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Abstract
Introduction  Three out of four people with diabetes will die of cardiovascular disease. However, the molecular mechanisms 
by which hyperglycemia promotes atherosclerosis, the major underlying cause of cardiovascular disease, are not clear.
Objectives  Three distinct models of hyperglycemia-associated accelerated atherosclerosis were used to identify commonly 
altered metabolites and pathways associated with the disease.
Methods  Normoglycemic apolipoprotein-E-deficient mice served as atherosclerotic control. Hyperglycemia was induced by 
multiple low-dose streptozotocin injections, or by introducing a point-mutation in one copy of insulin-2 gene. Glucosamine-
supplemented mice, which experience accelerated atherosclerosis to a similar extent as hyperglycemia-induced models with-
out alterations in glucose or insulin levels, were also included in the analysis. Untargeted plasma metabolomics were used to 
investigate hyperglycemia-associated accelerated atherosclerosis in three disease models. The effect of specific significantly 
altered metabolites on pro-atherogenic processes was investigated in cultured human vascular cells.
Results  Hyperglycemic and glucosamine-supplemented mice showed distinct metabolomic profiles compared to controls. 
Meta-analysis of three disease models revealed 62 similarly altered metabolite features (FDR-adjusted p < 0.05). Identification 
of shared metabolites revealed alterations in glycerophospholipid and sphingolipid metabolism, and pro-atherogenic processes 
including inflammation and oxidative stress. Post-multivariate and pathway analyses indicated that the glycosphingolipid 
pathway is strongly associated with hyperglycemia-induced accelerated atherosclerosis in these atherogenic mouse models. 
Glycosphingolipids induced oxidative stress and inflammation in cultured human vascular cells.
Conclusion  Glycosphingolipids are strongly associated with hyperglycemia-induced accelerated atherosclerosis in three dis-
tinct models. They also promote pro-atherogenic processes in cultured human cells. These results suggest glycosphingolipid 
pathway may be a potential therapeutic target to block or slow atherogenesis in diabetic patients.
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1  Introduction

Omics-based technologies have been used to map pathways 
and/or mechanisms involved in the etiology and pathogenesis 
of many human diseases. Metabolomics, the latest omics strat-
egy, offers novel insights into disease mechanisms, as the level 
of specific metabolites provides a direct functional readout of 
the physiological or pathological state of an organism (Fiehn 
2002; Patti et al. 2012). Recent advances in analytical and 
bioinformatic technologies allow for the characterization of 
thousands of metabolites, leading to the development of untar-
geted metabolomics. This type of approach involves the global 
analysis of the metabolome, which is the entire collection of 
metabolites in a biological specimen. Untargeted metabolomics 
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enables novel and/or unanticipated discoveries linking molecu-
lar pathways to biological phenotypes and/or genotypes.

The prevalence of diabetes is increasing dramatically world-
wide (Hossain et al. 2007; Patterson et al. 2009). Cardiovascu-
lar disease (CVD) is the leading cause of death in both type 1 
and type 2 diabetes (Haffner et al. 1998; Lehto et al. 2000). In 
fact, approximately three out of four diabetic patients will die 
of CVD. Atherosclerosis, a chronic inflammatory disease of the 
medium-large arteries, is the major underlying cause of most 
CVDs (Falk 2006; Ross 1993). This disease is characterized by 
the accumulation of lipids and inflammatory factors in the arte-
rial walls. Despite the progressive relationship between diabetes 
and CVD, the molecular mechanisms by which hyperglycemia, 
the defining characteristic of all types of diabetes mellitus, pro-
motes atherosclerosis are not clear (Glass and Witztum 2001; 
Shalhoub et al. 2014). This has impaired the development of 
strategies to block or slow atherogenesis in diabetic patients.

Animal-based studies offer a great opportunity to gain 
insight into the pathophysiological mechanisms of a disease 
due to ease of genetic and environmental manipulation and 
relatively short time frame for disease development. The apoli-
poprotein E-deficient (ApoE−/−) mouse model was chosen as 
the control, as it is a well-established model in which all recog-
nized stages of atherogenesis can be observed (Meir and Leit-
ersdorf 2004; Whitman 2004). This mouse model also devel-
ops complex atherosclerotic lesions that are morphologically 
very similar to those observed in humans (Nakashima et al. 
1993; Reddick et al. 1994). Hyperglycemia was induced by 
multiple low-dose streptozotocin (STZ) injections (Kunjathoor 
et al. 1996) or by introducing a point mutation in one copy of 
the insulin 2 gene (Ins2+/Akita) (Venegas-Pino et al. 2015). The 
glucosamine-supplemented ApoE−/− mouse model was also 
included. We have previously shown that ApoE−/− mice sup-
plemented with glucosamine, a downstream metabolite of glu-
cose, experience accelerated atherosclerosis to a similar extent 
as the hyperglycemia-induced models, without alterations in 
the levels of glucose or insulin (Dang et al. 2015). This mouse 
model serves as a valuable control for insulin in this study.

