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Background: Both ceramides and glucosylceramides have been implicated in the pathogenesis of insulin resistance.
Results: These two classes of sphingolipids modulate insulin action but differ by both tissue specificity and mechanism of action.
Conclusion: Ceramides and glucosylceramides are independent and separable antagonists of insulin signaling.
Significance: These observations will contribute to our understanding of how sphingolipids contribute to obesity-related
metabolic diseases.

Inhibitors of sphingolipid synthesis protect mice from diet
induced-insulin resistance, and sphingolipids such as ceramides
and glucosylated-ceramides (e.g., GM3) are putative nutritional
intermediates linking obesity to diabetes risk. Herein we inves-
tigated the role of each of these sphingolipids in muscle and
adipose tissue and conclude that they are independent and sep-
arable antagonists of insulin signaling. Of particular note, cera-
mides antagonize insulin signaling in both myotubes and adi-
pocytes, whereas glucosyceramides are only efficacious in
adipocytes: 1) In myotubes exposed to saturated fats, inhibitors
of enzymes required for ceramide synthesis enhance insulin sig-
naling, but those targeting glucosylceramide synthase have no
effect. 2) Exogenous ceramides antagonize insulin signaling in
myotubes, whereas ganglioside precursors do not. 3) Overex-
pression of glucosylceramide synthase in myotubes induces glu-
cosylceramide but enhances insulin signaling. In contrast, glu-
cosylated ceramides have profound effects in adipocytes. For
example, either ganglioside addition or human glucosylcer-
amide synthase overexpression suppresses insulin signaling in
adipocytes. These data have important mechanistic implica-
tions for understanding how these sphingolipids contribute to
energy sensing and the disruption of anabolism under condi-
tions of nutrient oversupply.

Insulin resistance is a physiological condition that occurs
when a normal dose of the hormone is incapable of inducing an
appropriate anabolic response (1). The condition predisposes
individuals to diabetes, hypertension, hyperlipidemia, car-

diomyopathy, nonalcoholic steatohepatitis, and atherosclerosis
(2). Insulin resistance is often associated with obesity, and sev-
eral mechanisms have been proposed to explain the relation-
ship. For example, obesity leads to the accumulation of various
nutritional intermediates in tissues, many of which provide
negative feedback to halt insulin signaling. Moreover, the con-
dition is associated with an increased inflammatory tone, and
some of the cytokines present in the circulation oppose insulin
action.

The increased delivery of fat to peripheral tissues synergizes
with inflammatory cytokines to generate sphingolipids (3–5).
Ceramide, generated through a ubiquitous and evolutionarily
conserved biosynthetic pathway, is the precursor of complex
sphingolipids such as sphingomyelin, glucosylceramides, etc.
Genetic or pharmacological inhibition of various sphingolipid-
synthesizing enzymes (e.g., serine palmitoyltransferase, cer-
amide synthase(s), dihydroceramide desaturase, or glucosylce-
ramide synthase, or GM3 synthase) is incredibly effective in the
treatment of insulin resistance and its metabolic manifestations
in rodents (reviewed in Refs. 6 and 7).

There are hundreds of glucosylceramides and gangliosides
that might serve as antagonists of insulin action. A glycosphin-
golipid class that has emerged as a likely antagonist of insulin
action is GM3 ganglioside (8, 9). Using cultured adipocytes,
Inokuchi and co-workers (8, 9) demonstrated that the accumu-
lation of GM3 gangliosides in caveolae membrane microdo-
mains can affect insulin signaling by interacting with a lysine
residue on the insulin receptor (Lys944) (10). This interaction
displaces the insulin receptor from caveolar microdomains,
uncoupling it from its downstream substrates (9, 10). Reducing
glucosylceramide/ganglioside levels in mice with glucosylcer-
amide synthase inhibitors enhances insulin signaling in adipose
tissue and improves whole body insulin sensitivity and glucose
tolerance (11, 12). Moreover, mice lacking GM3 synthase are
protected from high fat diet-induced insulin resistance (13).
Thus, GM3 or one of its downstream products is a candidate
intermediate that links nutritional overload to the antagonism
of peripheral insulin sensitivity.
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When the studies using the glucosylceramide synthase
(GCS)2 inhibitors were published, we were perplexed by their
strong effects. Contrary to this view, our own studies had
revealed that ceramide was the likely sphingolipid antagonist of
insulin signaling. First, ceramide inhibits activation of the ser-
ine/threonine kinase Akt/PKB (14 –17), an insulin signaling
intermediate that accounts for virtually all of the anabolic
actions of insulin. However, ceramide did so without affecting
early signaling events such as IRS1 tyrosine phosphorylation or
PI3K activity (17) and thus seemed to be acting at a different
locus than that proposed for GM3 gangliosides. Moreover,
treating myotubes with a GCS inhibitor actually increased cer-
amide levels and antagonized signaling to Akt/PKB (15). These
data suggested that ceramide, and not a glucosylated derivative,
was the sphingolipid that served as an energy sensor to block
anabolism. The interpretation of these studies was complicated
by the use of early generation glucosylceramide synthase inhib-
itors derived from N-(2-hydroxy-1-(4-morpholinylmethyl)-2-
phenylethyl)decanamide monohydrochloride. These com-
pounds simultaneously lower glucosylceramide and elevate
ceramide at midmicromolar concentrations. More recently
developed inhibitors demonstrate IC50 values in the nanomolar
range without elevation of ceramide. The latter effect is due to
inhibition of a secondary site of action 1-O-acylceramide syn-
thase (group XV phospholipase A2) (18, 19).

