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Abstract Alterations in lipid metabolism may contribute to
diabetic complications. Sphingolipids are essential compo-
nents of cell membranes and have essential roles in homeo-
stasis and in the initiation and progression of disease.
However, the role of sphingolipids in type 1 diabetes re-
mains largely unexplored. Therefore, we sought to quantify
sphingolipid metabolites by LC-MS/MS from two animal
models of type 1 diabetes (streptozotocin-induced diabetic
rats and Ins2*“* diabetic mice) to identify putative thera-
peutic targets and biomarkers. The results reveal that sphin-
gosine-1-phosphate (SolP) is elevated in both diabetic
models in comparison to respective control animals. In ad-
dition, diabetic animals demonstrated reductions in plasma
levels of omega-9 24:1 (nervonic acid)-containing ceramide,
sphingomyelin, and cerebrosides. Reduction of 24:1-ester-
fied sphingolipids was also observed in liver and heart. Nu-
tritional stress via a high-fat diet also reduced 24:1 content
in the plasma and liver of mice, exacerbating the decrease
in some cases where diabetes was also present. Subcutane-
ous insulin corrected both circulating Sol1P and 24:1 levels
in the murine diabetic model. Bl Thus, changes in circulat-
ing sphingolipids, as evidenced by an increase in bioactive
SolP and a reduction in cardio- and neuro-protective
omega-9 esterified sphingolipids, may serve as biomarkers
for type 1 diabetes and represent novel therapeutic tar-
gets.—Fox, T. E., M. C. Bewley, K. A. Unrath, M. M. Pedersen,
R. E. Anderson, D. Y. Jung, L. S. Jefferson, J. K. Kim, S. K.
Bronson, J. M. Flanagan, and M. Kester. Circulating sphin-
golipid biomarkers in models of type 1 diabetes. J. Lipid
Res. 2011. 52: 509-517.
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Diabetes is a debilitating chronic disease that has no
cure and can only be managed by pharmaceutical and/or
nutritional interventions. Worldwide, the incidence of dia-
betes and diabetic complications is dramatically increas-
ing, possibly due to a worldwide obesity epidemic. It is
argued that although targeting obesity will radically de-
crease the incidence and complications of type 2 diabetes,
no such general nutritional solution exists for patients
with type 1 diabetes. Yet patients with type 1 diabetes who
adhere to the American Diabetes Association diet guide-
lines and/or exhibit a low body mass index demonstrate
significant reductions in complications. Despite the knowl-
edge that altered lipid metabolism is a cardinal feature of
both type 1 and 2 diabetes, the actual lipid species that con-
tribute to complications such as diabetic nephropathy, reti-
nopathy, neuropathy, and cardiovascular disease have not
been comprehensively studied in type 1 models and may
offer a targeted nutritional approach for these patients.

Although sphingolipids comprise only a fraction of total
lipids, a body of evidence has now identified dysfunctional
sphingolipid metabolism and generation of specific sphin-
golipid metabolites as contributors to diabetic complica-
tions (1). Most of the evidence pointing to a role of
sphingolipids in diabetes has utilized models of type 2 dia-
betes. Treatment of Zucker fa/fa rats and dietiinduced
obese mice with the de novo sphingolipid inhibitor, myrio-
cin, improved glucose tolerence and insulin sensitivity (2).
Similarly, treatment strategies that inhibit glucosylcer-
amide synthase have proven effective in diabetic animal
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models. Treatment of obese (0b/0b) mice with the selective
glucosylceramide synthase inhibitor, N-(5-Adamantane-1-
yl-methoxy-pentyl)-deoxynojirimycin, lowered blood glu-
cose levels, improved oral glucose tolerance, reduced
hemoglobin Alc, and improved insulin sensitivity in mus-
cle and liver (3). Similar beneficial metabolic effects were
observed in high-fat-fed mice and Zucker rats (3). Dimin-
ished blood glucose, improved glucose tolerance, and re-
duced Alc levels were also observed with a structurally
distinct glucosylceramide synthase inhibitor, Genz-123346,
in Zucker diabetic fatty rats and diet-induced obese mice.
This inhibitor also limited the loss of pancreatic B-cell
function, suggesting that sphingolipid metabolism might
be affected in type 1 diabetes (4). Although these studies
have demonstrated therapeutic efficacy in modulating
sphingolipid metabolism, the actual diabetes-induced
changes in sphingolipids remain poorly characterized.

