EXPERIMENTAL AND THERAPEUTIC MEDICINE 18: 3603-3614, 2019

Sphingolipid metabolism in type 2 diabetes and
associated cardiovascular complications

JING SUI', MINGQIAN HE?, YUE WANG?, XINRUI ZHAO?, YIZHI HE* and BINGYIN SHI?

1Department of Endocrinology and International Medical Center; 2Departmerlt of Endocrinology, The First Affiliated

Hospital of Xi'an Jiaotong University, Xi'an, Shaanxi 710061; 3Departrnent of Immunology and Rheumatology,
The Second Affiliated Hospital of Xi'an Jiaotong University, Xi'an, Shaanxi 710004;
4Department of Endocrinology, Xi'an No. 3 Hospital, Xi'an, Shaanxi 710018, P.R. China

Received March 23, 2019; Accepted August 1,2019

DOI: 10.3892/etm.2019.7981

Abstract. Sphingolipid metabolism is dysregulated in type
2 diabetes mellitus (T2DM); however, the focus of previous
studies was mostly limited to ceramide (Cer), and only few
studies have investigated other metabolites, including sphingo-
sine-1 phosphate (SolP). The present study aimed to examine
the involvement of 8 major sphingolipid metabolites, including
Cer, glucosyl ceramide (GluCer), lactosyl ceramide (LacCer),
sphingomyelin (SM), sphinganine (Sa), SolP, sphingosine (So)
and sphinganine-1-phosphate (SalP), during the progression
of T2DM, and to evaluate the ability of serum sphingolipids to
predict cases of diabetes with an elevated risk of cardiovascular
complications. Blood samples were obtained from 245 partici-
pants who were divided into 3 groups: Healthy controls,
pre-diabetes (pre-DM) and diagnosed diabetes. The 8 major
sphingolipid metabolites were measured by high-performance
liquid chromatography-tandem mass spectrometry and blood
parameters were determined by routine laboratory assays for
all subjects. Among the sphingolipid metabolites, SolP was
associated with sex and lean mass index, but not with the body
mass index. SolP was highest in healthy controls and gradually
decreased when the disease proceeded to pre-DM and T2DM.
GluCer, SM, Sa and So decreased in pre-DM and rose again
in T2DM, graphically exhibiting a ‘U’ shape change during
the progression of diabetes. SolP and Sa were identified to be
significantly associated with cardiovascular complications by
multivariate logistic regression analysis. Receiver operating
characteristic curve analysis also suggested that SolP and Sa
were able to indicate cardiovascular complications in diabetic
patients. Pre-DM and diabetes were significantly associated
with decreased SolP, SM, Sa and So, compared with the
healthy controls. SolP was correlated with the progression
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of T2DM, and was a predictor of an elevated risk of cardio-
vascular complications among T2DM patients, along with
Sa. The present study was registered with ClinicalTrials.gov
(no. NCT02826759; April 2016).

Introduction

Diabetes places a continuous burden on public health world-
wide, partially attributable to the global rise in obesity and a
sedentary lifestyle. Its prevalence in adults has doubled in the
past 35 years. An estimated 3.7 million deaths were caused
by diabetes, or its associated complications, in 2012, and it is
estimated by the World Health Organization (WHO) to become
the 7th leading cause of mortality by 2030 (1). Type 2 diabetes
mellitus (T2DM) accounts for the majority of cases, and is
also an independent risk factor for macrovascular complica-
tions, including cardiovascular disease (CVD), particularly
for females (2). CVD is the leading cause of morbidity and
mortality for individuals with diabetes and results in 30% of
all deaths, with this figure expected to increase in the next
10 years (2,3). Although the underlying mechanisms through
which diabetes increases the likelihood of CVD remain to be
fully elucidated, abundant evidence has assured an association
between these two factors, beginning with the Framingham
study (1). Of note, eliminating obesity and unhealthy diets, in
addition to increasing physical activity can prevent ~80% of
heart disease, stroke, and diabetes mellitus (2). Therefore, it is
essential to identify patients with an elevated risk of CVD, and
individuals who present with CVD may also benefit from early
intervention to avoid recurrences. The present study aimed to
identify a marker linked to the progression of diabetes and
distinguish individuals with T2DM with an elevated risk for
CVD.