Because of the differing conclusions, questions have arisen as
to whether ceramides or glucosylceramides are the primary
antagonists of insulin action (20). Herein we sought to obtain
some resolution to our confusion and inform this debate. We
examined the effects of exogenous and endogenous ceramides
and glucosylceramides on insulin signaling in cultured myo-
tubes and adipocytes using a more selective inhibitor of gluco-
sylceramide synthase. The data reveal that both have indepen-
dent roles as insulin signaling antagonists. Ceramides inhibit
insulin signaling in numerous tissues, whereas glucosylcer-
amides are preferentially efficacious in adipocytes. These find-
ings have important implications in our understanding of the
mechanism of action of these nutritional regulators, as well as
for the design of new therapeutics.

EXPERIMENTAL PROCEDURES

Reagents—High glucose DMEM was from Invitrogen. The
following additional reagents were obtained from Sigma-Al-
drich: fetal bovine serum and bovine calf serum, palmitate,
N-acetyl-D-sphingosine (C2-ceramide), fatty acid-free BSA, and
2-deoxy-D-glucose. 2-Deoxy-D-glucose 2-[1,2-3H(N)] was pur-
chased from PerkinElmer. Recombinant mouse TNF-� and gan-
glioside GM3 were from EMD Chemicals, Inc. The GCS inhibitor
D-threo-et-P4 was synthesized as described previously (19).

Cell Line Culturing—Mouse C2C12 myoblasts were pur-
chased from American Type Culture Collection (Manassas,
VA). 3T3-L1 fibroblast expressing coxsackie virus and adeno-
virus receptor (L1-CAR) were a generous gift from Haiyan Xu
(Brown Medical School, Providence, RI). Cells were seeded in a

6-well plate at the density of 3 � 105 cells/well. L1-CAR cells
were maintained at 37 °C in DMEM containing 10% bovine calf
serum and differentiated into adipocytes as described (21). C2C12
myoblasts were grown in DMEM containing 10% fetal bovine
serum and differentiated into myotubes as described (15).

Palmitate and TNF-� Treatment—Palmitate was adminis-
tered to C2C12 myotubes as a conjugate with fatty acid-free
BSA prepared using methods described previously (14). An
insulin-resistant adipocyte model was established as described
previously with minor modifications (22). Briefly, on the 7th
day after induction, the fully differentiated L1-CAR adipocytes
maintained in DMEM-10% FBS containing 0.5% bovine serum
albumin were treated with 0.6 nM of recombinant mouse
TNF-� for 96 h. Cultured L1-CAR adipocytes exposed to
TNF-� became insulin-resistant as assessed by the ability of
insulin to stimulate glucose uptake.

Western Analysis—Upon 2 h of serum starvation, the cells
were stimulated with 100 nM insulin for 10 min. The cells were
lysed with sample buffer containing 66 mM Tris and 2% SDS.
Protein lysates were resolved on a 10% SDS-polyacrylamide gel
and transferred onto Immobilon-P transfer membranes from
Millipore (Billerica, MA). Membranes were blocked in 5% milk/
TBST for 1 h and incubated in primary antibody overnight at
4 °C, followed by incubation with IgG-horseradish peroxidase-
conjugated secondary antibody for 1 h. Proteins bands were
visualized using ECL-Advance chemiluminescent substrate
(GE Healthcare) and VersaDocTM imaging system software
(Bio-Rad) according to the manufacturer’s instructions. Anti-
bodies utilized included the following: rabbit polyclonal anti-
phospho-Akt/PKB (Ser473), anti-Akt (pan) (40D4) mouse mAb,
anti-phospho-GSK3� (Ser9), anti-phospho TBC1d1 (Thr590),
and anti-Myc tag antibodies from Cell Signaling (Danvers, MA)
and horseradish peroxidase-conjugated anti-rabbit and anti-
mouse antibodies from Santa Cruz Biotechnology (Santa Cruz,
CA).