Herein, we analyzed the circulating sphingolipids in two
distinct models of type 1 diabetes, the strepzotocotin (STZ)-
induced diabetic rat and the Ins2*™ diabetic mouse. We
also determined the sphingolipid profile of Ins2*“"* mice in
the presence or absence of nutritional “stress” (high-fat
diet) and the effects of subcutaneous-implanted delivery of
insulin to correct dysfunctional sphingolipid metabolism in
the murine model.

MATERIALS AND METHODS

Materials

All lipid standards were obtained from Avanti Polar Lipids
(Alabaster, AL). All solvents were HPLC grade or higher and ob-
tained from Thermo Fisher Scientific (Waltham, MA) or Honey-
well Burdick and Jackson (Morristown, NJ).

Animals

Male Ins2*"* mice and wild-type littermates (C57BL/6] back-
ground) were housed under controlled temperature and a 12 h
light/dark cycle with free access to food (Teklad 2019) and water
(5). The Akita allele is a spontaneous, dominantly inherited mu-
tation in one of the two mouse insulin genes. The Ins2* muta-
tion arose on the C57BL/6 background and upon transfer to
The Jackson Laboratory (JAX) was bred to C57BL/6]. We im-
ported the line from JAX and have continuously maintained the
line by breeding to C57BL/6] stock. Ins2**" male mice are
bred to Ins2"”" female stock mice to generate the experimental
male littermates, Ins2*** (Ins2™™) and Ins2"* (wild-type). All
mice were housed under controlled temperature and a 12 h
light/dark cycle with free access to food (Teklad 2019) and wa-
ter. Ins2™™ mice demonstrate increased food intake, increased
energy expenditure (despite being less active), and a significant
reduction in respiratory exchange ratio (5). For some studies
(see Table 1 for details), animals at about 12 weeks of age (~8
weeks hyperglycemia), were switched to a high-fat diet (Teklad
93075) for 6 weeks. Whole body fat and lean mass were noninva-
sively measured in awake Ins2* and wild-type mice at 14 weeks
of age using "H-MRS (Echo Medical Systems, Houston, TX).
Some Ins2*™ diabetic mice received continuous insulin treat-
ment via subcutaneous implant of LinBit pellets (LinShin, Can-
ada, Inc.) 6 weeks prior to harvest following the manufacturer’s
instructions (3—4 pellets/animal determined by animal weight).
Blood glucose concentrations and percent glycosylated hemoglo-
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bin were measured from drops of blood acquired by nicking the
tail using a Lifescan glucose meter and Siemens DCA Analyzer,
respectively. Cartridges for the quantitative measurement of
hemoglobin Alc are based on specific monoclonal antibody
agglutination.

Male Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA) were fasted overnight and given a single intra-
peritoneal injection of STZ (65 mg/kg; Sigma-Aldrich, St. Louis,
MO) freshly dissolved in 10 mmol/l sodium citrate buffer
(pH 4.5) (6). Diabetes was confirmed 6 days later by blood glu-
cose > 250 mg/dl (Lifescan, Milpitas, CA). Age-matched control
and diabetic rats were monitored regularly by weight and blood
glucose tests. Rats were group-housed in solid plastic-bottom
cages with bedding as well as ad libitum food (Teklad Global 18%
protein rodent diet) and water under a normal 12 h light/dark
schedule.

Animals were maintained by the Juvenile Diabetes Research
Foundation Animal Core Facility at Pennsylvania State University
in accordance with the institutional animal care and use commit-
tee guidelines. The average weight and blood glucose level of
each animal was recorded on the day they were euthanized and
are indicated in Table 1. All procedures were approved by the
Pennsylvania State University Institutional Animal Care and Use
Committee.