Sphingolipids are a class of lipids sharing a backbone of
sphingoid bases, which have diverse effects on diabetes, cancer
and CVD at the intra- and extracellular level. Sphingoanine
(Sa) is produced by the conjugation of the amino acid serine
with the fatty acid palmitoyl coenzyme A (CoA) in the pres-
ence of a rate-limiting enzyme (serine palmitoyl transferase;
SPT), and is then further converted into dihydroceramide.
After dehydrogenation, the key intermediate of the sphingo-
lipid biosynthetic pathway, ceramide (Cer), is formed. Once
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Cer is transferred from the endoplasmic reticulum to the Golgi
complex by specialized carrier proteins, different types of
complex sphingolipids are generated, including sphingomy-
elin (SM), lactosyl ceramides (LacCer), sphingosine (So) and
sphingosine-1-phosphate (SolP). It has been indicated that
sphingolipids have a role in glucose homeostasis and meta-
bolic disorders (4). In diabetic patients, an accumulation of
adipose sphingolipids compared with that in body mass index
(BMI)-matched non-diabetic individuals was detected (5,6).
Saturated fatty acids, including palmitate, may stimulate the
aforementioned sphingolipid biosynthetic pathway, which
partly explains why increased sphingolipid levels were
observed in patients with metabolic syndrome and obesity (7).
Furthermore, upregulation of Cer is associated with insulin
resistance, as a reversal of insulin resistance was achieved
when SPT was inhibited in a murine model of obesity (8). It
was underscored that conversion of the elevated Cer to SolP
is critical to improving insulin resistance and cardiac dysfunc-
tion (9). SolP also has important roles in vasoconstriction and
vasorelaxation through different endothelial cell receptors, and
appears to be involved in thrombosis and hemostasis (10). An
inverse association between atherosclerotic disease and SolP
has been validated in humans (11). Another member of the
sphingolipid family, plasma SM, was reported to be correlated
with CVD, although this has not been widely confirmed. Of
note, the current knowledge of sphingolipid metabolism in the
field of diabetes and CVD is limited.

Therefore, the present study aimed to explore sphingolipid
metabolism during the progression of T2DM, and to investi-
gate whether sphingolipids may serve as biomarkers for the
progression of diabetes and as indicators for an elevated risk
of CVD in patients with diabetes.

Materials and methods

Subjects. A total of 408 Chinese patients admitted to the First
Affiliated Hospital of Xi'an Jiaotong University (Xi'an, China)
between January 2016 and January 2017 were recruited to
investigate the sphingolipid metabolite profiles (mean age at
recruitment, 47.1; 60.4% males). The different groups were
matched for age, sex and BMI. The exclusion criteria were liver
or kidney failure and coagulant disorders. A total of 69 patients
who had these disorders or missing laboratory/clinical data
were excluded. Thus, the final study population consisted of
202 patients with T2DM, 25 individuals with pre-diabetes
(pre-DM) and 112 healthy controls who underwent a yearly
health examination (all patients were aged 18-80 years).
Peripheral blood samples were drawn at the initial medical
examination, in the morning after a fast of at least 8 h, and
immediately stored at -80°C until the sphingolipid measure-
ments were performed. To rule out the potential influence
of platelet activity, sex, age and BMI on the concentration
of sphingolipids, participants were instructed not to smoke,
perform any intensive physical activity or take any medication,
including aspirin, prior to blood collection. The cohort was
sex-, age- and BMI-matched. The present study complied with
the Declaration of Helsinki and was approved by the Ethics
Committees of the First Affiliated Hospital of Xi'an Jiaotong
University (Xi'an, China). The participants enrolled in the
study provided written informed consent.
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Diagnostic criteria. A waist circumference (WC) =90 cm
in males and =85 cm in females is defined as central obesity
according to the guidelines of the Chinese Joint Committee
for Developing Chinese Guidelines (12). According to the
Working Group on Obesity in China, 24 kg/m*<BMI<28 kg/m?
and BMI>28 kg/m? are considered as overweight and obesity,
respectively (13). T2DM was diagnosed if any of the following
criteria were satisfied: i) Fasting plasma glucose (FPG)
=7.0 mmol/l; ii) 2 h plasma glucose (2hPG) =11.1 mmol/l;
iii) glycated hemoglobin (HbAlc) level =6.5%; iv) random
plasma glucose =11.1 mmol/I plus symptoms of hyperglycemia;
v) T2DM diagnosed previously. Pre-DM was defined as follows:
FPG =5.6-6.9 mmol/l or 2hPG 7.8-11.0 mmol/l or HbAlc
5.7-6.4%. In the present study, diabetes-associated cardiovas-
cular complications referred to ischemic heart disease, either
newly diagnosed on admission or already noted in medical
records, excluding stroke and peripheral disease. Hypertension
was defined as systolic blood pressure >140 mmHg, diastolic
blood pressure >90 mmHg, or self-reported use of anti-hyper-
tensive medication. Cigarette smoking was defined as the
consumption of at least 100 cigarettes in a patient's lifetime.