2-Deoxyglucose Uptake Assay—The 2-deoxyglucose assay
was performed using methods described previously (17).

siRNA Transfection—On-Target Plus siRNA targeting
mouse UDP-glucose ceramide glucosyltransferase (UGCG,
L-058491-00), and nontargeting control (D-001810-01) were
purchased from Dharmacon (Lafayette, CO) and transfected
using Dharmafect Duo transfection reagents following the
manufacturer’s instructions.

Real Time Quantitative PCR—Total RNA extraction from
cells was performed using the RNeasy kit from Qiagen accord-
ing to the manufacturer’s instructions. To amplify human GCS
(hGCS, NM_003358.1), mouse GCS (NM_011673), and mouse
�-actin cDNA (NM_007393.3), sense and antisense oligonu-
cleotide primers were designed based on the published cDNA
sequences using Primer Express version 2.0.0 (Applied Biosys-
tems). Oligonucleotides were obtained from Integrated DNA
Technology (Coralville, IA). The sequences of the primers were
as follows: hGCS forward, 5�-ATG TGT CAT TGC CTG GCA
TG-3� (958 –977); hGCS reverse, 5�-CCA GGC GAC TGC
ATA ATC AAG-3� (1059 –1039); mouse GCS forward, 5�-AGG
CTT TGC TGC CAC CTT AGA-3� (534 –554); mouse GCS
reverse, 5�-CGA CCT GAT GTT GCC ACT GTT-3� (639 –
619); mouse �-actin cDNA forward, 5�-TGG CAT TGT TAC

2 The abbreviations used are: GCS, glucosylceramide synthase; GC, glucosyl-
ceramide; hGCS, human GCS; HFD, high fat diet; LFD, low fat diet; GSL,
glycosphingolipid.
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CAA CTG GG-3� (219 –238); and mouse �-actin cDNA
reverse, 5�-GGG TCA TCT TTT CAC GGT TG-3� (361–342).
cDNA was synthesized with the iScriptTM cDNA synthesis kit
(Bio-Rad) using 1 �g of total RNA in a 20-�l reaction volume.
For real time PCR, the cDNA was mixed with iTaq SYBR Green
Supermix with ROX to allow for quantitative detection of the
PCR product in a 25-�l reaction volume. Thermal cycling was
done in an ABI Prism� 7000 sequence detection system cycler (PE
Applied Biosystems) under the following conditions: 95 °C for 3
min, 40 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C
for 1 min, and extension at 72 °C for 30 s. An internal housekeep-
ing gene control, �-actin, was used to normalize differences in
RNA isolation, RNA degradation, and the efficiencies of the RT.

Adenoviral Infection— hGCS-Myc expressing adenovirus
was created by cloning hGCS cDNA (CCDS: 6782.1) containing
the human c-Myc sequence 5�-AAG ATC TTC TTC AGA
AAT AAG TTT CTG TTC-3� into the shuttle vector Dual-
CCM-CMV (Vector Biolabs) that contains dual CMV promot-
ers to drive expression of hGCS-Myc. Construction of hGCS-
expressing adenoviral vector (Ad-CMV-hGCS-Myc) and
production of viral stocks were conducted by Vector Biolabs.
C2C12, and L1-CAR cells were infected with Ad-CMV-Null or
Ad-CMV-hGCS-Myc using a multiplicity of infection of 500 in
serum-free DMEM for 4 h, after which FBS was added to a final
concentration of 10%. 48 h after infection, cells were harvested
in SDS-PAGE lysis buffer for Western blot analysis.

Animals—At 6 weeks of age, male mice (C57Bl/6) from the
Jackson Laboratory (Bar Harbor, ME) were placed on standard
chow or an obesogenic diet (D12492; Research Diets, Inc., New
Brunswick, NJ). Studies were conducted in accordance with the
principles and procedures outlined in the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and
were approved by the Duke University Institutional Animal
Care and Use Committee.

