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Lipid-induced insulin resistance is associated with intracellular accumulation of inhibitory intermediates depending on the prevalent fatty acid (FA) species. In cultured myotubes, ceramide and phosphatidic acid (PA) mediate the effects of the saturated FA palmitate and the unsaturated FA linoleate,
respectively. We hypothesized that myriocin (MYR), an inhibitor of de novo ceramide synthesis, would
protect against glucose intolerance in saturated fat-fed mice, while lisofylline (LSF), a functional inhibitor of PA synthesis, would protect unsaturated fat-fed mice. Mice were fed diets enriched in saturated fat, n-6 polyunsaturated fat, or chow for 6 wk. Saline, LSF (25 mg/kg 䡠 d), or MYR (0.3 mg/kg 䡠 d)
were administered by mini-pumps in the final 4 wk. Glucose homeostasis was examined by glucose
tolerance test. Muscle ceramide and PA were analyzed by mass spectrometry. Expression of LASS
isoforms (ceramide synthases) was evaluated by immunoblotting. Both saturated and polyunsaturated
fat diets increased muscle ceramide and induced glucose intolerance. MYR and LSF reduced ceramide
levels in saturated and unsaturated fat-fed mice. Both inhibitors also improved glucose tolerance in
unsaturated fat-fed mice, but only LSF was effective in saturated fat-fed mice. The discrepancy between
ceramide and glucose tolerance suggests these improvements may not be related directly to changes
in muscle ceramide and may involve other insulin-responsive tissues. Changes in the expression of LASS1
were, however, inversely correlated with alterations in glucose tolerance. The demonstration that LSF
can ameliorate glucose intolerance in vivo independent of the dietary FA type indicates it may be a
novel intervention for the treatment of insulin resistance. (Endocrinology 151: 4187– 4196, 2010)

I

nsulin resistance is a major metabolic defect in type 2
diabetes. Dietary lipid oversupply contributes to the development of insulin resistance and is associated with ectopic lipid deposition in tissues important for glucose homeostasis, such as skeletal muscle and liver. The accrual of
lipid in these tissues has been coupled to increased
amounts of inhibitory lipid second messengers, such as
ceramide and diacylglycerol (reviewed in Ref. 1).
In cultured muscle cell models, the prevailing fatty acid
(FA) source determines the lipid intermediates that accu-

mulate. Specifically, we (2) and others (3) have shown that
oversupply of the saturated FA palmitate in myotubes results in insulin resistance associated with accumulation of
ceramide. More recently we have shown that oversupply
of the polyunsaturated FA linoleate in L6 myotubes also
results in insulin resistance, however this was associated
with dilinoleoyl-phosphatidic acid (PA) accretion (4). The
involvement of ceramide and PA in the development of
lipid-induced insulin resistance in vivo remains equivocal.
Some clinical studies report increased skeletal muscle or
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plasma ceramide in obese insulin-resistant states (5, 6),
while others report that skeletal muscle ceramide is not
correlated with obesity or insulin sensitivity (7). The more
recently described PA was increased in skeletal muscle of
glucose intolerant mice, fed a diet rich in linoleate (4),
warranting further investigation of this novel lipid species.
Targeting the synthesis of ceramide and PA is a useful
approach to examine the role of these lipid intermediates
in the context of insulin resistance. Myriocin (MYR)
blocks de novo ceramide synthesis by inhibition of the
enzyme serine-palmitoyltransferase (8). It has been used in
acute lipid infusion models of insulin resistance, where it
was effective in preventing impaired insulin action in rats
infused with a lard-oil (i.e. saturated fat) emulsion but not
in rats infused with a soybean-oil (i.e. polyunsaturated fat)
emulsion; the protective mechanism was associated with
reduced ceramide content in skeletal muscle (9). The effect
of MYR in chronic high fat-fed models of insulin resistance has recently been examined in conjunction with
high-fat diets composed predominantly of saturated but
not polyunsaturated fats (10, 11). Moreover, the involvement of other aspects of sphingolipid metabolism, such as
the role of ceramide synthases, has not been examined.
Different ceramide synthases [encoded by longevity assurance (LASS) homolog genes] incorporate distinct longchain acyl CoA species as acyl sidechains during ceramide
generation and are also involved in intracellular remodeling of ceramide species, making a major contribution to
the ceramide pool (12, 13). For example, LASS1, the major
ceramide synthase in skeletal muscle, is involved primarily
in the synthesis of C18:0 ceramides while LASS2 is involved in the synthesis of C18:0 –C26:0 ceramides (14).
Lisofylline (LSF) is a functional inhibitor of the enzyme
lysophosphatidic acid acyl transferase (LPAAT) and
shows preference for inhibition of unsaturated PA species
generation (15). LSF has been shown to be beneficial in the
context of type 1 diabetes, by reducing the onset of ␤-cell
destruction in NOD mice and low-dose STZ-treated mice
through antiinflammatory and immune-mediated mechanisms (16, 17). In an in vitro model of lipid-induced
insulin resistance, we have previously shown that LSF reverses the insulin receptor substrate-1 tyrosine phosphorylation defect associated with linoleate-oversupply (4).
The efficacy of LSF in an in vivo model of lipid-induced
insulin resistance is not known.
We sought to examine the effect of diets enriched in
particular FA subtypes (saturated vs. n-6 polyunsaturated) on glucose tolerance in vivo and the accumulation
of inhibitory lipid intermediates in skeletal muscle. We
hypothesized that MYR would protect against the effects
of a high-saturated fat diet, whereas LSF would protect
against the effects of a high-polyunsaturated fat diet due to
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the inhibition of ceramide and PA synthesis in skeletal
muscle, respectively.