Clinical parameters. Blood pressure, WC, hip circumfer-
ence (HC), body weight and body height were measured by a
trained physician, following the standard protocol set by the
WHO. The values of these parameters were averaged from
three measurements. The BMI was calculated as weight over
height squared (kg/m?). Body fat (BF) was estimated by using
the Clinica Universidad de Navarra-Body Adiposity Estimator
equation (14) and validated in a large population. BF%=-44
988+(0.503 x age)+(10.689 x sex)+(3.172 x BMI)-(0.026 x
BMI*)+(0.181 x BMI x sex)-(0.02 x BMI x age)-(0.005 xBMI?
x sex)+(0.00021 x BMI? x age), where male=0 and female=1
for sex, and age was entered in years. The cut-off points for
BF in the present study were as follows: BF tertile 1, <28.31%;
BF tertile 2, 28.31-34.18%; BF tertile 3, >34.18%. The lean
mass index (LMI) was calculated as follows: LMI=(1-BF) x
BMI. As there is still no reference of the LMI for the Chinese
population, the cut-off points for three equal groups in the
final study population were calculated (tertile 1, <15.91 kg/m?;
tertile 2, 15.91-18.22 kg/m?; tertile 3, >18.22 kg/m?). HbAlc,
high- and low-density lipoprotein cholesterol, triglycerides
(TG), total cholesterol and uric acid were assessed by the
clinical laboratory of the First Affiliated Hospital of Xi'an
Jiaotong University (Xi'an, China) according to the standard-
ized assay protocols.

Extraction and measurement of sphingolipids. Blood samples
were centrifuged at 200 x g for 10 min at 4°C. Serum was
aliquoted in 1.5-ml tubes and stored at -80°C until sphingo-
lipid assays were performed. Sphingolipid measurements were
performed according to a previously published protocol (15). A
total of 40 pl serum was extracted using methanol/chloroform
(17:83). Subsequently, Cer, GluCer, LacCer, SM, Sa, SalP, So,
SolP and each internal standard (Avanti Polar Lipids) were
analyzed by high-performance liquid chromatography-tandem
mass spectrometry.

Statistical analysis. Continuous data are presented as
the mean + standard deviation. The Student's t-test and
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Kruskal-Wallis test were applied to compare parameters
between two groups and among multiple groups, respectively.
Categorical variables are expressed as the frequency and
percentage, and the Chi-square test, or Fisher's exact test
when appropriate, were used. Univariate and multivariate
logistic regression model analyses were performed to iden-
tify the relevant sphingolipid metabolites in patients with
T2DM. Receiver-operator characteristic (ROC) curve analysis
was applied for certain sphingolipid metabolites in order to
determine the predictive ability for patients at higher risk of
CVD. The ROC curves displayed the sensitivity vs. 1-speci-
ficity values, and the area under the ROC curve was provided.
Two-sided P-values of <0.05 were considered to indicate
statistical significance. Statistical analysis was performed with
SPSS statistical software 25.0 (IBM Corp.). Scatter plots were
created using GraphPad Prism 6.0 (GraphPad Software, Inc.).