Glucose Tolerance Tests—Glucose tolerance tests were per-
formed in conscious mice after 12 weeks of feeding. A basal (0
min) blood sample was taken via tail prick, an intraperitoneal
injection of glucose (1 g/kg body mass; Sigma-Aldrich) was
administered, and blood was sampled 15, 30, 45, 60, and 90 min
later. Glucose was measured using a NovaMax�Plus glucose
monitor (Billerica, MA). Mice were euthanized following the
intraperitoneal glucose tolerance test, and tissues (quadriceps
and epididymal fat pad) were collected and immediately frozen
in liquid nitrogen and stored at �80 °C for further analysis.

Lipidomics—For analysis of sphingolipids, cells were washed
twice in ice-cold PBS, washed once in ice-cold water, scraped in
100 �l of water, transferred to a 13-ml conical tube, centrifuged,
and rapidly frozen in liquid nitrogen. For tissue analysis,
20 –30-mg tissue sections (gastrocnemius muscle and intra-ab-
dominal fat) were homogenized with zircon beads in MagNA
Lyzer (Roche Applied Science) for 60 s. For each sample, 1 mg
of protein was used for lipid measurements. LC/MS lipid mea-
urements were performed at the Lipidomics Core Facility at the
Medical University of South Carolina (Charleston, SC) and the
Duke-National University of Singapore Metabolomics Facility
(Singapore).

Statistical Analysis—The data are presented as the means �
S.E. The results were assessed using two-tailed unpaired Stu-

dent’s t test or two-way analysis of variance (Tukey) as indi-
cated. A p value of �0.05 was deemed statistically significant.

RESULTS

Overexpression of GCS Protects Cells from Palmitate-induced
Insulin Resistance—GCS catalyzes the glucosylation of cer-
amide, which is the first step in the synthesis of an array of
complex glycosphingolipids (GSLs). To evaluate whether
endogenous GSLs antagonize insulin signaling in skeletal mus-
cle, we overexpressed a Myc-tagged, human GCS in C2C12
myotubes using recombinant adenovirus (Ad-hGCS-Myc).
Control cells were treated with an empty adenoviral vector (Ad-
Null) (Fig. 1). Myotubes were treated with or without palmitate
to fuel the pathway with substrates required for sphingolipid
synthesis. GCS expression negated the inhibitory effects of
palmitate, lowered cellular ceramide levels, and increased glu-
cosylceramide content. These findings are consistent with our
earlier work implicating ceramides, but not glucosylceramides,
as antagonists of insulin signaling.

Exogenous Ceramide, but Not GM3 Antagonizes Insulin Sig-
naling in Myotubes—Because of limitations in our lipidomics
capabilities, we were not able to measure the whole cadre of
glucosylceramides (e.g., GM3). To exclude the possibility that
the limited impact of adenoviral hGCS on insulin signaling was
a result of poor overexpression, we assessed the effects of exog-
enous GM3 ganglioside on insulin-stimulated Akt/PKB activa-
tion. Briefly, GM3 ganglioside was dissolved in Me2SO and
administrated to myotubes at a concentration of 100 �M for 8 h.
These conditions are comparable to those used in the prior
studies showing inhibitory GM3 effects on insulin signaling in
3T3-L1 adipocytes (22) (see below). As shown in Fig. 2, the
addition of GM3 ganglioside to the medium bathing C2C12s
did not inhibit signaling to Akt/PKB. Similarly, it failed to
inhibit phosphorylation of GSK3� and TBC1d1, substrates of
Akt/PKB with numerous functions including the regulation of
glycogen synthase activity and GLUT4 translocation, respec-
tively (23, 24) (Fig. 2). In contrast, C2-ceramide (50 �M, 8 h)
impaired insulin signaling (Fig. 2). Thus, GM3 appears incapa-
ble of antagonizing insulin signaling in skeletal muscle, and
activation of GCS is in fact protective.

Palmitate-induced Insulin Resistance Is Unaffected by GCS
Inhibition—The data showing roles for GSLs in rodent models
of metabolic disease have relied on next generation GCS inhib-
itors that, unlike the compound used in our prior study (25), do
not promote ceramide accumulation (19). As described in the
introduction, these inhibitors are potently insulin sensitizing
and improve glucose tolerance in rodents. Because most glu-
cose is disposed in skeletal muscle, one would suspect that GSLs
are working to antagonize insulin signaling in the tissue, as was
shown in 3T3-L1 adipocytes. However, it is also possible that
the improvement in muscle insulin sensitivity in vivo is second-
ary to effects in other tissues (e.g., liver and adipose). Herein we
demonstrate that GCS inhibitors do not improve insulin sensi-
tivity in our cultured cell model of insulin resistance.

