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Abstract

Background: Sphingosine Kinase (SphK) that catalyzes sphingosine (Sph) to sphingosine 1-phosphate (S1P), plays

a key role in both sphingolipid metabolism and cellular signaling. While SphK has been implicated in type 2 diabetes
mellitus (T2DM), it is unexplored in humans. Herein, we investigated whether circulating SphK-related metabolites are
associated with T2DM incidence in an established prospective cohort.

Methods: Levels of SphK-related sphingolipid metabolites, including Sph, S1P, dihydrosphingosine (dhSph) and
dihydro-S1P (dhS1P) in serum were measured by targeted-lipidomic analyses. By accessing to an established prospec-
tive cohort that involves a total of 2486 non-diabetic adults at baseline, 100 subjects who developed T2DM after a
mean follow-up of 4.2-years, along with 100 control subjects matched strictly with age, sex, BMI and fasting glucose,
were randomly enrolled for the present study.

Results: Comparison with the control group, medians of serum dhS1P and dhS1P/dhSph ratio at baseline were
elevated significantly prior to the onset of T2DM. Each SD increment of dhS1P and dhS1P/dhSph ratio was associated
with 53.5% and 54.1% increased risk of incident diabetes, respectively. The predictive effect of circulating dhS1P and
dhS1P/dhSph ratio on T2DM incidence was independent of conventional risk factors in multivariate regression mod-
els. Furthermore, combination of serum dhS1P and dhS1P/dhSph ratio with conventional clinical indices significantly
improved the accuracy of T2DM prediction (AUROC, 0.726), especially for normoglycemic subjects (AUROC, 0.859).

Conclusion: Circulating levels of dhS1P and dhS1P/dhSph ratio are strongly associated with increased risk of T2DM,

and could serve as a useful biomarker for prediction of incident T2DM in normoglycemic populations.

Introduction

Type 2 diabetes mellitus (T2DM) is a major global health
problem that currently affects 463 million people over
the world [1]. It is estimated that about 4.2 million deaths
were attributable to diabetes in 20-79 years old adults,
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which accounted for 11.3% of total deaths globally in
2019 [2]. The most effective way to reduce such a global
health burden is to prevent diabetes itself, because pre-
vention of incident diabetes could reduce the all-cause
mortality and the death from cardiovascular disease by
38.8%, and 44.2%, respectively [3]. However, the current
strategy of prevention is still insufficient to curb the esca-
lating epidemics of T2DM [1]. It is widely believed that
both energy-dense diet and sedentary lifestyle are the
primary causes of the epidemics of T2DM, however a
substantial rise of incident diabetes was also seen in peo-
ple with normal body weight or from the countries that
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have no major changes in the category of food consump-
tion in recent decades [4]. Therefore, new approaches are
urgently needed for better prediction and prevention of
diabetes in general populations.

Sphingolipids are a class of essential lipids that function
as both cell membrane constituents and signaling mes-
sengers [5]. Sphingosine kinase (SphK) is a key enzyme
in sphingolipid metabolic network, which catalyzes the
conversion of ceramides/sphingosine (Sph) to sphingo-
sine 1-phosphate (S1P). Because the upstream substrates
and the products of this enzyme often exhibit opposing
biological functions, SphK is regarded as a "switch" of
the sphingolipid rheostat [6]. There are two isoforms of
SphK in human, i.e., SphK1 and SphK2, encoded by two
different genes [6, 7]. Both SphK1 and SphK2 catalyzes
the conversion of Sph to S1P, while SphK2 can prefer-
ably catalyze the formation of dihydro-S1P (dhS1P) from
dihydrosphingosine (dhSph) in mammals [7]. Besides,
SphK1 and SphK2 often possess distinct tissue distribu-
tion, subcellular localization and biochemical properties,
and thus exhibit different and even opposite functions in
a context-dependent manner [7, 8]. For instance, we have
recently reported that global deletion of Sphkl in mice
resulted in a significant loss of pancreatic B-cell mass
and promoted the onset of diabetes [9], whereas Sphk2
deficiency ameliorated diabetic phenotype by protecting
B-cells against lipoapoptosis [10]. These findings indi-
cate that both SphK1 and SphK2 are critically involved
in the regulation of p-cell viability and function in oppo-
site directions. Moreover, the implications of SphK1 and
SphK2 in insulin resistance have recently emerged. For
examples, Anderson et al. reported that adipocyte-spe-
cific deletion of Sphkl in mice impaired glucose tolerance
and elevated fasting blood glucose, which is believed
attributable to the suppressed lipolysis in adipocytes
[11]. More recently, we have reported that hepatocyte-
specific deficiency of SphK2 in mice increased hepatic
glucose production, impaired glucose homeostasis and
caused insulin resistance [12]. Thus, it appears that SphK
is critically involved in both insulin resistance and B-cell
failure, suggesting a crucial role in diabetes. However,
the relationships of SphK and its related sphingolipid
metabolites with diabetes in humans remain unexplored.
Therefore, the present study aimed to investigate the
association of SphK-related metabolites with the risk of
T2DM in a community-based prospective cohort.

