause of death worldwide. The main driving 
force behind this association is coronary artery disease (CAD), the manifestation of atherosclerosis in the coronary 
circulation. Cornerstones in the development of CAD are pathologies in lipid metabolism. In recent years, ongoing 
research has identified ceramides, a subclass of sphingolipids to be mediators of CVD. The aim of this study is to 
investigate the influence of type II diabetes mellitus (DM) on circulating ceramides and hexosylceramides (HexCers) in 
CAD patients.

Methods 24 patients aged 40–90 years with CAD confirmed by angiography were included into a pilot study. 
Patients with DM were identified by analysis of discharge letters or other medical documents available at the study 
center. During coronary angiography, arterial blood samples were collected and quantification of sphingolipids in 
patient serum was performed by mass spectrometry.

Results Statistical analysis showed nine significantly different HexCers in CAD patients with DM compared to 
patients without DM. Among the nine significantly regulated HexCers, we identified seven d18:1 HexCers. This group 
contributes to the fourth most abundant subgroup of total ceramides and HexCers in this dataset. HexCer-d18:1–
23:1(2-OH) showed the strongest downregulation in the patient group with DM.

Conclusion This study suggests that levels of circulating HexCers are downregulated in patients with CAD and 
concomitant DM compared to patients without DM. Further research is needed to investigate the underlying 
mechanisms and the suitability of HexCers as possible mediators and/or prognostic markers in CAD.
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Background
Cardiovascular disease (CVD) remains the leading cause 
of death worldwide. The main driving force behind this 
association is coronary artery disease (CAD), the mani-
festation of atherosclerosis in the coronary circulation [1, 
2]. CAD is a chronic condition which is characterized by 
inflammation, endothelial dysfunction and plaque forma-
tion within the coronary arteries [2, 3]. Diabetes mellitus 
(DM) is well known to be a highly aggressive cardiovas-
cular risk factor that leads to a two-fold increased risk for 
development of CAD [2]. Among different types of DM, 
type II accounts for the majority of cases [4]. The preva-
lence of DM is expected to continue to grow in parallel 
with increasing rates of unhealthy lifestyle, obesity and 
overnutrition in western and developing countries [4]. 
Cornerstones in the development of CAD are patholo-
gies in lipid metabolism which is an ongoing focus of 
clinical and experimental research. A recently published 
study investigating the genetic and molecular profile of 
the adiponectin metabolic pathway in diabetic dyslip-
idemia found a complex interplay of genetic and bio-
chemical parameters in diabetic dyslipidemia, which is 
significant from the perspective of risk stratification and 
novel therapeutic strategy development [5]. In recent 
years, research has identified ceramides, a subclass of 
sphingolipids to be mediators of CVD [6]. Ceramides can 
be produced by all cell-types by de-novo synthesis, via 
the sphingomyelinase, or by the catabolic/salvage path-
way [7]. Ceramides play a role in several physiological 
processes such as regulating vascular tone [8]. Observa-
tional studies have identified certain circulating ceramide 
subspecies containing C16.0 and C18.0 acyl groups to 
be associated with increased cardiovascular risk [9, 10]. 
Based on these studies, ceramide risk scores have been 
developed for clinical assessment of cardiovascular risk 
which showed promising results in a large community 
based cohort [11]. On a cellular level, ceramides have 
been linked to pathophysiological hallmarks of athero-
sclerosis such as endothelial dysfunction. Interestingly, 
ceramides were shown to promote endothelial apopto-
sis under hyperglycemic conditions [12, 13]. Ceramides 
have been shown to be involved in development of insu-
lin resistance, a crucial pathophysiological feature of type 
II DM [14]. Furthermore, pharmacological inhibition of 

serine palmitoyl transferase which is crucial for sphin-
golipid de novo synthesis is able to prevent insulin resis-
tance in mice [15]. These findings suggest that ceramide 
metabolism is involved in the pathophysiology of DM 
and may also promote CVD.

Thus, ceramides are suitable as circulating diagnostic 
markers and may represent targets for pharmacologi-
cal therapies. However, information on the regulation 
of ceramide levels in patients with DM and established 
CAD are lacking. The ceramide metabolism is central for 
sphingolipid synthesis and degradation and it is involved 
a complex network of enzymes, in which ceramide mol-
ecules can be modified on a molecular level [7]. This 
results in different ceramide-derived sphingolipids with 
distinct biological features. One example is the enzymatic 
addition of a hexose molecule (glucose or galactose) 
resulting in complex sphingolipids named hexosylce-
ramides (HexCers) [16]. While the biological function of 
highly abundant, unmodified ceramides has already been 
described, the role of less abundant, HexCers has been 
insufficiently investigated with respect to cardiovascular 
disease [16]. The aim of the present study is to investigate 
the influence of type II DM on plasma-levels of high and 
low-abundant ceramides and HexCers in patients with 
CAD.