We incubated C2C12 myotubes with the GCS inhibitor
D-threo-3�,4�-ethylenedioxy-P4 (D-threo-et-P4) in the presence
and absence of palmitate. As expected, D-threo-et-P4 com-
pletely prevented the palmitate-induced increase in glucosylce-
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ramides without affecting ceramide, sphingosine, or sphingo-
sine-1-phosphate (Fig. 3A). Palmitate potently inhibited
insulin-stimulated phosphorylation of Akt/PKB (Fig. 3B), and
GCS inhibitors were incapable of negating this effect (Fig. 3B)
(23). By contrast, myriocin, which blocks formation of cer-
amide (as well as its downstream metabolites), negates the
palmitate effect (Fig. 4) (25).

We recapitulated the data with the GCS inhibitor using
RNAi-mediated GCS gene silencing. The efficiency of the
knockdown was determined using quantitative RT-PCR (Fig.
3C). GCS knockdown effectively lowered glucosylceramide lev-
els (Fig. 3D) but failed to negate the inhibitory effects of palmi-
tate on insulin signaling (Fig. 3E). Collectively, these data reveal

that in C2C12 myotubes, nonglucosylated sphingolipids such
as ceramides are the likely antagonists of insulin signaling.

GSLs Inhibit Insulin Action in Adipocytes—Contrary to our
data indicating that GSLs are dispensable for insulin resistance
in myotubes, several studies report that GM3 antagonizes insu-
lin signaling in 3T3-L1 adipocytes (9 –11, 13, 22). Conse-
quently, we performed a similar battery of experiments in adi-
pocytes, to learn that they were indeed highly efficacious. To
induce an increase in GSLs, we infected L1-CAR cells with the
aforementioned adenovirus encoding hGCS-Myc or treated
with TNF-�, a proinflammatory cytokine that activates cer-
amide and GSLs formation (26). As seen in Fig. 5A, adenovirus-
mediated overexpression of hGCS produced a very large

FIGURE 1. Adenovirus-mediated overexpression of human GCS in C2C12 myotubes protects cells from palmitate-induced inhibition of insulin sig-
naling. C2C12 myotubes were incubated with adenovirus encoding either an empty CMV promoter (Ad-Null) or CMV promoter in combination with the
human GCS containing a Myc tag in the C terminus (Ad-hGCS-Myc). 48 h later, cells were treated with palmitate (0.75 mM, 16 h) followed by insulin stimulation
(100 nM, 10 min). A, levels of transcripts encoding GCS were assayed by quantitative real time PCR analysis. B, ceramide and GC levels were quantified by
LC-MS/MS as described under “Experimental Procedures.” GC levels are presented as the mean fold increase (over basal) � S.E. Asterisks denote that the value
is significantly different from basal levels (p � 0.05). Double asterisks denote that the values are significantly different from each other. C, C2C12 myotubes
overexpressing hGCS-Myc adenovirus were incubated in serum-free media for 2 h before stimulation with insulin (100 nM, 10 min). Cell lysates were resolved
by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with the indicated antibodies. D, C2C12 myotubes suffer a reduction in insulin-stimulated
Akt/PKB(Ser473) phosphorylation in the presence of palmitate (0.75 mM, 16 h;) that is prevented when hGCS is overexpressed. Adenovirus-mediated hGCS
overexpression was confirmed by using antibodies against Myc tag.
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increase in GC accumulation and inhibited signaling to Akt/
PKB (Fig. 5B). hGCS expression also inhibited insulin-stimu-
lated phosphorylation of GSK3� (Fig. 5B). C2-ceramide, which
can be converted to GSLs through the salvage pathway, only
modestly affected glucosylceramide levels but was a more
potent inhibitor of Akt/PKB and GSK3�. As we published pre-
viously, the GM3 and C2-ceramide treatments did not alter
expression of Akt or GSK3� (data not shown). These treat-
ments also inhibited 2-deoxyglucose uptake (Fig. 5C).

High Fat Feeding Causes Differential Effects on GSL Content
in Muscle versus Fat—A number of groups have quantified cer-
amide levels in muscle, fat, liver, and serum of obese rodents,
nonhuman primates, and humans. In most studies (3, 27– 40),
but not all (41, 42), ceramide levels are elevated. Far fewer stud-
ies have evaluated GSL levels, and many have relied on anti-
GM3 staining, thin layer chromatography, or HPLC, and not on
more quantitative mass spectroscopy approaches. We thus
opted to evaluate the effects of obesity on glucosylceramide in
both muscle and fat.