Sphingolipid analyses

Sphingolipids were analyzed by LC/ESI-MS/MS based on the
method described by Merrill et al. (7) with some modifications
(8). These modifications ensure that the samples are properly
neutralized to prevent breakdown of sphingomyelin and
lysosphingomyelin into other lipids if dried down under alkaline
conditions (8). Lipids from heparinized plasma (25 wl), liver
(500 g protein), and heart (500 pg protein) were extracted and
separated on an Agilent 1100 HPLC system. Mobile phases were
as described (7), but with 0.2% formic acid on a Luna C8 (3 )
2mm ID x 5cm column maintained at 60°C for separation of the
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Fig. 1. SolP is increased in the diabetic plasma. Sphingolipid
long-chain bases were measured by LC-MS/MS from (A) 4 week
STZ-induced diabetic rats and age-matched controls and (B) 14-
week old Ins2*“* mice and nondiabetic sibling controls (shown as
pmol/ml). n values are provided in Table 1. *P< 0.01.
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sphingoid bases and I-phosphates. The eluate was analyzed with
an inline ABI 4000 Q Trap (Applied Biosystems, Foster City, CA)
mass spectrometer equipped with a turbo ion spray source. The
peak areas for the different sphingolipid subspecies were com-
pared with that of the internal standards. All data reported are
based on monoisotopic mass and are represented as pmol/ml for
plasma and pmol/mg protein for heart and liver tissue.

Fatty acid derivatization and gas-liquid chromatography

Total lipids were extracted for fatty acid analysis from plasma
as described previously (9). Total lipid extracts were then con-
verted to methyl esters by addition of 2% H,SO, in methanol and
heated at 100°C for 65 min. A mixture of pentadecanoic acid
(15:0), heptadecanoic acid (17:0), and heneicosanoic acid (21:0)
were added as internal standards. Tubes were cooled on ice and
fatty acid methyl esters were extracted three times with hexane,
dried under Ny, and dissolved in nonane. The fatty acid compo-
sitions were determined by injecting 3 pL. of each sample at 250°C
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with the split ratio set to 20:1 using a DB-225 capillary column (30
m x 0.53 mm inner diameter; ] and W Scientific, Folsom, CA) in
a gas-liquid chromatograph (model 6890N; Agilent Technolo-
gies, Wilmington, DE) and an autosampler (model 7683; Agilent
Technologies). The column temperature was programmed to
hold at 160°C for 1 min, then increased to 220°C at 1°C/min,
and held at 220°C for 10 min. Helium carrier gas flowed at 4.2
ml/min. The hydrogen flame ionization detector temperature
was set to 270°C. The chromatographic peaks were integrated
and processed on computer (ChemStation software; Agilent
Technologies). Fatty acid methyl esters were identified by com-
paring their relative retention times with authentic standards,
then their relative mol percentages were calculated.

Statistical methods

Statistical analyses (#tests) were performed using GraphPad
Prism 4.0 software, with statistical significance considered if P <
0.05.
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Fig. 2. Fatty-acid esterified sphingolipids are altered in the plasma from diabetic models. The ceramide, sphingomyelin, and cerebroside
classes of sphingolipids were measured by LC-MS/MS from 4-week STZ-induced diabetic rats (A, ceramides; B, sphingomyelin; C, cerebro-

ita

sides) and age-matched controls as well as 14-week-old Ins2™™

mice and nondiabetic sibling controls (D, ceramides; E, sphingomyelin; F,

cerebrosides). Values are shown as pmol/ml; n values are provided in Table 1. *P < 0.01.
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RESULTS

Plasma sphingolipid profiling of the Ins2*“ diabetic
mouse and STZ-induced diabetic rat reveals altered
sphingolipid metabolites

Due to the rising importance of sphingolipids as contribu-
tors to the pathogenesis of various disease processes (10), we
sought to obtain a better understanding of diabetes-induced
changes of sphingolipids in models of type 1 diabetes. We
initially assessed the sphingolipid profile from lipids extracted
from the plasma of the STZ-diabetic rat, a drug-induced dia-
betic model, and the Ins2® mouse, a genetic model of dia-
betes. Ins2*“™ mice contain a dominant mutation in the
insulin 2 gene, which causes a conformational change that
induces the unfolded protein response. This, in turn, results
in pancreatic B-cell death and subsequent spontaneous in-
duction of diabetes within 4 weeks of birth (11). Utilizing
LC-MS/MS, we quantified the long-chain bases: sphingosine-
1-phosphate (SolP), sphinganine-1-phosphate (SalP), sphin-
gosine (So), and sphinganine (Sa). Elevated levels of SolP
were observed in both STZ-treated rats (Fig. 1A) (34.7%)
and Ins2™™ mice (Fig. 1B) (29.8%), relative to their con-
trols. Interestingly, the dihydro form, SalP, was unaltered as
were the metabolic precursors, So and Sa.