Materials and Methods
Experimental animals
Animal procedures were approved by the Garvan Institute/St.
Vincent’s Hospital Animal Ethics Committee and were in accordance with National Health and Medical Research Council
guidelines. Male C57/BL6 mice (6 wk of age) were purchased
from the Animal Resources Centre (Perth, WA, Australia). They
were housed in a temperature-controlled environment (22 ⫾ 1 C)
on a 12-h light, 12-h dark cycle (lights on 0700 –1900) and had
ad libitum access to chow diet (Rat and Mouse Breeder Diet;
Gordon’s Specialty Stockfeeds, Yanderra, NSW, Australia) and
water.

Dietary and compound treatment
After one-wk acclimatization, mice were randomized to continue on the chow diet (CHOW; 8% calories as fat) or receive a
high-fat (60% calories as fat) n-6 polyunsaturated (SAFF) or
saturated (LARD) diet for 6 wk (see Supplemental Table 1, published on The Endocrine Society’s Journals Online web site at
http://endo.endojournals.org, for detailed FA composition). Diets were provided ad libitum and are well characterized to induce
whole body insulin resistance in rodents, without gross hyperinsulinemia or hyperglycemia (18, 19).
After 2 wk on the diets, mice were again randomized to receive saline (VEH), 25 mg/kg 䡠 d LSF (kind gift from DiaKine
Therapeutics Inc, Charlottesville, VA), or 0.3 mg/kg 䡠 d MYR
(Sigma, St. Louis, MO). These were administered subcutaneously for 4 wk via osmotic mini-pumps (Alzet Micro-Osmotic
Pump, Model 1004; Durect Corporation, Cupertino, CA),
which were surgically implanted in a subcutaneous pocket on the
mouse dorsum, under isoflurane inhalation anesthesia (Provet
VMS, Sydney, NSW, Australia).

Metabolic studies and metabolite measurements
Glucose tolerance tests were performed in conscious mice in
the final week of the treatment period, after 6 h of fasting. A basal
(0 min) blood sample was taken via tail prick, an ip injection of
glucose [2 g/kg lean body mass; Phebra, Lane Cove, NSW, Australia] administered, and blood samples taken at 7.5, 15, 22.5,
30, 45, 60, and 90 min for assessment of glucose and insulin
concentrations. Glucose was measured using an Accu-Chek Performa glucose monitor (Roche, Castle Hill, NSW, Australia),
and insulin was assayed using blood collected with 5 l AccuCap heparinized capillaries (Bilbate, Daventry, Northamptonshire, UK). Blood was dispensed directly into the insulin ELISA
plate (Crystal Chem Inc., Downers Grove, IL) already containing
sample diluent at 4 C, and the assay subsequently performed
according to the manufacturer’s instructions for 5-l sample
volumes. Mice were anesthetized using isoflurane 24 – 48 h following the ip glucose tolerance test and after approximately 6 h
of fasting. Basal tissues (left quadriceps and left epididymal fat
pad) were quickly dissected and freeze-clamped with aluminum
tongs precooled in liquid nitrogen. The same mice were subsequently injected with a bolus of insulin (4 U/kg lean body mass;
Actrapid, Novo Nordisk Pharmaceuticals, Baulkham Hills,