C57BL/6J mice were subjected to either a high fat diet (HFD,
60 kcal% fat diet) or to a low fat diet (LFD, 10 kcal% fat diet) for
12 weeks. As always, HFD consumption increased body weight
and impaired glucose tolerance (Fig. 6A). Moreover, the HFD
blunted insulin-stimulated Akt/PKB phosphorylation at serine
473 in both muscle and adipose (Fig. 6B). As predicted, the
levels of several ceramide species increased in muscle but not in
fat (Table 1). Surprisingly, levels of some glucosylceramides
showed a striking differential expression pattern in muscle
compared with adipose. The total levels of glucosylceramide
were decreased in skeletal muscle from HFD-fed, whereas those
of adipose tissue were increased (Table 1). It is noteworthy to
mention that the high levels of glucosylceramide observed in
skeletal muscle subjected to the LFD did not affect the ability of
insulin to metabolize glucose or phosphorylate Akt/PKB (Fig. 6,
A and B, and Table 1).

These results indicate that HFD-induced insulin resistance is
associated with increased GSLs in adipose tissue and concom-

itantly decreased GSLs in skeletal muscle. Collectively these
data identify adipose tissue as the relevant target for GSLs.

DISCUSSION

The discoveries that inhibition of ceramide (SPT, CerS, or
Des1) or GSL (GCS or GM3) synthesis improves insulin sensi-
tivity and wards off diseases associated with obesity in rodents
reveal important information about metabolic disease etiology
and possible therapeutic interventions. However, the discovery
has led to new questions about which sphingolipids serve as
metabolic regulators (20). Because all of the inhibitory events
should prevent formation of glucosylceramides, the formal pos-
sibility remained that ceramides themselves were not impor-
tant modulators of insulin action.

GSLs and the Adipocyte—Administration of GCS inhibitors
to rodents improves whole body insulin sensitivity, and this
must involve improved insulin action in skeletal muscle. Mus-
cle accounts for the vast majority of postprandial glucose dis-
posal, and the data that GCS inhibitors improve muscle insulin
sensitivity in vivo are unequivocal (11). However, our data sug-
gest that this is secondary to effects in other tissues, most likely
the adipocyte. First, GM3 addition or GCS overexpression fails
to inhibit insulin signaling in myotubes. In fact, GCS overex-
pression improved insulin action. Second, pharmacological
inhibition or RNAi-mediated knockdown of GCS in myotubes
effectively lowered GCS levels but did not negate sphingolipid-
induced insulin resistance. Third, glucosylceramide levels actu-
ally went down in muscles of mice fed an obesogenic diet. In
contrast, GSLs accumulated in adipocytes, where it has potent
effects on insulin signaling.

There are numerous precedents for how impaired insulin
signaling in adipose tissue leads to secondary effects in skeletal
muscle. Most notably, ablation of the insulin-sensitive glucose
transporter GLUT4 exclusively in adipose tissue leads to
marked induction of insulin resistance in muscle and liver (43).
Numerous mechanisms could account for the GSL effects, but
they likely result from impaired synthesis of triglyceride in adi-
pose tissue leading to the enhanced delivery of fat to peripheral
tissues. This would result from the impairment in glucose
uptake, which is needed to provide the glycerol moiety and or
acetyl-CoA for fatty acid biogenesis, and prevention of the anti-
lipolytic actions of insulin. As a result of this increased lipolysis,
fatty acids are delivered to the liver and subsequently to muscle,
where other lipotoxic metabolites (e.g., ceramides, diacylglyc-
erols, lysophosphatidic acid) might accumulate. Indeed, van
Eijk et al. (44) demonstrated that GCS inhibitors markedly
improved the metabolic health of adipose tissue in vivo.

Supporting the hypothesis is the observation that although
GCS inhibition improves hepatic insulin sensitivity and pre-
vents hepatic steatosis, its selective ablation in the liver failed to
prevent these conditions (45). Thus, the liver effects are also
indirect, and we would speculate that the improvement in liver
function that is observed is also likely to result from GSL action
in the adipocyte.

GSL Mechanism of Action: Why Do GSLs Antagonize Insulin
Signaling Only in the Adipocyte?—The “membrane microdo-
main disorder” model was presented by the Inokuchi group to
explain how glucosylceramide derivatives such as the GM3

FIGURE 2. Exogenous incubation of C2C12 myotubes with GM3 ganglio-
side does not antagonizes insulin signaling. C2C12 myotubes were incu-
bated in the presence or absence of the C2-ceramide (50 �M, 8 h) or GM3 (100
�M, 8 h) before stimulation with insulin (100 nM, 10 min). Cell lysates were
resolved by SDS-PAGE, transferred to nitrocellulose, and immunoblotted
with the indicated antibodies.
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gangliosides may alter insulin sensitivity. As described above,
GM3 gangliosides have been shown to bind IR through an elec-
trostatic interaction with a lysine residue (Lys944) located just
above the transmembrane domain (46). This interaction has
proven to be detrimental to the binding of the insulin receptor
and caveolin-1, which is necessary for successful insulin meta-
bolic signaling. Why would this mechanism be irrelevant in
muscle, when it is so potent in adipocytes?