The fatty acid-esterfied sphingolipid molecular species
of ceramides, cerebrosides, and sphingomyelin were also
quantified in the plasma. Specifically, we observed that the
C16:0, C22:0, and C24:0 fatty acid-esterified ceramides
were elevated in the STZ-induced diabetic rat (Fig. 2A),
but not in the Ins2*"™ mouse (Fig. 2D). It is unclear if this
difference is due to a secondary toxic effect of the STZ or
due to differences in the models. For example, STZ-diabetic
rats are typically hyperlipidemic and Ins2** have higher
basal insulin levels. Further examination of the fatty acid
profiles of both models revealed a significant decrease in
the omega-9, 24:1 fatty acid (nervonic acid). Nervonyl-con-
taining ceramides decreased 60.6% in the STZ-induced
diabetic rat model and 53.4% in the Ins2*“* model. This
decrease was also observed in the sphingomyelin [STZ

(Fig. 2B) and Ins?Al_<iLa (Fig. 2E)] and cerebroside [STZ
(Fig. 2C) and Ins2*™ (Fig. 2F)] classes of sphingolipids.
Besides the decreased 24:1 molcular species, there were
no other fatty acyl changes in the sphingomyelin or cere-
broside classes of sphingolipids. It should be noted that
the levels of cerebrosides in the plasma are appreciably
lower relative to other lipids.

High-fat feeding decreases 24:1-containing sphingolipids

To examine the effects of nutritional stress, wild-type
and Ins2™"* mice were fed a high-fat diet for 10 weeks.
This high-fat diet has been utilized frequently in the litera-
ture as a model for diet-induced obesity in C57BL/6] mice
(12-15). After this time, Ins2*""* mice gained, on average,
1.3 g of fat compared with wild-type mice, which gained on
average 6.3 g (Table 1). Likewise, Ins2*"* mice were resis-
tant to a high-fat dietinduced increase in body weight,
consistent with type 1 diabetes. On the high-fat diet,
Ins2*M® diabetic as well as wild-type mice showed signifi-
cant decreases in nervonic acid for ceramide (Fig. 3A),
sphingomyelin (Fig. 3B), and cerebrosides (Fig. 3C). In
diabetics, the decrease in 24:1 containing sphingomyelin
and cerebroside classes was exacerbated with the high-fat
diet. These data demonstrate that both a high-fat diet and
diabetes result in significant decreases of nervonic acid-
containing sphingolipids.

Insulin treatment corrects altered SolP and C24:1
content in plasma sphingolipids

We next determined whether insulin therapy could re-
store these selective alterations in SolP and C24:1 induced
by diabetes. Ins2* mice were given subcutaneous insulin
implants for 6 weeks. This insulin treatment decreased
blood glucose levels and hemoglobin Alc levels in Ins2*H®
mice (Table 1).We again analyzed the sphingolipid content
from the plasma of these animals. As previously seen, the
diabetic animals showed a significant increase in SolP levels
(Fig. 4A), and those treated with insulin showed a return of
So1P to basal levels. We also report that insulin treatment in