0.122 ⫾ 0.015
0.151 ⫾ 0.013
0.142 ⫾ 0.014
0.131 ⫾ 0.011

Results are mean ⫾ SE of n ⫽ 6 –10 mice per group.
***, P ⬍ 0.001 for effect of diet.

0.139 ⫾ 0.014
0.126 ⫾ 0.011
0.141 ⫾ 0.013

11.3 ⫾ 0.63***
10.0 ⫾ 1.51***
7.8 ⫾ 0.69***
7.8 ⫾ 1.81***

28.1 ⫾ 0.53
0.298 ⫾ 0.04***
27.5 ⫾ 0.56
0.305 ⫾ 0.03***
26.6 ⫾ 0.57
0.170 ⫾ 0.01
26.1 ⫾ 1.07
0.166 ⫾ 0.01
26.1 ⫾ 0.41
0.130 ⫾ 0.01

VEH

6.4 ⫾ 0.44***
4.0 ⫾ 0.59

Electrospray ionisation mass spectrometric analysis of ceramides was performed on a QTRAP 2000 triple quadrupole
linear ion trap mass spectrometer (AB Sciex, Concord, Ontario,
Canada). Molecular ceramides were detected in positive ion
mode with an ion spray voltage of 5.5 kV and source heat turned
off. Samples were infused at a rate of 3 l/min using the instrument’s syringe pump. Scans for precursors of sphingosine (m/z
264) (i.e. molecular ceramides) were obtained over the mass-tocharge ratio (m/z) range of 500 to 660 using nitrogen as the
collision gas, with a collision energy offset of 40 eV. Quantification of molecular ceramides was performed by comparison to
the 17:0 internal ceramide standard after correction for isotope
contributions (23) using a prototype of LipidProfiler software
(AB Sciex).

LSF

Ceramide analysis

VEH

Electrospray ionisation mass spectrometric analysis of PA
was performed essentially as described in Cazzolli et al. (4). See
Supplemental Materials and Methods for details.

SAFF

PA analysis

CHOW

Quadriceps skeletal muscle was homogenized in 2 ml 2:1
vol/vol chloroform:methanol containing 0.01% vol/vol butylated hydroxytoluene (Sigma Aldrich), with 4 l/mg of 5 M PA
(17:0/17:0) and 700 l/mg of 75 M ceramide (17:0) as internal
standards (Avanti Polar Lipids Inc, Alabaster, AL). The homogenate was solubilized overnight at 4 C and total lipids extracted
by the method of Folch (20), with minor modifications as described previously (22).

TABLE 1. Body weight, fat pad mass, and quadriceps lipid content

Lipid extraction and mass spectrometry

27.9 ⫾ 0.52
0.146 ⫾ 0.01

MYR

VEH

RNA was isolated from epididymal white adipose tissue using
TRI-Reagent (Sigma Aldrich), according to the manufacturer’s
instructions. RNA yield and quality were assessed using the
NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies Inc., Wilmington DE). RT was performed using TaqMan
Reverse Transcription Reagents (Roche Molecular Systems Inc,
Branchburg, NJ). The 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA) was used in conjunction with
TaqMan Gene Expression Assays (Applied Biosystems) and
TaqMan Gene Expression Master Mix (Applied Biosystems) to
assess the following genes: Il6 (interleukin 6), Tnf␣ (tumor necrosis factor ␣), Ccl2 [chemokine (C-C motif) ligand 2, also
known as macrophage chemoattractant protein (MCP)-1], Cd3
(CD3), and the housekeeping gene Eef2 (eukaryotic translation
elongation factor 2). Standard curves were constructed for each
gene to determine amplification efficiency, and quantification
was performed using ⌬⌬Ct or absolute methods.