A potential explanation is that caveolin-1 protein is not
abundant in skeletal muscle cells, particularly when compared
with adipocytes (47, 48). Indeed, adipocytes have an excep-
tional number of caveolae on the surface, whereas myotubes
contain far fewer. Thus, caveolae and caveolin-1 likely play
unique roles in adipose metabolism, and this is a probable
mechanism through which GM3 selectively impairs adipose
health while being relatively benign in muscle.

FIGURE 3. Inhibition of glucosylceramide synthase activity did not prevent the antagonism of insulin signaling by palmitate in C2C12 myotubes.
C2C12 myotubes were incubated in the presence or absence of palmitate (0.75 mM, 16 h) and/or the GCS inhibitor D-threo-et-P4 (100 nM, 16 h). A, lipid analysis
using LC-MS/MS confirmed that inhibitor D-threo-et-P4 drastically prevents GC synthesis while maintaining ceramide levels unchanged. Sphingolipids levels
are presented as the mean fold increase (over basal) � S.E. Asterisks indicate that GC values were significantly decreased. B, C2C12 myotubes treated with or
without palmitate (0.75 mM, 16 h) or the inhibitor D-threo-et-P4 (100 nM, 16 h) were incubated in serum-free media for 2 h before stimulation with insulin (100
nM, 10 min). Cell lysates were resolved by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with the indicated antibodies. C2C12 myotubes were
transfected with siRNA targeting GCS or Scrambled control for 48 h. C, to confirm the efficiency of the knockdown, levels of transcripts encoding GCS were
assayed by quantitative real time-PCR. D, data are presented as the percentages of GCS mRNA expression normalized to Scrambled basal control (100%) � S.E.,
and levels of GC were determined by LC-MS/MS. GC levels are presented as the mean fold increase (over Scrambled basal control) � S.E. Asterisks indicate that
the mRNA and GC values were significantly decreased. E, transfected myotubes treated with or without palmitate were incubated in serum-free media for 2 h
before stimulation with insulin (100 nM, 10 min). Cell lysates were resolved by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with the indicated
antibodies. Palm, palmitate.
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We note also that in skeletal muscle fed a high fat diet, there
is a reduction in GCS levels, whereas they were increased in
adipocytes. We noted no change in expression of the mouse
GCS mRNA under these conditions, but these data may suggest
inhibition of GCS activity by a post-transcriptional mechanism.

Which Glucosylceramide Is the Critical Antagonist of Insulin
Signaling in the Adipocyte?—We only measured glucosylcer-
amides as a surrogate for all glucosylated ceramides and gan-
gliosides. Gangliosides are difficult to measure quantitatively
and reliably, because of problems extracting the lipids when
they have a polar head group. Thus, we do not know which class
of glucosylated ceramide species are the principle antagonists
of insulin action, and there are literally hundreds/thousands of
distinct glucosylated ceramide species, including the glucosyl-
ceramides, lactosylceramides, and the various ganglioside
classes (GM3, GD3, GD2, GD1b, GT11b, GQ1b, GM2, GM1a,
GD1a, and GT1a). Each class has multiple distinct lipid species
because of different acylation patterns. Ablation of GM3 syn-
thase, which is insulin-sensitizing, blocks synthesis of the other

downstream ganglioside classes. Moreover, GM3 is an
upstream precursor of most gangliosides, and exogenous GM3
could easily be converted to others. Thus, the identity of the
relevant ganglioside is still unclear, and multiple ones could
play regulatory roles in anabolism.

Ceramide or Another Ceramide Metabolite in Muscle and
Fat—Our findings reaffirm that ceramides (or another, non-
glucosylated ceramide metabolites) likely impair insulin signal-
ing downstream of the insulin receptor. Thus far, ceramide
remains the most likely candidate. Pharmacologically or genet-
ically ablating three different enzymes required for ceramide
biosynthesis or overexpressing acid ceramidase or glucosylcer-
amide synthase prevents the antagonistic effects of palmitate
on insulin signaling (14, 25, 31, 49, 50). Blocking glucosylcer-
amide synthase failed to recapitulate these effects, and in fact
hGCS overexpression was protective.