Methods

Study samples

For the animal study, the colonies of Sphkl’/’,
Sphk2~'~ and wild-type littermates were derived on
the same C57BL/6 background as detailed in our
previous studies [9, 10]. All mice were housed in a
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temperature-controlled, pathogen-free environment
on a 12-h light/dark cycle and had ad libitum access to
food and water. Animal studies were approved by the
Animal Use and Care Committee of Fudan University
and conformed with the U.S. National Institutes of
Health (NIH) U.S. Department of Health and Human
Services Public Health Service Policy on Humane Care
and Use of Laboratory Animals (NIH publication No.
15-8013; Bethesda, MD, USA).

For the cohort study, the participants were enrolled
from the Shanghai Changfeng Study, a population-
based prospective cohort study on metabolic diseases
in Chinese community residents aged over 45 years as
previously reported in details [13, 14]. A retrospective
nested case—control study was conducted. Among 2486
non-diabetic participants at baseline, a total of 100 par-
ticipants with newly diagnosis of T2DM after a mean
follow-up of 4.2 years (3.5-5 years) were randomly
selected and each case was matched with an individual
without incident diabetes from the same cohort. All
cases and control subjects were strictly matched with
respects to age, sex, body mass index (BMI;+1 kg/
m?) and fasting plasma glucose (FPG;=0.1 mmol/L)
at baseline. All study participants provided written
informed consent, and the study was approved by the
Ethical Committee of Zhongshan Hospital affiliated to
Fudan University (No. 2008-119).

Anthropometric and biochemical profiling

Weight, height and waist circumference were measured
by trained interviewers. BMI was calculated by dividing
the weight (kg) by the square of the height (m?). The mean
value of three resting blood pressure (BP) measurements
was used for the analyses. Venous blood samples were
collected for the biochemical examinations after an over-
night fast of at least 12 h. Serum total cholesterol, high-
density lipoprotein (HDL) cholesterol, triglycerides (TG)
levels and uric acid were measured by an oxidase method.
Low-density lipoprotein (LDL) cholesterol was calculated
using the Friedewald equation. All participants under-
went a 75 g oral glucose tolerance test (OGTT). Fasting
and 2-h post-load plasma glucose (PPG) were measured
using a glucose oxidase method. Serum insulin concen-
trations were measured using electrochemiluminescence
immunoassay. Homeostatic Model Assessment of Insu-
lin Resistance (HOMA-IR) was calculated by multiply-
ing the FPG (mmol/L) by fasting insulin (yU/mL) and
dividing by 22.5 [15]. For both the baseline and follow-up
evaluations, diabetes was diagnosed if FPG > 7.0 mmol/l
or OGTT 2 h PPG>11.1 mmol/], and normal glucose
tolerance defined as FPG<6.1 mmol/L and OGTT 2 h
PPG < 7.8 mmol/L, according to the WHO criteria [16].
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Sphingolipid analyses by HPLC-MS/MS

For the measurement of Sph, dhSph, S1P and dhS1P, the
serum samples collected from the study subjects were
removed from —80 °C storage just before the measure-
ment. Sphingolipids were measured in duplicate of each
sample (100 pL each), using a High Performance Liquid
Chromatography-Tandem Mass Spectrometry (HPLC-
MS/MS) methodology as previously described with some
modifications[9, 17]. Briefly, the samples were mixed
with 10 pL of internal standards (S1P-d7; Avanti, Ala-
bama, USA) and 500 pL of extraction solution consisting
of isopropanol, methanol and formic acid (45:45:10 v/v).
Then, the mixtures were vortexed, sonicated and centri-
fuged at 1500xg for 10 min at 4 °C. Supernatants were
diluted with 30% methanol before analysis. The samples
were analyzed by positive-ion Ultrahigh-Performance
Liquid Chromatography-Electrospray Ionization-Tan-
dem Mass Spectrometry (UPLC-ESI-MS) in a multiple
reaction monitoring mode performed on a Shimadzu
LC-20AD liquid chromatography instrument (Shimadzu,
Japan) and coupled to an QTrap5500 mass spectrometer
(Applied Biosystems Sciex, Canada). Chromatographic
separations were performed under a gradient elution
on an Eclipse XDB-C8 (2.1 x 100 mm, 1.8 um) column
(Agilent Technologies) using a binary solvent system at
a flow rate of 300 pl/min. Prior to sample injection, the
column was equilibrated for 2 min with a solvent mix-
ture of 70% mobile phase A (methanol/H20/formic acid,
69/29/2/, v/v/v, with 2 mmol ammonium formate) and
30% phase B (methanol/tetrahydrofuran/formic acid,
97/2/1, v/v/v, with 2 mmol ammonium formate) as pre-
viously described[18]. After injection, the mobile phase
A/B ratio was maintained at 70/30 for 2 min, followed by
a linear gradient to 100% B over 5 min. The flow was then
maintained for 10 min at 100% B, followed by a wash of
the column with 70:30 A/B for 0.5 min before the next
run. The mass transitions were m/z 300.2— 282.2 for
Sph, 302.2—254.2 for dhSph, 380.2— 264.2 for S1P,
382.2—266.2 for dhS1P, 387.3—271.3 for S1P-d7,
respectively. Levels of Sph, dhSph, S1P and dhS1P were
quantified using external standard curves ranging from
0.1 to 1000 nmol, and normalized to each the synthetic
internal standard (Avanti, Alabama, USA). All of the data
were acquired and processed using Analyst 1.6 software
from Sciex Inc., Concord, ON, Canada.