Body weight (g)
Epididymal fat
pad weight (g)
Quadriceps TG
content
(mol/g tissue)
Quadriceps DAG
content
(g/mg tissue)

LARD

RNA extraction and quantitative real-time RT-PCR

LSF

MYR

NSW, Australia) in the inferior vena cava, and insulin-stimulated
tissues (right quadriceps, right epididymal fat pad, and liver)
were collected after approximately 3 min. Tissues were stored at
⫺80 C for subsequent analysis. Quadriceps skeletal muscle lipids
were extracted using the method of Folch (20). Triglyceride (TG)
content was quantified using an enzymatic colorimetric method
(TG GPO-PAP reagent, Roche Diagnostics). Diacylglycerol
(DAG) content was assessed by thin layer chromatography, using a method adapted from Nakamura and Handa (21).

10.4 ⫾ 1.17***
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FIG. 1. Blood glucose profiles from glucose tolerance tests in mice. Effect of LSF (A) and MYR (B)
on glucose intolerance in SAFF mice. Effect of LSF (C) and MYR (D) on glucose tolerance in LARD
mice. Results from CHOW mice are shown in each panel for ease of comparison. Results are
mean ⫾ SE of n ⫽ 6 –10 mice per group. Three-way ANOVA [diet (chow or fat) ⫻ time ⫻ drug
(treated or untreated)]: P ⬍ 0.001 for effect of diet [SAFF (A and B) or LARD (C and D)]; P ⬍
0.001 for effect of LSF (A) and MYR (B) in SAFF mice only; and P ⬍ 0.01 for effect of LSF in LARD
mice (C).

sucrose content, because we wished
to examine the effects of LSF and
MYR treatment on the direct effects
of dietary fat oversupply, in the absence of confounding factors such as
lipogenesis, gross hyperinsulinemia,
or hyperglycemia. Body weight was
not significantly different between
the various treatment groups at any
stage throughout the study (terminal
body weights shown in Table 1). Importantly, however, a significant
2-fold increase in epididymal fat pad
mass was observed in all LARD-fed
mice, independent of drug treatment
(Table 1), representing an increased
fat composition in these mice. Skeletal muscle TG content was also significantly increased with both SAFF (1.6to 2.0-fold higher than CHOW) and
LARD (2.5- to 2.8-fold higher than
CHOW) diets. Neither LSF nor MYR
affected this accumulation (Table 1).
DAG content in skeletal muscle was
not increased with either high-fat
diet compared with CHOW and was
not modulated by LSF or MYR
(Table 1).

Protein extraction and Western blotting
Western blotting was performed essentially as described in
Frangioudakis et al. (24). See Supplemental Materials and Methods for details.

L6 cell culture, lipid preincubation, and glycogen
synthesis assay
Experiments using L6 myotubes were performed essentially
as described in Taylor et al. (25). See Supplemental Materials and
Methods for details.

Statistical analysis
Results are presented as the mean ⫾ SE. Data were analyzed
by ANOVA with Bonferroni post hoc tests. Differences were
considered significant at P ⬍ 0.05.

Results
Muscle triglyceride accumulation and body weight
was not influenced by LSF or MYR treatment of
fat-fed mice
We used two high-fat diets, containing a high proportion of either n-6 unsaturated fat (SAFF diet) or saturated fat (LARD diet). These differed from commonlyused obesogenic diets in that they did not have a high