Results

Serum sphingolipidomic analyses in healthy controls. Sex,
age and body composition have been previously reported to be
associated with certain sphingolipids, including So and Cer,
in various diseases. Therefore, the effects of age, sex and four
parameters commonly used to represent the body composition,
i.e. central obesity, BMI, LMI and BF, on the concentration
of serum sphingolipids were analyzed in 112 healthy controls
to rule out any potential confounding factors. These patients
were 22-76 years of age (mean age, 45.7+12.9 years) without
either hypertension or dyslipidemia, and about half of them
were females (Table SI). In addition, a significant association
between SolP and sex was identified (Fig. 1). Serum SolP in
male participants was about two times as high as that in female
patients (SolP in males; 5.67+0.08x10 ng/ml; and in females,
2.57+0.05x10% ng/ml; P<0.01). However, no significant differ-
ences were observed in serum sphingolipids between the
different age groups in the healthy controls (Fig. S1). The
BMI was not associated with the serum concentration of the 8
analyte sphingolipids (Fig. S2). BF was significantly associated
not only with Cer (tertile 1, 4.26+3.03x10 ng/ml; tertile 2,
3.26+2.57x102 ng/ml; tertile 3, 6.56+5.04x10% ng/ml; P<0.05,
tertile 2 vs. 3), but also with SM (tertile 1, 37.39+16.87 ng/ml;
tertile 2, 46.85+24.84 ng/ml; tertile 3, 59.69+37.27 ng/ml;
P<0.05, tertile 1 vs. 3; Fig. 2). Furthermore, Cer was associated
with central obesity (P<0.01; Fig. 3) and LMI was positively
associated with SolP (tertile 1, 1.67+1.44x10 ng/ml; tertile 2,
4.27+3.94x10 ng/ml; tertile 3, 4.82+3.26x10 ng/ml; P<0.01,
tertile 1 vs. 3; Fig. 4).

Alterations of serum sphingolipid metabolites during the
progression of T2DM. Next, the serum concentrations of
sphingolipid metabolites in three groups of sex- and body
composition parameter-matched participants were assessed.
Table I presents the clinical characteristics of the study
subjects. The patients with pre-DM and DM had higher
HbAlc, FPG and TG levels compared with those of the
healthy controls. There were no significant differences in
BMI, BF, TC and LDL-C among the three groups, there
was a clear graphical ‘U’ shape change in the concentra-
tions of GluCer, SM and Sa during the development from a
healthy condition to pre-DM and finally to T2DM (Fig. 5).
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Concentrations of these three metabolites were always the
lowest in patients with pre-DM, and slightly increased in
patients with T2DM, while they were highest in the healthy
controls, except for GluCer. GluCer was higher in T2DM
group compared with healthy controls (P<0.01) and pre-DM
(P<0.05). SolP levels in the healthy controls were higher
compared with T2DM (P<0.001) and pre-DM (P<0.01). Sa
levels in the healthy controls were higher compared with
T2DM (P<0.01) and pre-DM (P<0.001). SM (P<0.01) and So
(P<0.05) levels were higher in the healthy controls compared
with T2DM (Fig. 5). Of note, SolP was also highest in the
healthy controls, but gradually decreased as the disease
proceeded instead of exhibiting the ‘U’ shape change. This
suggests that these metabolites, particularly SolP, may be
associated with the progression of T2DM and may serve as
biomarkers for evaluating the severity of T2DM.

SolP and Sa act as biomarkers for the severity of diabetes.
Evaluation of complications is a method for assessing the
severity of T2DM with a long-term view. Therefore, one
cohort of T2DM patients without any diabetes-associated
complications and another cohort of T2DM patients with
cardiovascular complications, who were sex- and body dimen-
sion parameter (BMI, BF, LMI and central obesity) -matched,
were recruited. The baseline characteristics of the 85 patients
included in the two groups are presented in Table II. There
was no significant difference between the groups in terms of
sex, BMI, BF, LMI or central obesity; only blood pressure
and FPG were significantly different. As expected, SM, Sa,
SolP and So were significantly decreased in T2DM patients
with cardiovascular complications compared with those in
T2DM patients without cardiovascular complications (P=0.01,
P<0.001, P<0.05 and P<0.05, respectively; Table III). To
exclude potential confounding factors, these four metabolites
were included in subsequent univariate and multivariate
logistic regression analyses, which indicated that Sa and SolP
were independent variables for distinguishing between T2DM
with and without cardiovascular complications (P<0.05 and
P<0.05, respectively; Table III).

ROC analysis was also used to evaluate the diagnostic
performance of Sa and SolP in the differentiation between
simple T2DM and T2DM with cardiovascular complications
(Fig. 6). Similar results were observed in SolP and Sa, the area
under the ROC curve (AUC) for SolP was 0.744 (P=0.003),
whilst the AUC for Sa was 0.824 (P<0.001). This suggest that
Sa and SolP may be able to significantly distinguish patients
with an elevated risk of cardiovascular complications among
patients with T2DM. Another relatively short-term index for
evaluating the management of T2DM is HbAlc. A cohort
of 94 T2DM patients stratified by HbAlc was recruited.
The subjects were mostly middle-aged and had similar lipid
profiles whilst HC and BF showed significant differences
among groups (P<0.05; Table IV). Significant alterations in
SolP were identified among diabetic patients with different
glucose managements as stratified by HbAlc levels (P=0.05,
HbA1c>9% vs. HbAlc<7%; Fig. S3). To conclude, SolP and Sa
were able to identify patients with an elevated risk of cardio-
vascular complications among T2DM patients SolP was also
significantly associated with the progression from pre-DM to
T2DM.
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Figure 1. Sphingolipid metabolites in healthy controls stratified by sex. A significant association between Sphingosine -1 phosphate and sex was identified.