Methods
Study population
Patients that underwent routine coronary angiogra-
phy between January and May 2019 at the Heart Center 
Bonn provided written informed consent to be included 
into a pilot study. A retrospective analysis was per-
formed to identify eligible patients. Inclusion criteria 
were CAD which was confirmed during angiography 
and an age between 40 and 90 years. Patients with type 
II DM were identified by analysis of discharge letters or 
medical charts available at the study center. Prevalence of 
cardiovascular risk factors as well as information about 
pharmacological therapies were analyzed from discharge 
letters. Patients with CAD and without type II DM rep-
resent the control group (Fig. 1). Exclusion criteria were 
severe liver disease, inflammatory or malignant disease, 
potential pregnancy, leukopenia, thrombocytopenia, and 
psychotic disease.

Fig. 1 Flowchart of the Study protocol
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Blood sample collection and preparation
During coronary angiography, arterial blood samples 
were collected under sterile conditions via the femoral 
or radial sheath. For sphingolipid analyses, a total of 1.5 
ml was transferred in an EDTA tube. Blood samples were 
centrifuged in three cycles at 4 °C for 15 min with 3000 g 
to collect plasma for further analyses.

Mass spectrometric quantification of sphingolipids
Quantification of sphingolipids in patient serum was per-
formed by using a QTRAP 6500 + LC–MS/MS system 
(Sciex, Darmstadt), as described previously [17].

Statistics
Statistical analyses were performed with the software 
Prism9. Statistical details are displayed in the figure 

legends. For multiple testing, mass spectrometric analy-
sis of patients were analyzed by Mann-Whitney U test 
to compare differences between patients with DM and 
without DM. As post hoc analysis, a false discovery rate 
(FDR) approach was performed by using two-stage step-
up method of Benjamini, Krieger and Yekutieli with a 
desired q-value of 5%.

Results
Patient characteristics
Overall, a total of 24 patients were enrolled in the study. 
13 patients had established type II DM and 11 patients 
without DM served as a control group. Patient charac-
teristics are displayed in Table  1. Mean age in the DM 
cohort was 69.3 years vs. 72.2 years in the control group. 
According to the study design, all patients were diag-
nosed with CAD during coronary angiography. In the 
DM group, more patients were treated with percutane-
ous coronary intervention during coronary angiogra-
phy (100.0% vs. 72.7%). Furthermore, patients with DM 
showed a higher prevalence of cardiovascular risk factors 
such as hypertension (84.6% vs. 63.6%) or chronic kidney 
disease (69.2% vs. 36.4%), whereas patients without DM 
showed a higher prevalence of dyslipidemia (84.6% vs. 
90.9%).

Sphingolipid analysis in patient serum
We first evaluated our dataset regarding the absolute 
abundance of single molecular species of ceramides, as 
a high abundance may be an indicator for biological rel-
evance of these molecules. Quantitative analysis revealed 
that d18:1 ceramide are the most abundant molecular 
species of ceramides in our dataset (Fig.  2A). Statisti-
cal analysis showed that a total of 9 molecular species 
of HexCers (Fig.  2C) were found in significantly lower 
plasma concentrations in patients with DM compared to 
patients without DM (Fig.  2B). These analyses demon-
strate a significant downregulation of HexCers in CAD 
patients with DM compared to patients without DM. 
Among the 9 significantly regulated HexCers, we identi-
fied 7 d18:1 HexCers that contribute to the fourth most 
abundant subgroup of ceramides and HexCers in our 
dataset. HexCer-d18:1–23:1(2-OH) showed the strongest 
downregulation under the influence of DM.

Discussion
In this study, we investigated the influence of DM on cir-
culating ceramides and HexCers in CAD patients with a 
high resolution lipidomic approach. Our findings demon-
strate that DM is associated with a lower levels of circu-
lating HexCers in the peripheral blood of CAD patients.

HexCers are a class of glycosphingolipids. Their 
structure is characterized through a hydrophilic hex-
ose (glucose or galactose) as well as a hydrophobic 

Table 1 Patient characteristics. CAD; coronary artery disease, 
DM; diabetes mellitus
Patient characteristics Type II DM

(n = 13)
No DM
(n = 11)

Total
(n = 24)

Age – years (mean ± SD) 69.3 ± 13.1 72.2 ± 10.3 70.6 ± 1.7
Male sex – no. (%) 9 (69.2) 8 (61.5) 17 (70.8)
Coronary artery disease – no. (%) 13 (100.0) 11 (100.0) 24 

(100.0)
1 vessel CAD – no. (%) 1 (7.7) 2 (18.2) 3 (12.5)
2 vessel CAD – no. (%) 5 (38.5) 3 (27.3) 8 (33.3)
3 Vessel CAD – no. (%) 7 (53.9) 6 (54.6) 13 (54.2)
Percutaneous coronary interven-
tion during coronary angiogra-
phy – no. (%)

13 (100.0) 8 (72.7) 21 (87.5)