The glucose intolerance observed in SAFF- and
LARD-fed mice was differentially ameliorated by
LSF and MYR
Both SAFF and LARD diets resulted in significant glucose intolerance compared with CHOW-fed mice (Fig. 1).
In the SAFF-fed mice LSF, and to a lesser extent MYR,
significantly improved the impaired glucose tolerance induced by the diet (Fig. 1, A and B, respectively). In the
LARD-fed mice, only LSF was effective in significantly
enhancing glucose tolerance (Fig. 1C), whereas there was
no effect of MYR (Fig. 1D). Incremental area under the
glucose curve, an indicator of glucose clearance, was increased by more than 30% in fat-fed animals, while drug
treatments reduced this to approximately 15%, no longer
significantly different to CHOW, except in the case of the
LARD-MYR group (Supplemental Fig. 1). Enhanced
basal or glucose-stimulated insulin secretion did not contribute to the improved glucose tolerance observed (Fig.
2). Indeed, all SAFF-fed mice exhibited low basal insulin
levels and attenuated insulin responses, while all LARDfed mice exhibited higher basal levels but again limited
responses to the glucose challenge, in general agreement
with previous studies of the effects of saturated and un-
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3A). The presence of different FAs esterified in the PA molecules primarily
reflected the FA content of the diets
(Supplemental Table 1). Specifically,
total 18:2 FA moieties on the PA molecule were significantly increased in
the SAFF-VEH mice compared with
CHOW-VEH and LARD-VEH (Fig.
3B). In skeletal muscle from LARDVEH mice, 16:0, 18:1, and 20:4 FA
moieties on the PA molecule were increased compared with CHOW-VEH
mice (Fig. 3B). Neither drug treatment
affected FA incorporation into PA
(data not shown).
Diet-induced ceramide
accumulation was reduced
by both LSF and MYR
Total ceramide content in quadriFIG. 2. Insulin profiles from glucose tolerance tests in mice. Effect of LSF (A) and MYR (B) on
ceps skeletal muscle was significantly
glucose-stimulated insulin secretion in SAFF mice. Effect of LSF (C) and MYR (D) on glucoseincreased 1.6 to 1.7-fold with both
stimulated insulin secretion in LARD mice. Results from CHOW mice are shown in each panel for
ease of comparison. Results are mean ⫾ SE of n ⫽ 6 –9 mice per group. Three-way ANOVA (as in
high-fat diets (P ⬍ 0.05), and surprisFig. 1): P ⬍ 0.001 for effect of SAFF diet (A and B); P ⬍ 0.05 for effect of LARD diet (C and D);
ingly there was a significant effect of
P ⬍ 0.001 for effect of MYR in SAFF mice (B).
both LSF and MYR to prevent the accrual of ceramide in SAFF- and
saturated fats on glucose-stimulated insulin secretion (26, LARD-fed mice (Fig. 4A). This was reflected in the abun27). Neither LSF nor MYR affected glucose tolerance in dance of the major ceramide species detected (i.e. 16:0, 18:0,
chow-fed mice (not shown). Furthermore, we did not de- 22:0, and 24:1 ceramides), which were similarly increased
tect any effects on maximal insulin signaling, either due to with both high-fat diets (Fig. 4B). Furthermore, the capacity
the fat diets or to the treatments (Supplemental Fig. 2).
of LSF and MYR to inhibit the accumulation of the major
ceramide species detected was consistent with their effects on
No evidence of a role for inflammation in adipose
total ceramide content, with LSF and MYR exhibiting simtissue
ilar efficacy (Fig. 4C). Differential diet and drug effects were
Because both LSF and MYR have been implicated as observed in less abundant ceramide species. Specifically, cermodulators of inflammation (16, 17, 28), and given the tain species (18:2, 20:4, and 24:2 ceramides) were increased
important role of adipose-derived mediators in the devel- to a greater extent in the SAFF-VEH mice (Fig. 4D). LSF and
opment of insulin resistance (reviewed in Ref. 29), we as- MYR were equally effective in suppressing some species, essessed mRNA expression of proinflammatory cytokines pecially 18:2 ceramide, while LSF was more effective for oth(IL-6 and TNF-␣) and immune cell markers (MCP-1 and ers, especially the 24:2 and 24:0 species, which were deCD3) in epididymal white adipose tissue. However, no creased by this inhibitor in both dietary models (Fig. 4D).
correlation was observed between the improvements in
glucose tolerance caused by the inhibitors and these mark- LASS enzyme expression in skeletal muscle from
mice is differentially modulated by diet and drug
ers of inflammation. (Supplemental Fig. 3).
treatment
Increased abundance of specific FAs esterified to
We also measured the expression of ceramide synthase
phosphatidic acid in skeletal muscle of SAFF- and
(LASS) enzymes, to investigate whether they were affected in
LARD-fed mice
skeletal muscle of our models. LASS1 was measured as it is
There was a trend for increased total PA abundance in the most abundant isoform in skeletal muscle, and LASS2
quadriceps skeletal muscle with both high-fat diet inter- was measured because it can use a broad range of FA-CoA
ventions (P ⫽ 0.097; SAFF: 28 –54% higher than CHOW- substrates (13). LASS1 was significantly increased by both
VEH; LARD: 35–58% higher than CHOW-VEH), but no SAFF and LARD diets compared with CHOW; LSF reduced
effect of LSF (or MYR) to reduce this accumulation (Fig. this expression in both high fat-fed groups, and MYR was
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FIG. 3. Phosphatidic acid content in skeletal muscle of mice. Total
phosphatidic acid accumulation in all groups (A) and specific FA moiety
content of phosphatidic acid molecules in VEH-treated mice only (B),
by lipidomics analysis. Results are mean ⫾ SE of n ⫽ 3–7 mice per
group. *, P ⬍ 0.05; ***, P ⬍ 0.001 vs. CHOW-VEH; †, P ⬍ 0.05; and
†††, P ⬍ 0.001 vs. SAFF-VEH or LARD-VEH.