“P<0.01.

Discussion

Several studies in mouse models and humans have linked
sphingolipid metabolites with metabolic disorders (16,17)
and atherosclerosis (18,19). However, to date, the sphingolipid

profile of diabetic patients with CVD has remained to be
investigated. Thus, the present study was designed to explore
alterations in the serum sphingolipids profile in patients with
pre-DM, T2DM and healthy controls in order to identify
potential novel biomarkers for the early diagnosis of patients
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with T2DM at an elevated risk for cardiovascular complica-
tions. In the present study, 8 major sphingolipid metabolites,
namely SM, So, Sa, SolP, SalP, Cer, GluCer and LacCer,
which occur in the metabolic pathway of sphingolipids, were
measured (20). The major results of the present study were as

follows: i) In healthy controls, several serum sphingolipids
were significantly associated with sex but not with age. In
terms of body measurements, the LMI, central obesity and BF,
but not the BMI, were associated with sphingolipids; ii) SolP
was significantly correlated with the progression from pre-DM
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Figure 3. Sphingolipid metabolites in healthy controls stratified by the absence/presence of central obesity. Ceramide was significantly associated with central
obesity. “P<0.01.

to T2DM; iii) SolP and Sa were indicated to be biomarkers
for diabetic patients at an elevated risk for cardiovascular
complications.

Cer has been confirmed to be involved in the pathogenesis
of DM, and is elevated in adipocyte tissues and skeletal muscle
of obese humans (21) and C57BL/6J mice on a high-fat diet.
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Figure 4. Sphingolipid metabolites in healthy controls stratified by LMI. LMI was positively associated with Sphingosine-1 phosphate. “P<0.01,

tertile 1 vs. tertile 3. LMI, lean mass index.

This effect was rescued in CerS6-deficient mice (22). In accor-
dance with prior experiments, the present study indicated that
Cer was significantly associated with BF and central obesity;
in other words, Cer accumulated in individuals with obesity.
However, this trend was not significant in terms of BMI and
LMI, which may be due to the different methods used to reflect

the body composition, while the association between Cer and
obesity is consolidated.

SolP is well known for its bioactive properties, namely
its pro-cell survival, anti-apoptotic, immune cell trafficking,
glucose homeostasis-promoting and anti-inflammatory effects.
The potential protective role of SolP is being increasingly
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Table I. Baseline characteristics and plasma sphingolipid metabolite levels of the sex- and body composition-matched study

population.

Item Reference range Controls (n=25) Pre-DM (n=25) T2DM (n=25) P-value
Female sex (%) 16 (64.0%) 16 (64.0%) 16 (64.0%) 0.999
Age (years) 43.80+10.65 44 .24+13.57 48.76+11.70 0.335
Cigarette smoking (%) 24 28 28 0.934
Duration of DM (years) 7.57£5.93