Statistical analysis

The estimation of sample size was based on our prelimi-
nary experiment in 30 pairs of subjects. According to the
preliminary data, subjects with incident diabetes had sig-
nificantly higher log;, dhS1P/dhSph ratio levels of 0.04
with a SD of 0.11. Therefore, we determined that a sample
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size of 82 achieves 90% power to detect a mean of paired
differences of 0.04 with an estimated standard devia-
tion of differences of 0.11 and a significance level (alpha)
of 0.05 using PASS tests for paired means. Assuming a
drop-out rate of 20%, approximately 100 pairs subjects
would be required.

All statistical analyses were performed using STATIS-
TICAL ANALYSIS SYSTEM (SAS) 9.2 and R 3.4.2 soft-
ware (SAS Institute). The continuous data were compared
using the Student’s t-test, whereas the x2 test was used
for comparisons of categorical variables. Skewed vari-
ables were presented as the median with the interquartile
range. The sphingolipids were non-normally distributed,
so the sphingolipid parameters were log-transformed
before analysis. Since the Shanghai Changfeng Cohort
Study is a fixed cohort study with an average of 4.2-year
(3.5-5 years) follow-up, multivariate logistic regres-
sion models were used to estimate the odds ratios (ORs)
and 95%Cls of incident diabetes per-SD increase of each
individual sphingolipid parameter at baseline after mul-
tiple adjustment. Model 1 was adjusted for age, sex and
BMI changes as the basic model. Model 2 was adjusted
for family history of diabetes, FPG and OGTT 2 h PPG
in addition to factors included in Model 1. Model 3 was
adjusted for serum total cholesterol, triglycerides, sys-
tolic blood pressure and uric acid in addition to factors
included in Model 2. The performance of each serum
sphingolipid component at baseline in prediction of
incident diabetes was evaluated using receiver operating
characteristic (ROC) curve analyses, and was compared
with conventional risk factors of diabetes. A combination
model of serum sphingolipids with conventional risk fac-
tors was also established and assessed. Subgroup analysis
was performed in the participants with normal glucose
tolerance. All tests were two-sided and a P value of less
than 0.05 was considered statistically significant.

Results

Circulating levels of the SphK-related sphingolipid
metabolites in mice

Because no established methodology currently avail-
able for measuring SphK activity in vivo, we applied
Sphkl-deficient (Sphkl1™'~) and Sphk2-deficient
(Sphk2~'") mice to measure circulating levels of the
key sphingolipid metabolites that are mostly relevant
to SphK activity, including Sph, dhSph, S1P and dhS1P,
using HPLC-MS/MS-based targeted-lipidomic analy-
ses. In line with the enzymatic property of Sphk, i.e.,
converting Sph to S1P, Sphkl~'~ mice resulted in a
significant decrease in serum SI1P but increase in
Sph levels (Fig. 1). Correspondingly, the ratio of cir-
culating S1P/Sph was dramatically decreased. How-
ever, the S1P/Sph ratio was not significantly altered
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Fig. 1 Circulating levels of SphK-related sphingolipids in Sphk1~~ and Sphk2~~ mice. Levels of circulating SphK-related sphingolipids, including
sphingosine (Sph), sphingosine 1-phosphate (S1P), dihydro-Sph (dhSph) and dhS1P were measured in Sphk1~/~, Sphk2~/~ and wild-type (WT)
mice (n=7 per group). Ratios of S1P/Sph and dhS1P/dhSph are shown in the right panels. Data are expressed as means 4+ SD. *P < 0.05, **P < 0.01,
***p<0.001