only effective in the SAFF-fed mice (Fig. 5A), which correlates with the effects of these inhibitors on whole body glucose homeostasis (Fig. 1). LASS2 protein expression was not
affected by diet alone but was significantly increased in the
presence of LSF and MYR (Fig. 5B).

Discussion
We have examined two high-fat diets, enriched in either
n-6 polyunsaturated fat (SAFF) or saturated fat (LARD),
and demonstrated that LSF, a functional inhibitor of PA
metabolism, can ameliorate impaired glucose tolerance in
6-wk high fat-fed mice, irrespective of the major FAs supplied in the diet. The efficacy of LSF is of interest, being the
first demonstration of the utility of this compound in the
treatment of insulin resistance in vivo. Impaired glucose
tolerance was ameliorated by both LSF and MYR in SAFFfed mice, whereas only LSF was effective in LARD-fed
mice. A second major finding is that the SAFF and LARD
diets resulted in similar increases in major ceramide species in skeletal muscle and that distinct inhibitors of lipid
metabolism could reverse this. Furthermore, alterations in
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the expression of the major ceramide synthase in skeletal
muscle, LASS1, correlated well with the effect of LSF and
MYR on glucose tolerance.
Given the increased skeletal muscle triglyceride content
observed in the fat-fed mice which was unaffected by treatment with LSF or MYR, we focused on lipid intermediates
thought to play a more direct role in the development of
insulin resistance in this tissue. The in vivo role of PA was
assessed further, because our earlier findings using cultured muscle cells had indicated that dilinoleoyl PA might
represent a novel mediator of insulin resistance in situations of polyunsaturated FA oversupply (4). In the current
study, we confirmed that total PA tended to be enriched in
skeletal muscle with lipid oversupply in vivo, but this occurred similarly with both the SAFF and LARD diets, and
PA content did not correlate with glucose tolerance. LSF
did not have an impact on PA abundance in the fat-fed
mice, in contrast to our findings in lipid-treated L6 myotubes in vitro (data not shown) and other studies in which
LSF has been shown to reduce PA levels (15). This suggests
that skeletal muscle PA is not a key target of this compound in vivo.
Ceramide has also been implicated in the development
of insulin resistance in some (5, 6, 30) but not all studies
(7, 31). Recent work involving acute lipid infusions in rats
suggests that at least in situations of acute lipid oversupply, ceramide levels only increase if the FA source provided
is saturated (9), most likely because this promotes de novo
ceramide synthesis through the incorporation of palmitate
at an early rate-limiting step (32). Several studies in rats
and humans, using lipid infusions consisting primarily of
the unsaturated FA linoleate, demonstrate that insulin resistance can occur in the absence of ceramide accumulation, indicating that other mechanisms can also be responsible, involving for example protein kinase C activation
upon accumulation of DAG (9, 31, 33, 35). One such
study in human subjects did however result in an increase
in muscle ceramide content together with a decrease in
insulin sensitivity (30). Conversely, a study that examined
rat muscle lipid accumulation in response to different
high-fat diets found that DAG rather than ceramide accumulated in response to both saturated and n-6 polyunsaturated fat oversupply (27). This was associated with
insulin resistance only in the case of saturated fat, while
n-6 polyunsaturated fatty acids modestly enhanced insulin
sensitivity, in contrast to the findings made with lipid infusions but also those from other diet studies (36, 37).
Using mass spectrometry, we have now shown that both
a SAFF and a LARD diet can elevate ceramide levels in
skeletal muscle of mice, causing accumulation of ceramide
containing 16:0, 18:0, 22:0 and 24:1 fatty amides. That
overall ceramide accumulation in the longer term appears
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FIG. 4. Ceramide content in skeletal muscle of mice. Total ceramide accumulation in all groups (*, P ⬍ 0.05 for effect of diet; ††, P ⬍ 0.01 for
effect of drug treatment) (A), effect of diet on accrual of major ceramide species (B), effect of drug on major ceramide species abundance in SAFF
and LARD mice (C), and effect of diet and drug treatment on minor ceramide species content (D) (18:2, 20:4, 24:2, and 24:0 species: P ⬍ 0.05,
P ⬍ 0.001, P ⬍ 0.001, and P ⬍ 0.05 SAFF-VEH vs. CHOW-VEH, respectively; 18:2 and 20:4 species: P ⬍ 0.01 SAFF-LSF and SAFF-MYR vs. SAFFVEH; 24:2 and 24:0 species: P ⬍ 0.01 SAFF-LSF vs. SAFF-VEH). Results are mean ⫾ SE of n ⫽ 4 –7 mice per group.