TABLE 1. Animal information

Weight Blood Glucose HbAIC Body Fat
Study Group n () (mg/dl) (%) (g)
Figs. 1A, 2A-C Control (4wk) 8 422.8 + 8.4 98.8+3.6
Diabetic (STZ - 4wk) 7 277.8 £16.2 420.9 £19.9
Figs. 1B, 2D-F, 3 Wild-type (14wk) 10 28.5+0.5 194+ 6.9 3.9+0.2
Ins2*M (14wk) 7 25.1+0.6 Above limit 3.2+0.1
Wild-type + High Fat 11 33+1.1 212+ 15.3 10.2+ 1.0
Ins2™ ™ 4 High Fat 10 25.6 + 0.4 512 + 23.2 45+0.1
Figs. 4, 6 Wild-type (16 wk) 7 28.4 + 1.5 223 +16.9 4.4 £ 0.09
Ins2™ (16 wk) 7 22.3 + 0.6 382 + 50.6 18.3 + 0.26
Ins2*™ + insulin (16wk) 7 25.2 £ 0.5 Above limit 6.7 +0.31
Fig. 5 Control (4wk) 7 391.1 + 14.7 108.6 + 4.3
Diabetic (STZ-4wk) 7 303.6 + 9.6 409.3 £ 17.6
Fig. 7 Wild-type (14wk) 10 27.1+0.4 168 + 6.2 4.0+0.2
Ins2*" (14wk) 9 24.9 + 0.7 533 +23.2 3.0+0.1
Wild-type + High Fat 10 35.4+1.35 161 + 4.1 11.8+0.9
Ins2* 4 High Fat 10 25.7+0.2 452 + 22.0 4.4+02
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Fig. 3. A high-fat diet reduces 24:1 containing sphingolipids in

the plasma. Ten-week-old Ins2*"* diabetic mice and nondiabetic

mice were fed a high-fat diet for 6 weeks. Plasma was collected and
analyzed by mass spectrometry for 24:1-esterified (A) ceramides,
(B) sphingomyelin, and (C) cerebrosides (data shown as pmol/
ml); n values are provided in Table 1. *P < 0.05.

diabetic animals restores 24:1 levels to that of controls for
ceramide (Fig. 4B) and sphingomyelin (data not shown).

Plasma fatty acid analysis

To further confirm this diminished 24:1 fatty acid con-
tent of esterified sphingolipids from the plasma, we ana-
lyzed the fatty acid profile of the total lipids present in the
plasma of the STZ-induced diabetic rat. By gas chromatog-
raphy-flame ionization detector (GC-FID) analysis of total
fatty acids, we observed diminished 24:1 nervonic acid (Fig.
5 inset). Interestingly, whereas the percentage of 24:1 in
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Fig. 4. Insulin treatment restores diabetes induced sphingolipid
changes in the plasma. Ten-week-old Ins2*" diabetic mice were
administered insulin via subcutaneous insulin pellets for an addi-
tional 6 weeks. A: SolP content was measured from the plasma
from control, Ins?Akila, and insulin-treated Ins2*¥, B: Similarly,
24:1-containing ceramides were also assessed (data shown as pmol/
ml); n values are provided in Table 1. ¥P< 0.05.

free or esterfied form is relatively low compared with other
fatty acids in the total lipid pool, the percentage of 24:1 pres-
ent on sphingolipid classes is considerably higher (Fig. 2).
This suggests that nervonic acid is selectively esterfied to
sphingolipids rather than glycerol-containing lipids. We
also observe that metabolic precursors to omega-9 24:1, spe-
cifically 16:1 and 18:1, are significantly decreased in dia-
betics, in contrast to increases in 18:0 and 18:2 omega-6 fatty
acyl precursors (Fig. 5). Also of interest, this elevation of
18:2 does not get further metabolized to 20:4n6 (arachi-
donic acid). Overall, these data demonstrate that diabetes
results in the selective decrease in omega-9 fatty acids.

Sphingolipids in the heart

Because both elevated SolP levels and diminished ner-
vonic acid have been correlated with cardiovascular compli-
cations (16, 17), sphingolipid molecular species were also
assessed from heart tissue of wild-type and ns2*" diabetic
mice. Clinical data have shown that circulating SolP is pre-
dictive of obstructive coronary artery disease (16). In addi-
tion, it has been reported that nervonic acid exerts a negative
correlation on coronary risk factors and consequently, may

Sphingolipids and diabetes 513

2102 ‘0z aunr uo ‘1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

40~

1 Control
Bl Diabetes (STZ Rat)

05+ *

Mole %

241

--=F--...=|--.--¢-DF-¢-|—

*
m
304
T
X
© i x
g 20 .
m *x
m
104
*
M
0 _l n_ - Y n'. T Y T
RN .'\ N .'\ 6 6 S5 O N '5

QO N O

)
s “9'15‘ ‘19%0'» +° v at W ® qy q?‘

P P

Fatty Acid Species

Fig. 5. Plasma fatty acid content is altered with diabetes. Total lipids from the plasma of control and diabetic animals were derivatized to
methyl esters and analyzed by GG-FID. The mol% of each fatty acid is shown. The 24:1 values are shown in the inset. Significance is indi-

cated by a * (P<0.05) and n values are provided in Table 1.