In this study, untargeted metabolomic techniques were used 
to investigate the molecular alterations by which STZ injec-
tion, glucosamine supplementation and Ins2+/Akita promote the 
accelerated development of atherosclerosis in ApoE−/− control 
mice. The use of multiple distinct models facilitates the identi-
fication of commonly altered metabolites and pathways, while 
avoiding model-specific artifacts.

2 � Materials and methods

2.1 � Animal models

This study used female mice to avoid the confounding 
effects of enhanced dyslipidemia observed in male Ins2+/Akita 

ApoE−/− mice, relative to male Ins2+/+ ApoE−/− mice (Vene-
gas-Pino et al. 2015). 5- to 6-week-old female ApoE−/− mice 
(B6.129P2-ApoEtm1Unc) were randomly divided into three 
groups: control, STZ-injected or glucosamine-supplemented. 
Multiple low-doses (40 mg/kg body weight/day for 10 days) of 
STZ (Sigma-Aldrich) were injected intraperitoneally to induce 
hyperglycemia. Glucosamine (5% w/v, Sigma-Aldrich) was 
supplemented in drinking water, which was given ad libitum. 
Female ApoE−/− mice were crossed with male ApoE−/−:Ins2+/

Akita mice to produce ApoE−/−:Ins2+/Akita offspring. All mice 
were given unrestricted access to water and standard chow 
diet (Harlan-Teklad) and were maintained on a 12-h light/dark 
cycle throughout the study. Mice were fasted for 6 h prior to 
sacrifice at and 15 weeks of age (n = 8/group). Fasting blood 
glucose was measured using an UltraMini blood glucose meter 
(OneTouch). Mice were anaesthetized with 3% isoflurane prior 
to blood collection (in K2EDTA tubes) by cardiac puncture. 
Mice were euthanized by cervical dislocation and vasculature 
was flushed with saline. Tissues were collected, snap-frozen 
in liquid nitrogen, and stored at − 80 °C. Fasting plasma insu-
lin was measured by enzyme-linked immunosorbent assay 
(CrystalChem). Plasma total cholesterol and triglycerides were 
measured using Infinity reagents (Thermo-Scientific).

2.2 � Histochemistry

Harvested hearts were fixed in 10% formalin. The hearts 
were cut and paraffin-embedded aortic sinus was sectioned 
at 5 µm/section, as previously described (Venegas-Pino et al. 
2013). Atherosclerotic lesions were visualized by staining 
serial sections with Masson’s Trichrome (Sigma-Aldrich). 
Stained sections were imaged using a Leitz LABORLUX S 
microscope connected to a DP72 Olympus camera. Lesion 
areas at the aortic sinus and the ascending aorta were quan-
tified using Image J (1.48v) software. Lesion volume was 
computed as the area under the curve of lesion area versus 
distance from the aortic sinus.

2.3 � Metabolomic analysis

Sample preparation, chromatographic separation conditions, 
mass spectrometer parameters, and metabolomic data analy-
sis were performed as previous described (Dang et al. 2016). 
Metabolite features were identified and reported according to 
the Metabolomics Standard Initiative (Sumner et al. 2007).

2.4 � In vitro experiments

Human aortic smooth muscle cells (HASMC), human aortic 
endothelial cells (HAEC), and human monocytic (Thp-1) cells 
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were treated with ceramide (C18, Avanti Lipids), glucosyl-
ceramide (GluCer, C18, Avanti Lipids), or lactosyl-ceramide 
(LacCer, C18, Avanti Lipids) at various concentrations (1, 
10, or 50 µM) for 24 h. Total RNA was extracted using TRI-
zol® Reagent (Invitrogen) according to the manufacturer’s 
protocol. Complementary DNA (cDNA) was synthesized 
using the High Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems) according to the manufacturer’s pro-
tocol. Quantitative RT-PCR was performed on the StepOne 
Plus (Applied Biosystems). Relative quantitative analysis was 
performed by normalizing data to the β-actin reference gene. 
Fold changes in expression levels were calculated relative to 
the corresponding vehicle-treated cell type. A detailed proce-
dure can be found in Supplementary Methods.