in Sphk2~'~ mice, as SIP levels were significantly
increased in Sphk2~'~ mice. The latter was consist-
ent with the previous reports[19, 20]. By contrast,
Sphk2~'~ significantly decreased dhS1P and slightly
increased dhSph levels, and thus a remarkable reduc-
tion in serum dhS1P/dhSph ratio was detected. How-
ever, the circulating dhS1P/dhSph ratio was not
significant altered by Sphkl~'~, although a decrease
trend existed (Fig. 1). Taken together, these results
indicate that the in vivo activity of SphK1 and SphK2 is
likely reflected in the circulating ratio of S1P/Sph and
dhS1P/dhSph, respectively.

Circulating levels of the SphK-related sphingolipid
metabolites in human

We have recently reported that global deletion of either
Sphkl or Sphk2 exhibited a significant impact on diabe-
tes in the animal models, i.e., loss of Sphkl promotes, but
Sphk2 deficiency protects, the disease [9, 10]. We thus
attempted to apply these experimental findings into a
clinically relevant setting and investigate whether SphK
is associated with T2DM incidence in humans. To this
end, we conducted targeted-lipidomic analyses of the
SphK-related sphingolipids in serum collected from an
established community-based prospective cohort with a
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nested case—control design. We randomly selected 100
cases who developed T2DM (incident T2DM) after a
mean follow-up of 4.2 years, which were matched with
100 subjects who did not develop diabetes (serving as a
control group) from a total of 2486 participants without
diabetes at baseline in the cohort. The two groups were
strictly matched in subjects’ age, sex, baseline BMI and
FPG levels. Baseline characteristics of the study popu-
lation are shown in Table 1. In addition to the matched
parameters, there were no difference in waist circumfer-
ence, blood pressure, serum LDL-C, HDL-C, uric acid,
2-h PPG and HOMA-IR between the two groups. How-
ever, levels of total cholesterol in the incident diabetic
group were higher than the control group (5.32 (4.70—
5.89) vs 4.89 (4.44-5.51), P=0.010) at baseline. Remark-
ably, compared with the control group, the subjects with
incident diabetes had significantly higher levels of base-
line dhS1P (132.0 nmol/L vs 153.0 nmol/L, P=0.002)
and dhS1P/dhSph ratio (42.2 nmol/L vs 50.7 nmol/L,
P<0.001). We then compared the general character-
istics and SphK-related sphingolipids after the follow-
up. The significant differences in dhS1P (132.2 nmol/L
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vs 166.6 nmol/L, P=0.021) and dhS1P/dhSph ratio
(45.0 nmol/L vs 54.8 nmol/L, P=0.024) remained
between the two groups at the end of follow-up (Table 2
and Fig. 2). However, there were no significant difference
in serum levels of Sph, S1P and dhSph and ratio of S1P/
Sph between the control and incident diabetic group
either at baseline or after follow-up.

Association of the SphK-related sphingolipids

with incident T2DM

Having shown the elevated level of dhS1P and dhS1P/
dhSph ratio occurred prior to diabetes onset in the case
group, we then further evaluated the independent asso-
ciation of each sphingolipid component at baseline with
the risk of incident diabetes by multiple logistic regres-
sion analyses. As shown in Table 3, univariate regression
analysis revealed that levels of serum dhS1P and dhS1P/
dhSph ratio, but not others, were significantly and posi-
tively associated with increased risk of incident diabetes,
and each SD increment of dhS1P and dhS1P/dhSph ratio
was associated with 53.5% (OR, 1.54; 95%CI, 1.12-2.10)
and 54.1% (OR, 1.54; 95%CI, 1.10-2.17) increased risk

Table 1 Baseline characteristics and levels of SphK-related sphingolipids in the control and incident T2DM groups

Characteristic Control Incident T2DM P value
(n=100) (n=100)

Men, n (%) 41 (41%) 41 (41%) 0.999
Age, years 624 (56.8-70.0) 62.2 (56.1-67.6) 0.729
Body mass index, kg/m? 247425 2454238 0.744
Waist circumference, cm 85.1£85 84.8+93 0.809
Total Cholesterol (mmol/L) 4.89 (4.44-551) 532 (4.70-5.89) 0.010
LDL (mmol/L) 2.864+0.80 3.03+£0.73 0.121
HDL (mmol/L) 1.33(1.20-1.61) 1.32(1.17-1.51) 0.743
Triglycerides (mmol/L) 141 (1.07-1.96) 1.54(1.15-2.23) 0.409
Fasting plasm glucose (mmol/L) 5.10 (4.85-5.30) 5.10 (4.90-5.50) 0.303
OGTT 2 h-plasm glucose (mmol/L) 7.30 (5.85-8.70) 740 (6.30-8.80) 0213
Insulin (uU/mL) 8.00 (5.77-10.75) 8.30(5.97-10.97) 0.777
HOMA-IR 1.90 (1.34-2.44) 1.92 (1.35-2.44) 0.714
Uric acid (umol/L) 315.0 (265.0-356.0) 315.5(267.0-373.8) 0.788
Family history of diabetes, n (%) 28 (28%) 27 (27%) 0874
Systolic blood pressure (mmHg) 133.8+£155 1385+18.1 0.052
Diastolic blood pressure (mmHg) 77.14£10.1 7884100 0.231
Sphingolipids (nmol/L)