Left ventricular ejection fraction in ventriculography
> 50% 10 (76.9) 7 (63.6) 17 (70.8)
40–49% 2 (15.4) 1 (9.1) 3 (12.5)
< 40% 1 (7.7) 3 (27.3) 4 (18.2)
Cardiovascular risk factors
Type II DM – no. (%) 13 (100.0) 0 (0) 13 (54.2)
Arterial hypertension – no. (%) 11 (84.6) 7 (63.6) 18 (75.0)
Dyslipidemia – no. (%) 11 (84.6) 10 (90.9) 21 (87.5)
Smoking status
Current smoker – no. (%) 2 (15.4) 2 (18.2) 4 (18.2)
Quitter – no. (%) 5 (38.4) 3 (27.3) 8 (33.3)
No smoker – no. (%) 6 (46.2) 6 (54.6) 12 (50.0)
Chronic kidney disease – no. (%) 9 (69.2) 4 (36.4)
Antidiabetic medication at discharge n = 23
None 2 (15.4) 11 (100.0) 13 (56.5)
Insulin 2 (15.4) 0 (0) 2 (8.7)
Metformin 8 (61.5) 0 (0) 8 (34.8)
Gliptine 5 (38.4) 0 (0) 5 (21.7)
Sulfonylurea 1 (7.7) 0 (0) 1 (4.4)
SGLT2-Inhibitor 1 (7.7) 0 (0) 1 (4.4)
Lipid lowering therapies at discharge
Statin 11 (92.0) 11 (100.0) 22 (95.7)
Ezetemib 1 (8.3) 1 (9.1) 2 (8.7)
PCSK9-Inhibitors 1 (8.3) 0 (0) 1 (4.4)
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ceramide [16]. Glycosylation, i.e. the transfer of a glu-
cose or galactose moiety, is catalyzed by the enzymes 
UDP-glucose:ceramide glucosyltransferase (GlcCer-syn-
thase) or UDP-galactose:ceramide galactosyltransferase 
(GalCer-synthase), respectively [16]. Both enzymes are 
ubiquitously expressed in mammalian tissue [16, 18]. 
Glycosphingolipids are involved in numerous physi-
ological processes such as cell proliferation and inflam-
mation [16]. Pathologic alteration of these processes are 
cornerstones in the pathophysiology of atherosclerosis 

and thereby might be potential molecular mechanisms 
connecting CAD with altered HexCers metabolism [3, 
19]. The important physiological role of HexCers is high-
lighted by the fact that genetic knockdown of GlcCer-
synthase in a murine model is lethal at an embryonic 
stage [16]. This may be due to the fact, that GlcCers 
represent the basis for the synthesis of a large num-
ber of glycosphingolipids, which, on a cellular level, are 
involved in the regulation of differentiation, proliferation 
and cell growth [20]. Moreover, HexCers are biologically 

Fig. 2 (A) Mean absolute abundance of different molecular species of ceramides and HexCers in CAD patients. (B) Volcano plot of sphingolipid analysis 
of patients with DM vs. no DM. (C) Absolute abundance of significantly regulated sphingolipids between patients with DM and without DM. Data are 
displayed as mean ± SD. CAD, coronary artery disease; DM, diabetes mellitus; FDR, false discovery rate; SD, standard deviation
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active molecules that play a crucial role in a number of 
physiological processes. Experimental data suggest, that 
pharmacologic inhibition of GlcCer-synthase leads to 
a reduction of proliferation capability of renal epithelial 
cells [21]. Furthermore, RNA-interference of GlcCer-syn-
thase induces apoptosis in embryonal cells of Drosophila 
melanogaster [22]. Potential mechanisms for these pro-
proliferative and anti-apoptotic effects of HexCers might 
include an alteration of the intracellular “ceramide-pool”. 
A reduced synthesis of GlcCers was shown to lead to 
an increased synthesis of other ceramide-derived lipids, 
which might promote pathophysiological processes [16, 
22, 23]. To date, only few studies have investigated the 
influence of pathological glucose metabolism on circu-
lating HexCers. Thus, in a murine model of DM, hyper-
glycaemic conditions induced a higher concentration of 
HexCers in explanted tissue of the adrenal cortex [24]. In 
another study using ex vivo human tissue, no difference 
could be observed in HexCers concentration observed in 
ocula vitreous bodies between patients with and without 
DM [25].

Limitations of the present study are its small sample 
size and the retrospective, observational design. Further, 
we cannot conclude any mechanistic effect of DM on cir-
culating HexCers levels in the peripheral blood. Potential 
confounders of the observed effects such as potential dif-
ferences in the characteristics of the two patient groups 
or selection bias also remain. Further, the study was only 
conducted in CAD patients and does not allow conclu-
sions for patients without CAD.

Conclusion
Despite these limitations, our study suggests that lev-
els of circulating HexCers may be downregulated in 
patients with CAD and concomitant DM compared to 
patients without DM. Therefore this study may represent 
the foundation for future investigations of mechanisms 
of circulating HexCers in diabetic patients with CAD. 
These studies may lead to more insights to use circulat-
ing HexCers as diagnostic markers to identify high risk 
individuals among CAD patients. Future studies should 
cover both mechanistic investigations in cell culture and 
animal models and investigating clinical outcomes in a 
larger cohort of patients with altered levels of HexCers. 
Furthermore, advanced mechanistic insights in HexCers 
metabolism under pathologic conditions might identify 
potential therapeutic targets and novel pharmacological 
approaches.
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