2.5 � Statistical analysis

One-way ANOVA followed by Tukey’s HSD test was performed 
using GraphPad Prism (v6.01). Correlation analysis, hierarchical 
heat map, partial least squares discriminant analysis (PLS-DA) 
and the derived VIP score plot, pathway analysis, principal com-
ponent analysis, and Random Forest analysis were performed 
using MetaboAnalyst 3.0 (Xia et al. 2015). The t-test (two-tailed, 
unpaired heteroscedastic) analysis with FDR-adjusted p-value 
cut-off of 0.05 was used to identify the differential features in the 
metabolomic analyses. Auto-scaling followed by log transforma-
tion was applied in all multivariate analyses. The multivariate 
model validation parameters, R2 (i.e. prediction accuracy) and 
Q2 (i.e. model robustness), were used to assess the fitness of the 
model. Pearson correlation and Ward clustering algorithm were 
used in correlation analysis and heat map.

3 � Results

3.1 � Hyperglycemia and glucosamine 
supplementation accelerate atherosclerotic 
development in ApoE−/− mice

Plasma insulin was significantly lower in multiple low-dose 
STZ-injected and Ins2+/Akita mice, relative to the control 

mice, at 15 weeks of age. Compared to the normoglyce-
mic ApoE−/− control, STZ injections resulted in a 2.4-fold 
increase in fasting blood glucose, whereas the introduction 
of the Ins2+/Akita mutation resulted in a 1.8-fold increase in 
fasting blood glucose (Table 1). Glucosamine supplementa-
tion did not alter the level of circulating glucose or insulin 
in ApoE−/− mice, compared to the non-treated control. No 
significant differences were observed in plasma triglyceride 
or cholesterol levels in any of the experimental groups.

Both hyperglycemia and glucosamine supplementation 
significantly accelerated atherogenesis in ApoE−/− mice 
(Fig. 1). Atherosclerotic lesions in the aortic sinus and 
ascending aorta of STZ-injected mice were approximately 
3.5-fold larger (p < 0.001) than those in the control group. 
Ins2+/Akita mutation (2.7-fold, p < 0.01) and glucosamine 
supplementation (2.7-fold, p < 0.05) resulted in a similar 
increase in atherosclerotic lesions in ApoE−/− mice, com-
pared to the control.

3.2 � Metabolomics data analysis and quality control

We detected 4417 and 6224 metabolite features in nega-
tive and positive ionization modes in each plasma sample, 
respectively. Metabolomic data reduction (i.e. data clean-
up) was performed by removing redundant (isotopes and 
adducts) and unreliable features (LC–MS peaks eluting 
in the ion-suppression regions). This left a total of 6369 
metabolite features, with 2715 features in negative and 3654 
features in positive ionization modes. Analysis of the quality 
control samples by principal component analysis showed 
a tight clustering of the pooled samples, indicating good 
instrumental reproducibility throughout the period of analy-
sis (Supplementary Fig. S1).

3.3 � Hyperglycemia and glucosamine 
supplementation induce similar changes 
in the plasma metabolomic profiles of ApoE−/− 
mice

PLS-DA score plots were constructed using the 6369 
metabolite features detected. The comprehensive plasma 
metabolomic profiles of glucosamine-supplemented 

Table 1   Quantification of blood glucose, plasma insulin, plasma triglycerides and plasma cholesterol level of the control (Ctrl), glucosamine 
(GlcN)-supplemented, Ins2+/Akita and streptozotocin (STZ)-injected mice

Data are presented as mean ± SD. n = 8/group. **p < 0.01 and ****p < 0.0001 versus the control

Group Glucose (mM) Insulin (ng/mL) Triglyceride (mM) Cholesterol (mM)