to be less dependent on the abundance of particular dietary FA species is interesting given the current view derived using infusions (9). Furthermore, our findings in relation to the particular ceramide species that accumulate
with high fat-feeding are in agreement with clinical studies
that have reported increased abundance of these species in
obese insulin-resistant individuals (5, 6). These ceramide
species may therefore represent novel lipid biomarkers for
disease progression, because they were elevated both in
our relatively mild dietary models of insulin resistance and
also in humans with obesity and frank type 2 diabetes.
This also suggests that manipulation of sphingolipid metabolism at levels other than the incorporation of palmitate by serine-palmitoyltransferase during de novo synthesis may represent a more constructive therapeutic
intervention for the treatment of insulin resistance.
As we hypothesized, MYR treatment prevented the accumulation of several ceramide species, but unexpectedly,
LSF was at least equally effective. These changes were
associated with improved glucose homeostasis in all mice
except the LARD-MYR group, suggesting a disparity between changes in glucose homeostasis and the reduction in
overall ceramide levels in this model. Our results therefore

contrast with other studies which suggest that blocking
ceramide accumulation can prevent lipid-induced insulin
resistance, at least upon saturated FA oversupply (9 –11,
38, 39). One potential explanation is that increased skeletal muscle ceramide and glucose intolerance are not always directly linked. Indeed, the lack of a beneficial effect
of LSF and MYR on impaired insulin-stimulated glycogen
synthesis (Supplemental Fig. 4, A and B) or LASS1 expression (Supplemental Fig. 4C) in lipid-treated L6 myotubes
suggests that these inhibitors do not act directly on skeletal
muscle to elicit improvements in glucose tolerance. In addition, our data do not exclude the possibility that glucose
homeostasis was also improved at least in part by beneficial effects of the inhibitors on the liver. An alternative
explanation is suggested by the observations that MYR
treatment in fact appeared less effective in improving glucose tolerance in the SAFF diet model (Fig. 1, B vs. A) as
well as in the LARD diet model (Fig. 1, D vs. C), and also
less effective in reducing the levels of particular ceramide
species such as Cer20:4 and Cer24:2 (Fig. 4D). Thus in
contrast to models studied previously (2, 3, 9), the longer
duration of FA oversupply here led to the accumulation of
specific ceramide species less affected by MYR. This in-
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FIG. 5. LASS isoform protein expression in skeletal muscle of mice. A,
Representative blots of LASS1 and LASS 2. 14-3-3 protein expression
was used as a loading control. Quantification of (B) LASS1 and (C)
LASS2 protein expression by Western blotting. Results are mean ⫾ SE
of n ⫽ 6 – 8 mice per group. ***, P ⬍ 0.001; **, P ⬍ 0.01; *, P ⬍
0.05 vs. CHOW-VEH; †, P ⬍ 0.05 vs. FAT DIET-VEH.