have a preventative effect on cardiovascular disorders (17).
Nervonic acid constitutes a much smaller proportion of the
fatty-esterfied sphingolipids in the heart as compared with
the plasma. However, we again observed a significant reduc-
tion in nervonic acid-containing ceramides (Fig. 6A) and
sphingomyelin (data not shown) without alterations in other
fatty acids. In these animals, we also assessed the ability of in-
sulin therapy, by means of a subcutaneous implant, to alter
nervonic acid-containing sphingolipids. As we have observed
in the plasma, insulin was again able to rescue this decrease
in nervonic acid-containing sphingolipids.

We also assessed SolP levels in the wild-type and dia-
betic Ins2™™ heart tissue (Fig. 6B). As in the plasma, a
significant increase in SolP levels was observed in diabetic
heart tissue. Insulin treatment, although not significantly
different, reduced SolP levels in five out of seven animals.
Other sphingolipids, So and Sa, were not altered by diabe-
tes (data not shown). These data demonstrate that the
heart has a similar response to diabetes as the plasma.

Sphingolipid profile of the diabetic liver

Because sphingolipids can be packaged onto lipoprotein
complexes in the plasma, this potentially implicates the liver
as a contributory factor in altered sphingolipids in circula-
tion. We observed several diabetes-induced changes in the
liver tissue of the Ins2*™™® diabetics. Increases in the satu-
rated 16:0 and 18:0 ceramides were observed (Fig. 7A).
Also, a decrease in 24:1 containing ceramides was observed,
as previously seen in the plasma. This reduction in nervonic
acid again reveals it is not specific to ceramides. Both diabe-
tes and a high-fat diet reduced the nervonic acid content of
the sphingomyelin (Fig. 7B) and cerebroside (Fig. 7C) clas-
ses of sphingolipids. We again observe a cooperative effect
of a high-fat diet on reducing 24:1 in diabetic animals. It

514 Journal of Lipid Research Volume 52, 2011

should be noted again that cerebroside content is consider-
ablyless than other esterified sphingolipids. Taken together,
this data suggests that reduced 24:1 containing sphingolip-
ids in circulation may be a consequence of altered liver
sphingolipid metabolism.

We also evaluated SolP levels in the liver tissue of the
Ins2*4 diabetic model. Here, we did not observe changes
in liver SolP in diabetic animals (Fig. 7D). The lack of di-
abetes-induced SolP changes suggests a different source
of elevated SolP.

DISCUSSION

Although defective insulin signaling and hyperglycemia
are the major underlying factors for diabetes and its compli-
cations, alterations to the metabolites that contribute to a
homeostatic environment are still poorly defined. We chose
to analyze sphingolipid metabolites due to recent evidence
that modulation of this class of lipids can have therapeutic
outcomes in models of type 2 diabetes (2—4). Despite this
evidence of targeting sphingolipids as a therapy for type 2
diabetes, the actual changes to sphingolipid metabolites in
type 1 diabetes have remained undefined until now. The
major changes we observed in two distinct models of type 1
diabetes are: 1) an elevation of So1P levels and 2) a selective
decrease in nervonic acid-esterified sphingolipids in circu-
lating plasma.

Changes in So1P levels could have several implications for
diabetes, in particular, cardiovascular disease. Research indi-
cates that the heart and aorta from the STZ-induced diabetic
rat have increased sphingosine kinase activity, which was
diminished in animals given an insulin pump (18). Our data
are consistent with previous research results because the
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the same animals. Data is presented as pmol/mg protein; n values are provided in Table 1. *P< 0.05.