Sph 12.7 (9.58-17.6) 14.2 (10.5-20.0) 0.116
S1P 818.0 (724.0-919.0) 844.0 (763.0-958.0) 0.151
STP/Sph 58.2 (46.8-82.3) 55.2 (43.0-72.2) 0.489
dhSph 3.09 (2.25-4.18) 2.95 (2.29-3.63) 0.281
dhS1P 132.0(109.5-163.3) 153.0(128.0-189.2) 0.002
dhS1P/dnhSph 422 (34.0-52.6) 50.7 (44.0-64.7) <0.001

Data are presented as mean =+ SD, except for skewed variables, which are presented as the median with the interquartile range given in parentheses

HOMA-IR: homeostasis model assessment of insulin resistance
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Table 2 General characteristics and levels of SphK-related sphingolipids at follow-up in the control and incident T2DM groups

Characteristic Control Incident T2DM P value
(n=100) (n=100)

Age, years 66.8 (60.3-74.0) 66.3 (60.3-72.2) 0.999
Body mass index, kg/m? 249431 257434 0.080
Waist circumference, cm 83.1+£9.2 855+98 0.083
Total Cholesterol (mmol/L) 5.06 (441-5.64) 5.13 (4.37-5.80) 0.500
LDL (mmol/L) 2944080 2.87+0.89 0.523
HDL (mmol/L) 142 (1.12-1.69) 133(1.16-1.62) 0.602
Triglycerides (mmol/L) 1.37(1.06-1.78) 1.72(1.27-2.30) 0.026
Fasting plasm glucose (mmol/L) 5.30 (5.10-5.60) 6.10 (5.45-7.25) <0.001
OGTT 2 h-plasm glucose (mmol/L) 6.10 (5.45-6.90) 12.1(11.3-13.8) <0.001
Insulin (UU/mL) 6.90 (5.00-9.80) 10.8 (6.50-15.7) <0.001
HOMA-IR 1.62(1.11-2.33) 2.81(1.69-4.81) <0.001
Uric acid (umol/L) 309.0 (256.0-379.5) 321.0 (265.5-377.5) 0.774
Systolic blood pressure (mmHg) 138.0+£20.2 1420+£184 0.149
Diastolic blood pressure (mmHg) 771£115 785486 0.335
Sphingolipids (nmol/L)

Sph 12,6 (7.58-19.1) 14.3 (6.8-20.7) 0.110
S1P 740.5 (575.7-987.1) 781.1 (550.3-1072) 0.225
STP/Sph 60.3 (43.8-94.1) 59.9 (39.6-93.8) 0.497
dhSph 2.88(2.09-3.87) 3.03 (2.15-3.74) 0.570
dhS1P 132.2(107.7-174.2) 166.6 (103.6-203.3) 0.021
dhS1P/dhSph 45,0 (35.6-63.9) 54.8 (44.0-66.3) 0.024

Data are presented as mean =+ SD, except for skewed variables, which are presented as the median with the interquartile range given in parentheses

of incident T2DM, respectively. Parameter estimates of
the correlation between baseline dhS1P level and dhS1P/
dhSph ratio and risk of incident diabetes remained sig-
nificant after successively adjusted for age, sex, BMI
changes, family history of diabetes, FPG, 2-h PPG, as
well as the addition of total cholesterol, triglycerides,
systolic blood pressure and uric acid levels (dhS1P: OR,
1.50; 95%CI, 1.05-2.14; dhS1P/dhSph: OR, 1.70; 95%CI,
1.14-2.53).