Ctrl 8.3 ± 1.4 0.49 ± 0.17 1.2 ± 0.4 7.6 ± 1.5
GlcN 8.7 ± 0.9 0.52 ± 0.10 1.1 ± 0.3 8.0 ± 1.6
Ins2+/Akita 14.7 ± 1.2**** 0.31 ± 0.03** 1.3 ± 0.3 7.3 ± 2.0
STZ 19.7 ± 4.3**** 0.27 ± 0.07** 1.1 ± 0.5 7.0 ± 1.5
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(Fig. 2a), Ins2+/Akita (Fig. 2b) and STZ-injected (Fig. 2c) 
mice were clearly differentiated from those of the controls. 
The magnitude of separation in the metabolomic profiles is 
depicted as component 1 in the PLS-DA score plot. A simi-
lar magnitude of separation (approximately 22%) and multi-
variate model robustness (Q2 = ~ 0.8) were observed in each 

treatment group, compared to the control. This suggests that 
glucosamine, chemically (STZ) and genetically (Ins2+/Akita)-
induced hyperglycemia, each resulted in similar alterations 
in the plasma metabolomic profile of ApoE−/− mice.
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Fig. 1   Hyperglycemia and glucosamine supplementation accelerate 
the development of atherosclerosis in ApoE−/− mice. a Representa-
tive Masson’s trichrome stained images of aortic cross-sections of 
the control (Ctrl), glucosamine (GlcN)-supplemented, Ins2+/Akita and 
streptozotocin (STZ)-injected mice. Atherosclerotic lesions are high-

lighted by dotted lines. b Quantification of atherosclerotic lesion area 
from the aortic sinus and ascending aorta. c Lesion volumes were 
computed by calculating the area under the lesion area curve. n = 8/
group, *p < 0.05, **p < 0.01 and ***p < 0.001 versus the control. 
Data are presented as mean ± SD
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Fig. 2   Glucosamine and hyperglycemia induce changes in the plasma 
metabolomic profiles of ApoE−/− mice. PLS-DA score plots of the 
plasma metabolomic profiles of a glucosamine (GlcN)-supplemented, 
b Ins2+/Akita and c streptozotocin (STZ)-injected ApoE−/− mice ver-

sus the controls (Ctrl). R2 and Q2 indicate prediction accuracy and 
model robustness (after cross-validation) of the multivariate analysis, 
respectively. n = 8/group
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3.4 � Identification of commonly altered 
metabolite features in three mouse models 
of hyperglycemia‑induced atherosclerosis

To identify the metabolite features that were commonly 
altered in each of the three models of hyperglycemia-induced 
atherosclerosis, we first performed pair comparison of each 
model group to the control (Fig. 3a–c). Next, a p-value filter 
step (FDR-adjusted p < 0.05) was applied to identify the sig-
nificantly altered metabolite features in each pair comparison 
(Fig. 3d–f). The second-order comparison was then applied 
to identify similarly altered metabolite features between the 
three pair comparisons (Fig. 3g). The number of uniquely 
altered and shared features between the glucosamine-supple-
mented and two hyperglycemic models is summarized in a 
Venn diagram. The uniquely altered metabolite features in 
each model are model-specific and could potentially arise 

from the confounding effects of the treatment or mutation. 
To specifically focus on the common molecular alterations 
that are driving accelerated atherosclerosis in these three 
disease mouse models, the 62 shared metabolite features 
were identified for further exploration.

3.5 � Metabolite identification of the commonly 
altered metabolites in three disease mouse 
models

A heat map of the 62 commonly altered metabolite features 
is shown in Fig. 4a. A total of 36 metabolites were identi-
fied (Supplementary Table S1), whereas 26 of the metabolite 
features remain unidentified. The 36 identified metabolites 
were associated with several metabolic pathways including 
inflammation, oxidative stress, glycerophospholipid, and 
sphingolipid metabolism (Supplementary Table S2). Mice 
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Fig. 3   Identification of commonly altered metabolite features among 
three disease mouse models. a–c Heat map indicating the relative lev-
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with accelerated atherosclerosis show an upregulation in 
histamine biosynthesis which is associated with a systemic 
inflammatory immune activation. The level of several metabo-
lites including oxidized fatty acids, oxidized cholesterol and 
S-(hydroxy-prostaglandin A1)-glutathione were augmented in 
all three experimental models versus the control, suggesting 
elevated levels of oxidative stress. We identified 14 and 12 
altered metabolites from the glycerophospholipid and sphin-
golipid metabolism, respectively. These data suggest that these 
metabolic pathways are strongly associated with the patho-
genesis of hyperglycemia-induced accelerated atherosclerosis.

3.6 � The glycosphingolipid pathway (sphingolipid 
metabolism) is strongly associated 
with hyperglycemia‑induced atherosclerosis 
in the atherogenic mouse models

Pathway analysis was performed on the 36 identified 
metabolites. The results from integrating enrichment 
and pathway topology analyses were used to map out 
the identified metabolites into specific metabolic path-
ways (Fig. 4b). Sphingolipid metabolism was found to be 
among the top significantly affected metabolisms based 
on p-values (p < 2.4 × 10−8) and pathway impact scores 
(score = 0.38).