BF (%) 28.73+8.39 29.62+6.13 30.71£7.76 0.652
LMI (kg/m?) 18.06+1.82 18.12+1.96 18.14+1.83 0.982
BMI (kg/m?) 24.62+6.30 26.01+4.07 26.43+3.37 0.380
WC (cm) 88.17+8.66 87.04£9.52 96.12+9.63 0.126
HC (cm) 98.67+6.24 100.25+7.30 95.35+7.78 0.501
Central obesity* (%) 542 73.9 75.0 0.255
SBP (mmHg) 90-140 116.08+14 .49 117.32+13.37 127.95+17.41 0.156
DBP (mmHg) 60-90 81.22+£14.26 79.50+£10.12 75.62+18.04 0.430
HbAlc (%) 4-6 5.12+0.31 5.63+0.43 8.99+1.25 <0.001
FPG (mmol/l) 3.9-6.1 5.26+2.20 5.68+0.68 10.69+5.05 <0.001
UA (gmol/l) 150-420 333.00+80.44 430.50+74.66 299.95+99.32 0.153
HDL-C (mmol/l) 1.16-142 1.31+£0.34 1.22+£0.57 1.01£0.45 0.062
LDL-C (mmol/l) 2.07-3.10 2.68+0.96 2.79+0.99 2.56+0.76 0.685
TG (mmol/l) 0.56-1.47 1.71£1.07 1.59+0.73 3.29+£2.08 0.008
TC (mmol/l) 3.1-5.69 4.57+1.20 4.45+1.23 451+1.03 0.952
Cer (x10 ng/ml) 6.60+5.14 4.48+5.12 5.12+3.76 0.372
GluCer (ng/ml) 1.27+0.65 1.07£0.56 1.75+0.64 0.002
LacCer (ng/ml) 0.43+0.46 0.11+0.04 0.14+0.15 0.279
SM (ng/ml) 53.81+£31.56 31.61£18.15 43.56+21.32 0.007
Sa (ng/ml) 0.48+0.20 0.35+0.22 0.35+0.22 0.001
So (ng/ml) 4.92+2.32 349+2.17 4.18+1.42 0.056
SalP (x10” ng/ml) 8.59+2.54 8.43+£2.69 7.99+£2.78 0.747
SolP (x10? ng/ml) 5.62+4.54 2.34+1.64 1.93+1.12 <0.001

Values are expressed as the mean + standard deviation or n (%). *Central obesity was defined as WC =90 cm in men and =85 cm in women.
HbA ¢, glycated haemoglobin; FPG, fasting plasma glucose; Cer, ceramide; GluCer, glucosyl ceramide; LacCer, lactosyl ceramide; SM, sphin-
gomyelin; Sa, sphinganine; SalP, sphinganine-1-phosphate; So, sphingosine; Sol1P, sphingosine-1-phosphate; H/LDL-C, high/low-density
lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides; UA, uric acid; SBP, systolic blood pressure; DBP, diastolic blood pressure;
T2DM, type 2 diabetes mellitus; BF, body fat; BMI, body mass index; LMI, lean mass index; WC, waist circumference; HC, hip circumference.

recognized in the fields of coronary artery disease and
diabetes, as well as associated complications, including
diabetic nephropathy (23). In the present study, SolP was not
only positively associated with the LMI but also with sex. A
noteworthy phenomenon is that the SolP concentration in
the male controls was two times higher than in the matched
female counterparts, but SolP was not associated with age.
Consistent results have been reported in the different setting
of Alzheimer's disease and the sex-dependent role of SolP has
been indicated in certain diseases (24). Females and males
have different levels of risk for developing certain diseases.
Regarding T2DM, healthy male adults appear to be more
susceptible to this disease compared to healthy females who
have reached menopause; however, following the onset of DM,
the risk for diabetes-associated stroke was elevated in females
relative to that in males (25,26). To date, the mechanism for
this reversal effect has remained elusive, and it is indicated
that sphingolipids, particularly SolP, may be involved in the

aforementioned risk alteration due to its sex-dependent role
and its fluctuations during diabetes progression. Further cohort
studies focusing on dynamic SolP variations are required to
validate this hypothesis.

In the present study, three groups (patients with T2DM,
pre-DM, and age-, sex- and body composition-matched healthy
volunteers) were analyzed to screen the potential significant
variables involved in the development of diabetes. Compared
with those in the matched healthy controls, the serum levels of
GluCer, SM, Sa and So were significantly decreased in pre-DM
and DM patients, but remained higher in DM patients compared
with those in pre-DM patients. This alteration graphically
presented as a ‘U’ shape change during the progression of
diabetes. These results were in line with several other studies.
SM accumulation was identified in the glomeruli of diabetic
mice and elevated in the serum of young obese adults (27).
Furthermore, increases in adipocyte GluCer were indicated to
hinder insulin signaling (28). While a previous study reported
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Table I1. Anthropometric data and concentration of sphingolipids in diabetic patients with or without cardiovascular complications.