Performance of the SphK-related sphingolipids

for prediction of incident T2DM

In attempt to assess the potential value of serum dhS1P
and dhS1P/dhSph ratio at baseline for prediction of dia-
betes, we performed receiver-operating-characteristic
curves (ROC) analyses. The data indicate that the pre-
diction performance of serum dhS1P and dhS1P/dhSph
ratio for the incidence of diabetes was comparable to
that of the combined conventional risk models, includ-
ing age, BMI, LDL, HDL, triglycerides, FPG, OGTT 2 h
PPG, HOMA-IR and systolic blood pressure. A combi-
nation of serum dhS1P and dhS1P/dhSph with the con-
ventional diabetes risk factors could further improve the
accuracy for prediction of incident diabetes (AUROC,
0.726; 95%CI, 0.647—-0.805), in comparison with the con-
ventional prediction models (AUROC, 0.654; 95%ClI,

0.568-0.739) (Fig. 3a). Furthermore, in subgroup analysis
when dhS1P and dhS1P/dhSph ratio were added to estab-
lished risk prediction model of T2DM (AUROC,0.699;
95%CI, 0.590-0.793) in subjects with normal glucose
tolerance at baseline, the prediction was significantly
improved to an AUROC of 0.859 (95%CI, 0.767—-0.924)
(P=0.002 compared with conventional diabetes predic-
tion models (Fig. 3b).

Discussion
Early prediction of T2DM is regarded as one of the most
effective ways to reduce its incidence in the general
population and improve the long-term prognosis of the
disease. The current study based on an established pro-
spective cohort with a nested case—control design has for
the first revealed time that elevated circulating levels of
dhS1P and its ratio to dhSph were able to effectively pre-
dict diabetes incidence in otherwise healthy, normogly-
cemic individuals. The levels of dhS1P and dhS1P/dhSph
ratio were indeed elevated before the changes of blood
glucose and insulin levels in the subjects who developed
T2DM after an average of 4.2-year follow-up, suggesting
that these SphK-related sphingolipids could serve as a
potential biomarker for early prediction of T2DM.
Previous human studies have reported that several
sphingolipids, especially ceramides, were associated with
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Table 3 Odds ratios (95%Cl) for incident diabetes per SD increase in individual sphingolipid component

per SD Unadjusted Model 1 Model 2 Model 3
(nmol/L)
OR (95%Cl) Pvalue OR (95%Cl) Pvalue OR (95%Cl) Pvalue OR (95%Cl) P value

Sph 722 1.283(0.953-1.729)  0.101 1.328 (0.967-1.823)  0.080 1.343(0.974-1.852) 0.072 1.244(0.878-1.764)  0.220
S1P 159.7 1.190 (0.896-1.579)  0.229 1.229(0911-1.657) 0.177 1.247 (0.918-1.696) 0.158 1.113(0.801-1.545) 0.524
STP/Sph 326 0915 (0.692-1.210) 0534 0.944 (0.705-1.265)  0.701 0.946 (0.705-1.269) 0.711 0.999 (0.732-1.364)  0.996
dhSph 118 0.808 (0.608-1.075)  0.144 0.804 (0.593-1.092) 0.163 0.818 (0.600-1.115) 0.204 0.711 (0.507-0.997)  0.048
dhS1P 48.0 1.535 (1.124~ 2096) 0.007 1.586 (1.137-2.212)  0.007 1632 (1.146-2.326) 0.007 1498 (1.050-2.138)  0.026
dhS1p/ 24.1 1.541 (1.095-2.168)  0.013 1.536 (1.084-2.176) 0.016 1.546 (1.065-2.244) 0.022 1.695 (1.137-2.526)  0.009
dhSph

Data were odds ratio (95% confidence interval)
Model 1 included terms for age, sex and BMI changes

Model 2 included terms for age, sex, BMI changes, family history of diabetes, FPG and OGTT 2 h-blood glucose

Model 3 included terms for age, sex, BMI changes, family history of diabetes, FPG, OGTT 2 h-blood glucose, total cholesterol, triglycerides, systolic blood pressure and

uric acid
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insulin resistance (reviewed in [21, 22]). Based on a large
family-based cohort study, the Strong Heart Family Study
of American Indians, it was found that higher levels of
serum ceramides with saturated fatty acids are associated
with higher fasting serum insulin and HOMA-IR, both
cross-sectionally and prospectively [23]. More recently,
by using large-scale lipidomic analysis, studies on 2 eth-
nically distinct cohorts have shown that ceramides cor-
related positively whereas hexosylceramides correlated
negatively with clinical and biochemical characteristics
of obesity and diabetes [24, 25]. Notably, ceramides in
serum are actually present in a broad variation of sub-
species, which consist of either saturated or unsaturated
sphingoid bases (i.e., dhSph and Sph) with different acyl-
chain lengths of fatty acid (C14:0-C30:0) [26]. However,
only a certain subspecies of ceramides can be found
associated with insulin resistance in both experimen-
tal animals and humans [27, 28]. This strongly suggests
the notion that the balance of sphingolipid metabolism,
rather than ceramide accumulation, in blood is associ-
ated with insulin resistance and diabetes [24, 25, 27, 28].
While the regulation of circulating level of sphingolipids
has yet been identified, recent studies have suggested
that the liver is a major contributor of circulating cera-
mide species [29]. More recently, by taking the advantage
of studies on hepatocyte-specific Sphk2-deficient mice,
we found that the liver is also a key organ that regulates
circulating levels of sphingolipids, including Sph, dhSph,

S1P and dhS1P [12]. Remarkably, the liver-specific defi-
ciency of Sphk2 exhibits pronounced insulin resistance
and glucose intolerance, demonstrating a key role of
hepatic SphK2 in the regulation of insulin sensitivity and
glucose homeostasis.