Select plasma metabolomic profiles, constructed based on 
the 36 identified metabolites, differentiate the three mouse 
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models of accelerated atherosclerosis from the control 
(Fig. 4c). The variable importance in the projection (VIP) 
score plot highlights the top 15 metabolites ranked by VIP 
scores, which is a measure of a variable’s importance in the 
separation of the metabolomic profiles observed in a multi-
variate model (Fig. 4d). Additionally, we performed Random 
Forest classification on the 36 identified metabolites. Mean 
decrease in accuracy was used to rank metabolites based on 
their contributions to classification accuracy (Supplementary 
Fig. S2). There is a high degree of consistency (12 out of 
15 metabolites) between the top-scoring metabolites iden-
tified by the VIP score and those identified by the mean 
decrease in accuracy score, confirming the importance of 
these metabolites in the pathology of hyperglycemia-induced 
atherosclerosis.

Several top-scoring metabolites in both analyses are from 
the glycosphingolipid pathway (which is a part of the sphin-
golipid metabolism), suggesting that these alterations are 
more likely to be actual biological changes, rather than ran-
dom artifacts. As such, we continued to further explore this 
pathway in vitro. A simplified schematic of the glycosphin-
golipid pathway is shown in Fig. 4e.

3.7 � Glycosphingolipid metabolites induce oxidative 
stress and increase levels of inflammatory 
cytokines in cultured human vascular cells

Atherosclerosis is an inflammatory disease and both endo-
plasmic reticulum (ER) stress and oxidative stress have a 
well-established causal role in atherosclerotic development 
and progression. Correlation analysis of the 36 identified 
metabolites showed a strong association between gly-
cosphingolipids and metabolites involved in oxidative stress 
and inflammation pathways (Supplementary Fig. S3). To the 
best of our knowledge, there are no known circulating mark-
ers of ER stress. As such, the effect of glycosphingolipid 
metabolites on the activation of ER stress, oxidative stress, 
and inflammation was investigated in human vascular cell 
lines that are relevant to atherosclerosis, including mac-
rophages, HAEC, and HASMC.

Markers of ER stress (78 and 94 kDa glucose-regulated 
proteins and C/EBP homologous protein), oxidative stress 
(catalase and glutathione peroxidase), and inflammation 
(IL-6 and IL-1β) were assessed. Ceramide, GluCer, and Lac-
Cer were each found to cause a significant increase in the 
expression levels of transcripts encoding antioxidant genes, 
including catalase (Fig. 5a–c) and glutathione peroxidase 
(Supplementary Fig. S4A-C), in all three cell types. The 
expression of inflammatory cytokines IL-6 (Fig. 5d–f) and 
IL-1β (Supplementary Fig. S4D-F) were also increased in 
all three cell types, upon treatment with ceramide, GluCer, 
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Fig. 5   Glycosphingolipid metabolites induce oxidative stress and 
increase the levels of inflammatory cytokines in human vascular cells. 
Macrophages, human aortic endothelial cells (HAEC), and human 
aortic smooth muscle cells (HASMC) were incubated with cera-

mide, GluCer, or LacCer for 24 h. Expression levels of a–c catalase 
and d–f IL-6 were assessed by real-time PCR. Data are presented 
as mean ± SD. n = 5/group, *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001 versus the controls
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and LacCer. All the effects of glycosphingolipid metabolites 
were in a dose–response manner. No significant effects were 
observed in the expression of ER stress response genes (data 
not shown). Together, these results suggest that glycosphin-
golipid metabolites are potential inducers of oxidative stress 
and inflammation in atherogenesis.

4 � Discussion

The pathophysiology of diabetes and atherosclerosis has 
previously been explored individually at the metabolomic 
level (Friedrich 2012; Goonewardena et al. 2010; Meikle 
and Summers 2017). However, the molecular mechanisms 
behind the complex interplay between diabetes and its mac-
rovascular complications are not well understood. Murine 
models are currently preferred for atherosclerosis inves-
tigation because of advantages including ease of genetic 
manipulation, which allows for specific gene knockout or 
knockin through the whole-body or in specific tissue/cell 
type of interest. Currently, there is no ideal experimental 
model to study diabetic atherosclerosis, as each has its own 
advantages and disadvantages (King 2012; Wu and Huan 
2007). To the best of our knowledge, this is the first study 
that involves the simultaneous comprehensive metabolomic 
analyses of three distinct murine models to facilitate the 
identification of common metabolic alteration(s), independ-
ent of model-specific changes or artifacts.