We note that ceramide or another ceramide metabolite is
also likely biologically active in adipose tissue. The addition of
C2-ceramide, which creates other endogenous sphingolipids

FIGURE 4. Myriocin prevents the inhibition of insulin signaling by palmitate while blocking ceramide and glucosylceramide accumulation. A, C2C12
myotubes were incubated in the presence or absence of palmitate (0.75 mM) or myriocin (10 �M) for 16 h before lipid extraction. Lipid levels were quantified
by LC-MS/MS as described under “Experimental Procedures.” The data are presented as the mean fold increase (over basal) � S.E. Asterisks denote that the
value was significantly different from basal levels (p � 0.05). Double asterisks denote that the GC levels are significantly decreased. B, C2C12 myotubes were
incubated in the presence or absence of palmitate (0.75 mM, 8 h) before stimulation with insulin (100 nM, 10 min). Selected samples were treated with or without
myriocin (10 �M) just before adding palmitate. Cell lysates were resolved by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with the indicated
antibodies.
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FIGURE 5. Increasing ceramides or glucosyceramides in adipocytes down-regulates insulin signaling. To increase endogenous GSL levels, L1-CAR
adipocytes were incubated in the presence or absence of TNF-� (0.6 nM, 96 h) or C2-ceramide (C2Cer, 50 mM, 8 h) or infected with Ad-hGCS-Myc adenovirus as
described under “Experimental Procedures.” A, levels of GC were quantified by LC-MS/MS as described under “Experimental Procedures.” GC levels are
presented as the mean fold increase (over basal). Asterisks denote that the value was significantly different from the untreated control (p � 0.05). L1-CAR
adipocytes cells were serum-deprived for 2 h before insulin stimulation (100 nM, 10 min). B, cell lysates were resolved by SDS-PAGE, transferred to nitrocellulose,
and immunoblotted with the indicated antibodies. C, rates of 2-deoxyglucose were determined as described under “Experimental Procedures.” Asterisks
denote that the value was significantly different from basal levels (p � 0.05).
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through the salvage pathway, was more potent at inhibiting
Akt/PKB than was hGCS. Moreover, C2-ceramide had a mod-
est effect on glucosylceramide levels (Fig. 5) and seems to work
downstream of the insulin receptor and PI3K (17).

Concluding Remarks—We have demonstrated that GSLs do
not inhibit insulin signaling in myotubes but have as their likely
target tissue the adipocyte. By contrast, ceramides (or ceramide
metabolites) antagonize signaling to Akt/PKB in multiple
tissues.

Pharmacological inhibitors of serine palmitoyltransferase
(51), dihydroceramide desaturase (31), and glucosylceramide
synthase (11, 12) have an overlapping, broad spectrum of ben-

eficial metabolic effects in rodents. These enzymes, which
are involved in ceramide or glucosylceramide biosynthesis,
are exciting new therapeutic targets. The studies using these
reagents reveal quite clearly that endogenous sphingolipids
are important modulators of metabolic activities.

The studies in this manuscript indicate that at least two
classes of sphingolipids modulate insulin action, and they differ
by both tissue specificity and by mechanism of action. Thus, the
role of sphingolipids in nutrient homeostasis is highly nuanced
and needs much more study. According to LIPID MAPS
Lipidomics and Metabolomics Services, sphingolipids com-
prise 3,939 of 37,127 lipids. They differ by tissue distribution

FIGURE 6. High fat feeding induces ceramide accumulation in skeletal muscle and glucosylceramide in adipose tissue. A, male mice (C57Bl/6) were made
obese by HFD (60 kcal% fat diet) for 12 weeks. Error bars represent � S.E. B, following the treatment period, intraperitoneal glucose (1 g/kg of body weight)
tolerance test was conducted as described under “Experimental Procedures.” Error bars represent � S.E. Gastrocnemius muscle and intra-abdominal fat were
extracted from mice fed HFD or LFD (10 kcal% fat diet) following glucose tolerance test. C, tissues lysates were resolved by SDS-PAGE, transferred to nitrocel-
lulose, and immunoblotted with anti-p-AKT (Ser473) and anti-AKT (pan) antibodies. Bars show quantification of phosphorylated protein normalized by total
protein in tissue. *, p � 0.05 (n � 4).
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and biological effects. Determining mechanisms accounting for
their effects on nutrient homeostasis and their regulation by
factors associated with metabolic health (e.g., inflammatory
molecules and adipokines) (3, 52) will require close attention to
details and experimental limitations. The number of questions
remaining is daunting but could have a revolutionary impact on
our understanding of the deleterious complications affecting
the obese.
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