Similar to SphK1, SphK2 is also responsible for the
conversion of Sph to SIP in cells. However, circulat-
ing S1P appears chiefly attributable to SphK1 activity
[30, 31]. Indeed, we found that global deletion of Sphkl
in mice results in a more than 50% reduction of S1P in
serum, whereas loss of Sphk2 unexpectedly increases cir-
culating S1P (Fig. 1), which is consistent with previous
reports [19, 20]. The circulating S1P is highly dynamic
and its balance is regulated by a process that involves
de-phosphorylation of S1P by S1P-phosphatase, re-phos-
phorylation of Sph by SphK2 and irreversible degrada-
tion of the newly formed S1P by its specific lyase [32].
Unlike SphK1, SphK2 can also specifically catalyze the
phosphorylation of dhSph to form dhS1P in mammals
[33]. Correspondingly, while deletion of Sphk2 resulted
in a significant decrease in dhS1P and increased dhSph
in serum, neither dhS1P nor dhSph was influenced by
Sphkl deficiency in mice (Fig. 1). In unstimulated cells,
SphK1 is a cytosolic enzyme, whereas SphK2 can be
found in the nucleus, the cytoplasm, and other intra-
cellular compartments. Although it was reported that a
minor fraction of SphK1 is constitutively exported from
endothelial cells, possibly contributing to circulating S1P
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[34], we were unable to detect the enzymatic activity of
either SphK1 or SphK2 in murine and human serum.
Thus, the findings that circulating S1P/Sph and dhS1P/
dhSph ratios were dramatically decreased by deficiency
of Sphkl and Sphk2, respectively, indicate that the ratios
could represent a favorable readout of in vivo activity for
these two isoenzymes.

With nearly 4000 sphingolipid metabolites known to
be present in mammalian cells (http://www.lipidmaps.
org), many of which are bioactive and play important
roles in biological function. Despite recent progress in
mass spectrometry-based technologies that allow for bet-
ter discrimination of individual sphingolipid species than
was previously possible, only a relatively small portion of
sphingolipids can be detected in blood by non-targeted
sphingolipidomic or large-scale lipidomic analyses [35,
36]. The current study was driven primary by our previ-
ous experimental data that suggest an important role of
SphK in the pathogenesis of diabetes. Thus, we aimed
to explore the relationship between sphingolipids and
T2DM with a focus on SphK-related metabolites, includ-
ing Sph, dhSph, S1P and dhS1P. The most significance
of the current study is the finding that high levels of cir-
culating dhS1P and its ratio to dhSph are prospectively
associated with T2DM incidence, revealing a novel
biomarker for susceptibility to develop diabetes, up to
5 years before the disease diagnosed. The prediction
performance of circulating dhS1P/dhSph ratio is better
than dhS1P alone. In marked contrast, neither S1P lev-
els nor S1P/Sph ratio is associated with the risk of inci-
dent diabetes. To the best of our knowledge, this is the
first study showing the association of T2DM incidence
with circulating levels of SphK-related sphingolipids in a
prospective epidemiologic setting. Early identification of
individuals with high risk of incident diabetes is of critical
importance, because diabetes and its complications have
been fully proven to be preventable [37, 38]. Although
conventional risk factors, such as FPG, BMI and dys-
lipidemia, could predict incident diabetes to a certain
degree [39], their prediction accuracy and sensitivity are
limited. A better clinical prediction model for incident
diabetes remains urgently needed. Previous efforts on
combining the genetic risk factors of T2DM with conven-
tional predictors add modestly values to the risk assess-
ment [40]. In the present study, the application of serum
dhS1P/dhSph ratio in early prediction of incident diabe-
tes showed comparable accuracy to the conventional risk
model before the changes of blood glucose. Combination
of dhS1P levels and dhS1P/dhSph ratio with those con-
ventional risk factors might provide a promising tool for
early prediction of T2DM clinically.