product of sphingosine kinase, SolP, is elevated in the dia-
betic heart. Mechanistically, hyperglycemia induces sphin-
gosine kinase activity and SolP levels, leading to enhanced
leukocyte adhesion to endothelial cells and contributing to
vascular damage (18). This high glucose induced-leukocyte
adhesion to endothelial cells is blocked by overexpression
of a kinase-dead sphingosine kinase 1 mutant (18), further
implicating sphingosine kinase in diabetes-induced cardio-
vascular disease. Conversely, in KK/Ay diabetic mice, sphin-
gosine kinase 1 gene delivery, via intravenous injection of
adenoviruses, reduced blood glucose, led to reduced choles-
terol, triglycerides, LDL, and nonesterfied fatty acids, in-
creased HDL, and prevented cardiac injury (19). SolP also
prevented monocyte/endothelial interactions through acti-
vation of the SolP receptor, SI1Py, in the type 1 non-obese
diabetic (NOD) mouse model (20). Analysis of circulating
SolP in clinical samples demonstrates that SolP is more pre-
dictive of obstructive coronary artery disease than other well-
established risk factors, including age, sex, family history,
diabetes, lipid profile, and hypertension (16).

The complexity of the roles of Sol1P may have many under-
lying factors, including multiple sphingosine kinases, recep-

tors, and nonreceptor intracellular targets. These roles may
have many effects depending on where SolP is localized in a
cell. To add to its complexity, the S1P receptor, S1Ps, is in-
volved in cardioprotection in in vivo ischemia/reperfusion
models (21). The S1P; receptor also has been implicated in
regulating heart rate, and its activation results in bradycardia
in both mice and humans (22-24). This controversy between
the protective and detrimental actions of Sol1P and its targets
has not yet been completely elucidated in diabetic models
and represents a target of future investigation.

Another important finding of our type 1 diabetic study
was a decrease in esterified nervonic acid in multiple sphin-
golipid classes, and this change could have significant impli-
cations for understanding diabetic complications. It has
been reported that nervonic acid exerts a negative correla-
tion on coronary risk factors and may have a preventive ef-
fect on metabolic disorders (17). Our data reveal that a
high-fat diet also reduces nervonic acid, and that this nutri-
tional stress can further decrease diabetes-induced reduc-
tions of nervonic acid. In addition, a reduction of nervonic
acid-containing ceramides in diabetic cardiac tissue was also
observed. The role of omega-9 fatty acids, such as nervonic
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acid, in maintaining health remains poorly defined. It is un-
clear whether nervonic acid exerts biophysical or biochemi-
cal properties associated with anti-inflammatory or protective
actions. Also, the mechanism for diminished nervonic acid
content remains unknown. It is intriguing that we observed
decreases in several omega-9 precursor molecular species in
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the diabetic plasma (e.g., C16:1, 18:1) from the total lipid
pool, but these decreases are not evident in sphingolipids
except for C24:1. Diabetes has been demonstrated to im-
pair/alter fatty acid elongases and fatty acid desaturases.
Specifically, the elongase ELOVL6 and delta-9 desaturase
(enzymes responsible for the synthesis of omega-9 C16:1 and
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C18:1 fatty acids and precursors to nervonic acid) can be
inhibited by diabetes or a high-fat diet (25), which could
explain the reduction observed in the diabetic plasma.

In addition to cardiovascular disease, diminished ner-
vonic acid may also influence diabetic neuropathy. Dimin-
ished nervonic acid has been observed in demyelinating
diseases such as multiple sclerosis and adrenoleukodystro-
phy (26). Demyelination also occurs in peripheral neu-
ropathy in diabetes (27), and supplementation of nervonic
acid in diabetic patients could potentially mitigate the del-
eterious complications of this condition.

Sphingolipid metabolism in various tissues can respond
differently to diabetes. For instance, although the SolP levels
increased in the heart and plasma, the diabetic liver did not
demonstrate a change. We also have previously published
studies showing elevated glucosylceramide at the expense of
ceramide in the retina (6), and others have shown a similar
pattern in the kidneys (28). We, however, did not observe this
phenomenon in the plasma. Therefore, a better understand-
ing of systemic sphingolipid metabolism is needed, especially
in regard to altered content in organs associated with
diabetic complications. Taken together, our studies have
identified novel diabetes-induced alterations in circulat-
ing sphingolipids, as evidenced by an increase in the puta-
tively pro-inflammatory SolP and a reduction in cardio- and
neuro-protective esterified nervonic acid. These changes
could potentially mediate diabetes-induced systemic disease,
such as inflammation, and influence peripheral complica-
tions, including cardiovascular disease and neuropathy.Hli
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