hibitor blocks the incorporation of palmitate into ceramide by serine palmitoyl-transferase. In the longer term
such de novo synthesis will be accompanied by the incorporation of other FAs by ceramide synthases during sphingolipid remodeling (40). Whether some (MYR-resistant)
ceramides are more potent in generating defects in muscle
glucose disposal than others requires further investigation. Diversion of lipid synthesis to other intermediates
such as DAG by longer term MYR treatment, which has
been reported in L6 muscle cells together with impaired
insulin action despite reduced ceramide content (41), did
not occur in our study because we did not observe increased skeletal muscle DAG content.
The reduction in ceramide accumulation caused by LSF
treatment is unlikely to involve direct inhibition of cer-
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amide synthesis. This compound has pleiotropic effects
that act in part to reduce inflammatory responses (16, 17,
42). One possibility we have investigated is that LSF may
reduce the production of inflammatory cytokines such as
TNF␣, which in turn may prevent the chronic generation
of ceramide through sphingomyelinase activity (43) (Supplemental Fig. 5). Indeed, a cycle exists between ceramide
and inflammatory mediators (44) which may underlie the
complex nature of our findings, especially as effects on
inflammatory responses have been implicated in the mechanism of action of both LSF and MYR (10, 28). We did
not, however, observe significant changes in the mRNA
expression of cytokines or immune cell markers in adipose
tissue, which correlated with alterations in glucose tolerance. Studies reporting the induction of an inflammatory
state in adipose tissue in response to high-fat diet feeding
use diets with higher sucrose levels which promote more
rapid changes in obesity (45, 46). The diets we used here
were enriched only in fat and were capable of inducing
glucose intolerance without causing significant weight
gain. Our dietary models may therefore represent an early
disease state in which inflammatory responses are not yet
fully established. Similarly, we did not observe effects of
the diets or of MYR and LSF on the activation of JNK or
NFB stress pathways in the liver (data not shown), an
additional site of inflammation leading to whole body glucose intolerance (34).
The improvement in glucose tolerance in SAFF- and
LARD-fed mice caused by LSF and/or MYR treatment
appears to be linked to remodeling of skeletal muscle ceramide species (Supplemental Fig. 5). The accumulation of
specific ceramide species depends on the action of different
ceramide synthase (LASS) isoforms. Another interesting
finding of this study is that high-fat feeding increases the
expression of LASS1 and that LSF and MYR reverse this
in a manner that is consistent with their differing abilities
to improve glucose tolerance in the two dietary models
used. Given that C18:0 ceramide was the most abundant
ceramide species detected, regulation of the LASS1 enzyme may contribute to improved glucose tolerance.
However, because MYR reduces total ceramide but does
not reduce LASS1 or improve glucose tolerance in the
LARD diet, it is also possible that LASS1 levels change in
response to altered glucose disposal rather than contributing to it. Alterations in LASS2 followed a different pattern, in that this isoform appeared insensitive to the fat
diets but was elevated by both inhibitors used. The regulation of LASS gene expression is poorly understood, but
our data from fat-fed mice suggests this depends, at least
for LASS1, on the supply of lipid substrates. Other sphingolipid species may also be affected by LASS modulation,
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but the measurement of these was not within the scope of
the current study.
In conclusion, we have shown that high-fat feeding results in extensive ceramide accumulation in mouse skeletal
muscle, irrespective of the dietary FA composition, and
that LSF and MYR have less restricted effects on ceramide
levels and glucose tolerance than originally hypothesized.
While the improvements we have seen in glucose tolerance
may not be due to direct changes in muscle, and may involve other tissues such as liver and fat, our studies suggest
that ceramide remodeling, as well as de novo synthesis,
could be influential in the development of chronic lipidinduced insulin resistance. While ceramide reduction
alone may not be sufficient to improve glucose homeostasis in LARD-fed animals, regulation of LASS enzymes correlate with the efficacy of LSF in our models of insulin
resistance. Our data therefore provide promising insight
into the therapeutic potential of LSF, although more detailed research on the tissue-specific effects and actions of
LSF is warranted.
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