“Type 1-like” hyperglycemic mouse models were utilized 
in this study in order to minimize the potential confounding 
effects of obesity and insulin resistance that are associated 
with type 2 diabetes. The glucosamine-supplemented mouse 
model was included to account for potential confounding 
complications associated with insulinopenia. In each of the 
models used in this study, we have shown that accelerated 
atherosclerosis occurs independent of any changes in plasma 
triglyceride or cholesterol levels. Therefore, the accelerated 
progression of atherosclerosis in our mouse models can 
be attributed to increased levels of glucose and/or down-
stream metabolites of glucose (i.e. glucosamine). The two 
hyperglycemic mouse models exhibited similar alterations 
in the plasma metabolome of ApoE−/− mice, compared to 
glucosamine-supplemented mice. This suggests that elevated 
levels of glucosamine accelerate the progression of athero-
sclerosis, independent from the effect of insulin, which is 
consistent with hyperglycemia being an independent risk 
factor for CVD (Juutilainen et al. 2008; Seshasai et al. 2011).

Identification of the commonly altered metabolite fea-
tures between the three experimental models revealed 
changes in glycerophospholipid and sphingolipid metabo-
lism. Previously, alterations in these lipid pathways are 
associated with the pathogenesis of atherosclerosis in nor-
moglycemic ApoE−/− mice (Dang et al. 2016). Recently, it 

has been shown that sphingolipids are elevated in human 
atherosclerotic plaques associated with symptoms (Edsfeldt 
et al. 2016). Another independent study revealed associa-
tions of sphingolipids with obesity and insulin resistance in 
young adults (Rauschert et al. 2016). Despite the progres-
sive relationship between sphingolipid metabolism and the 
pathophysiology of atherosclerosis, the specific molecular 
mechanisms and metabolic pathways have not been investi-
gated, especially in the context of hyperglycemia-associated 
atherosclerosis.

Glycosphingolipid was found to be strongly associated 
with the pathogenesis of hyperglycemia-induced atheroscle-
rosis in our atherogenic mouse models. Glycosphingolip-
ids are not only ubiquitous building blocks of eukaryotic 
cell membranes, but are also signalling molecules that 
regulate a diverse range of cellular processes (Zheng et al. 
2006). Inhibiting the synthesis of this pathway has shown 
to improve glucose homeostasis in diabetic fatty rats (Zhao 
et al. 2007) and reduce atherosclerotic lesions in ApoE*3 
Leiden mice (Bietrix et al. 2010). However, the specific 
roles of the glycosphingolipid pathway in the pathogenesis 
of hyperglycemia-induced accelerated atherosclerosis are 
not clear. In this study, glycosphingolipid metabolites were 
found to induce oxidative stress and inflammation in cultured 
human vascular cells. This suggests that these glycosphin-
golipid metabolites are not only strongly associated with 
the pathology of hyperglycemia-induced atherosclerosis, 
but may also contribute to the activation of pro-atherogenic 
processes. Future studies are required to determine if these 
lipids are sufficient to induce inflammation and oxidative 
stress (and promote atherosclerosis) in vivo.

This study utilizes a high-throughput, high-sensitivity, 
and comprehensive analytical system, which is able to simul-
taneously detect a wide range of polar and nonpolar metabo-
lites in complex plasma samples (Chalcraft and McCarry 
2013). The identification of a strong association between 
glycosphingolipids and the pathogenesis of hyperglycemia-
induced atherosclerosis suggests that future studies should 
focus on lipidomics analysis of plasma samples using lipid-
focused sample extraction and analytical techniques in order 
to increase the detection coverage of the lipidome.

In conclusion, we show that mice with accelerated athero-
sclerosis present with distinct metabolomic profiles contain-
ing elevated levels of circulating sphingolipid metabolites, 
especially glycosphingolipids. Additionally, treatment of 
human vascular cells with ceramide, GluCer, and LacCer 
induced oxidative stress and inflammation, suggesting a 
potential causal role in disease development. Our findings 
also provide the first evidence that glycosphingolipid metab-
olism is a potential link between hyperglycemia and accel-
erated atherosclerosis. This suggests that the glycosphin-
golipid pathway may be a potential therapeutic target to 
block or slow atherogenesis in diabetic patients.
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