Item T2DM (n=53) T2DM+CVD (n=30) P-value
Females/males 39/14 22/8 0.999
Age (years) 52.6+15.83 58.77+13.28 0.075
BF (%) 27.61+6.89 29.21+8.04 0.341
LMI (kg/m?) 17.65+2.19 17.63+2.23 0.955
BMI (kg/m?) 24.56+3.71 25.16+4.07 0.498
WC (cm) 93.24+9.52 90.70+9.35 0.353
HC (cm) 97.87+14.99 94.35+7.64 0.323
Central obesity (%) 68.80 60.00 0.577
SBP (mmHg) 128.51x15.53 153.07x13.49 <0.001
DBP (mmHg) 77.79+10.13 189.55+19.97 <0.001
HbAlc (%) 947+11.14 6.55+0.97 0.171
FPG (mmol/l) 9.40+4 .49 6.18+2.39 <0.001
2hPG (mmol/l) 15.54+5.04 14.62+23 41 0.861
CO (I/min) 4.83+0.44 4.38+0.58 <0.001
EF (%) 64.45+3.72 58.07+2.81 <0.001
Cer (x10% ng/ml) 5.06+4.67 4.02+2.79 0.386
GluCer (ng/ml) 1.52+0.65 1.42+0.53 0.333
LacCer (ng/ml) 0.13+0.65 0.12+0.15 0.801
SM (ng/ml) 38.69+17.80 28.55+14.49 0.010
Sa (ng/ml) 0.31+£0.13 0.20+£0.07 <0.001
So (ng/ml) 4.28+1.58 3.08+1.27 0.023
SalP (x10 ng/ml) 7.25x1.77 6.40+2.04 0.028
So1P (x107% ng/ml) 2.56x1.72 0.85+0.44 0.024

Values are expressed as the mean =+ standard deviation or n (%). T2DM + CVD, T2DM with cardiovascular complications group. HbAlc,
glycated haemoglobin; CO, cardiac output; EF, ejection fraction; 2hPG, 2-h plasma glucose; FPG, fasting plasma glucose; Cer, ceramide;
GluCer, glucosyl ceramide; LacCer, lactosyl ceramide; SM, sphingomyelin; Sa, sphinganine; SalP, sphinganine-1-phosphate; So, sphingosine;
So1P, sphingosine-1-phosphate; SBP, systolic blood pressure; DBP, diastolic blood pressure; T2DM, type 2 diabetes mellitus; BF, body fat;
BMI, body mass index; LMI, lean mass index; WC, waist circumference; HC, hip circumference.

Table III. ORs of potential sphingolipid biomarkers for T2DM with cardiovascular complications.

Unadjusted Adjusted
Substance B P-value® OR 95% CI § P-value® OR 95% CI
SM -0.025 0.015 0.975 0.925-0.991 0.003 0.116 1.003 0.999-1.009
Sa -0.014 <0.001 0.986 0.979-0.994 -0.023 0.027 0.977 0.957-0.997
So 0 0.027 1.000 0.999-1.000 0.001 0.311 1.001 0.999-1.002
SolP -0.170 0018 0.844 0.733-0.971 -0.263 0.045 0.769 0.549-0.995

"P-value was calculated by univariate logistic regression analysis. °P-value was calculated by multivariate logistic regression analysis
after adjustment for SM, Sa, So, SalP and SolP. SM, sphingomyelin; Sa, sphinganine; SalP, sphinganine-1-phosphate; So, sphingosine;

SolP, sphingosine-1-phosphate; OR, odds ratio.

that Sa was elevated in T2DM patients compared with that in
healthy controls (29), the opposite result was observed in the
present study. The size of the study population, the type of
blood sample and sex distribution may partially contribute to
this controversial observation.

Most importantly, SolP was inversely associated with the
progression of diabetes. It gradually decreased in patients with

pre-DM compared with that in the controls, and decreased
further in diabetic patients. It is rational to expect that the
protective effect of SolP ceases when individuals progress
from pre-DM to diabetes. The underlying mechanism may
in part be that SolP regulates the maturation and function
of pancreatic p-cells (30). SolP phosphatases, which partly
control intracellular Sol P metabolism, were recently identified
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to be critical for (3-cell endoplasmic reticulum stress, which
may further cause f3-cell dysfunction and accelerate the devel-
opment of diabetes (31).

It has been established that SolP influences cell behavior
and several human diseases, including diabetes, obesity and
CVD, at the cytosolic and the nuclear level. Aberration of
sphingolipids in human blood samples was confirmed and
linked to future cardiovascular events (32). In this context,
the present aimed to determine whether SolP may serve as a
biomarker for predicting the severity of diabetes. Multivariate
regression analysis was applied, revealing that SolP and
Sa were two independent variables that were significantly
different between diabetic patients and diabetic patients with
CVD. ROC analysis also indicated that they were able to
differentiate between diabetic patients with CVD and those

without cardiovascular complications. However, SolP was not
associated with glucose control reflected by HbAlc. Thus, it
may be proposed that SolP is a biomarker for evaluating the
risk of developing diabetes-associated CVD in patients with
T2DM.