The finding that dhS1P and dhS1P/dhSph ratio are
elevated in serum up to 5 years before diabetes onset
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suggests that SphK2 activity could be stably associated
with T2DM predisposition. Indeed, in recent years, an
increasing body of evidence has suggested an important
role of SphK2 in both insulin resistance and pancreatic
[-cell dysfunction, the two key pathogenic factors of dia-
betes [10, 12, 41]. While SphK1 has been identified as
protective factor against -cell death [9], we have recently
uncovered that SphK2 is an endogenous pro-apoptotic
factor promoting [-cell lipotoxicity and dysfunction [10].
Global ablation of Sphk2 significantly reserves [-cell
mass and insulin production, resulting in amelioration
of diabetic phenotype in a mouse model of T2DM [10].
Intriguingly, SphK2 is likely a metabolically protective
factor in the liver, as Sphk2~/~ predisposes to non-alco-
holic and alcoholic fatty liver diseases [42, 43], whereas
adenoviral overexpression of SphK2 primarily in the liver
improves insulin resistance [41]. More recently, we found
that hepatocyte-specific Sphk2-deficent mice exhibited
evident insulin resistance and pre-diabetes [12]. Thus, it
appears that SphK2 can exert both protective and patho-
genic effects, leading to different metabolic outcomes in a
highly context-dependent manner. Although we are cur-
rently unable to assess the contribution of these different
functions of SphK2 to the overall metabolic homeostasis,
the association of circulating dhS1P/dhSph ratio with
T2DM incidence has shed light on an important role of
SphK2 in diabetes in a clinically relevant setting.

In this study, all cases and control subjects were strictly
matched with respects to age, sex, BMI, FPG at baseline.
Intriguingly, levels of total cholesterol in the incident dia-
betic group were higher than the control group. It is well
acknowledged that total cholesterol is an established risk
factor for diabetes. To exclude the potential confound-
ing factor of cholesterol, we first performed a correlation
analysis and found that dhS1P and dhS1P/dhSph ratio
were not related to total cholesterol (P>0.10). Moreover,
in the logistic regression, after adjustment for total cho-
lesterol, parameter estimates of the correlation between
baseline dhS1P level and dhS1P/dhSph ratio and risk of
incident diabetes remained significant. Hence, it is more
likely to be a happenchance but not a real phenomenon
associated with the changes in SphK-related sphingolipid
metabolite levels.

It is interesting to note that high levels of serum dihy-
droceramides have recently been identified as a poten-
tial biomarker of T2DM susceptibility in both mice and
humans [28]. Dihydroceramides, along with dhSph and
dhSph, represent a key subspecies of sphingolipids,
namely dihydrosphingolipids, which does not contain a
C4-trans-double bond in the sphingoid backbone. They
are produced in early steps of the de novo ceramide syn-
thetic pathway (reviewed in [44]). Dihydroceramides
are yielded from the conversion of dhSph by (dihydro-)
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ceramide synthases, and the latter can be phosphoryl-
ated by SphK2 to form dhS1P. Theoretically, loss of Sphk2
leads to dhSph accumulation, which would increase
dihydroceramide formation. Likewise, elevated SphK2
activity and increased dhS1P would result in a reduc-
tion of dihydroceramides. However, as dihydroceramides
were not measured in the present study, we are unable
to ascertain whether the individuals who had high levels
of dhS1P with incident T2DM also had changes in dihy-
droceramides. This is worth to be tested in the future.

There are several limitations in the present study. First,
while the nested case—control design has provided us a
powerful tool to identify serum dhS1P/dhSph ratio as a
biomarker for T2DM prediction in a given cohort, we
did not evaluate its performance in additional large-scale
population of cohorts due to funding constraints. Thus,
the predictive value of serum dhS1P and the ratio of
dhS1P/dhSph for incident T2DM in general population
remains to be further validated. Second, our study par-
ticipants were only of Han Chinese, and thus the further
studies on a variety of races and ethnicities are required.
Third, all participants in this study were middle-aged and
elderly adults, and further work is needed to determine
whether our findings can be extrapolated to all-ages pop-
ulation. Finally, in the present study we only measured
circulating levels of the sphingolipid metabolites mostly
related to SphK activity, including Sph, S1P, dhSph and
dhS1P. Further work is needed to examine whether com-
bining the current findings with more sphingolipid meas-
urements, such as ceramides, dihydroceramides and
glucosylceramides, could further improve the predictive
value for incident T2DM.

In summary, we have shown that high levels of cir-
culating dhS1P and its ratio to dhSph are prospectively
associated with T2DM incidence in a prospective cohort,
revealing a novel biomarker for susceptibility to develop
diabetes, up to 5 years before the disease is diagnosed.
Further studies are warranted to validate its prediction
power in a general population and further understand
the mechanisms underlying the effects of SphK-related
sphingolipids in the pathogenesis of T2DM.
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