Inflammation may explain the strong association between
CVD and T2DM. Evidence has been presented for the involve-
ment of SolP in the modulation of regulatory T cells, which
are essential for inflammatory and autoimmune diseases (33).
In addition, infiltration of CD8* T cells and macrophages,
which have a role in the initiation and formation of athero-
sclerotic plaques and even the fate of unstable plaques, may
result from SolP-mediated signaling (34). Conversely, SolP
signaling is directly involved in vascular development through
the Rho/Rho-associated protein kinase and PI3K/AKT
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Table I'V. Baseline characteristics of T2DM population stratified by HbAlc.
HbAlc (%)

Item Total >0 7-9 <7 P-value
N 94 31 31 32
Female sex (%) 61 (64.9%) 24 (77.4%) 16 (51.6%) 21 (65.6%) 0.103
Age (years) 54.62+14.13 50.48+11.00 54.97+15.51 58.28+14.79 0.089
BF (%) 29.14+7 41 26.17£6.04 31.84+7.94 29.31+7.20 0.010
LMI (kg/m?) 17.33£2.05 17.58+1.83 17.29+2.04 17.15+£2.28 0.707
BMI (kg/m?) 24.65+3.42 23.92+2.79 25.53+3.08 24.49+4.10 0.172
WC (cm) 93.20+10.70 90.03+10.00 95.07+10.03 94.35+11.81 0.382
HC (cm) 97.73£15.24 89.40+23.03 102.07+7.13 101.26+7.13 0.033
Central obesity (%) 70.2 60.0 80.0 70.6 0.488
SBP (mmHg) 129.65+17.70 126.59+15.16 129.57+16.14 132.70+21.29 0419
DBP (mmHg) 79.01+11.69 79.48+12.88 79.00+£9.95 78.57+£12.46 0.957
HbAlc (%) 8.63£2.27 11.17+1.91 8.35+0.43 6.51+0.60 <0.001
FPG (mmol/l) 9.43+4 41 13.02+4.36 8.35+0.43 6.4620.60 <0.001
UA (gmol/l) 311.38+84.10 298.30+70.40 340.47+99.20 296.00+78.96 0.130
HDL-C (mmol/l) 0.95+0.34 1.00+0.27 0.89+0.44 0.96+0.27 0417
LDL-C (mmol/l) 2.59+0.92 2.57+0.97 2.59+0.89 2.61+0.93 0.989
TG (mmol/1) 2.32+2.25 1.97+1.25 1.90+1.37 3.11+£3.36 0.068
TC (mmol/l) 4.36+1.10 4.24+1.12 427+1.12 4.57+1.08 0.462

Values are expressed as the mean + standard deviation or n (%). T2DM + CAD, T2DM with cardiovascular complication group. HbAlc, glycated
haemoglobin; FPG, fasting plasma glucose; SBP, systolic blood pressure; DBP, diastolic blood pressure; T2DM, type 2 diabetes mellitus; BF,
body fat; BMI, body mass index; LMI, lean mass index; WC, waist circumference; HC, hip circumference; H/LDL-C, high/low-density

lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides; UA, uric acid.

pathways (35,36). Compared with SolP, Sa is relatively poorly
investigated in the fields of diabetes and CVD. Thus, there is
a demand for further studies into the mechanism of Sa in the
progression of T2DM.

In terms of limitations, the present study is a single-center
study and the cohort is relatively small. Further study on the
roles of SolP alterations, specifically in females and males
with diabetes and diabetes-associated cardiovascular disease,
is required to validate the mechanism of the risk. It remains
elusive whether SolP is associated with the duration of diabetes
and severity of atherosclerosis in diabetic patients. Studies
using larger cohorts with more detailed stage stratification
may improve the current knowledge regarding sphingolipids
in diabetes.

In conclusion, the present study indicated that the serum
levels of SolP, SM, Sa and So are significantly decreased in
patients with pre-DM and diabetes compared with those in
healthy controls. SolP is significantly correlated with the
progression of T2DM, and, along with Sa, represents a poten-
tial biomarker for predicting an elevated risk of cardiovascular
complications.
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