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Abstract Ceramides contribute to obesity-linked insulin
resistance and inflammation in vivo, but whether this is a
cell-autonomous phenomenon is debated, particularly in
muscle, which dictates whole-body glucose uptake. We com-
prehensively analyzed lipid species produced in response to
fatty acids and examined the consequence to insulin resis-
tance and pro-inflammatory pathways. L6 myotubes were in-
cubated with BSA-adsorbed palmitate or palmitoleate in the
presence of myriocin, fenretinide, or fumonisin B1. Lipid
species were determined by lipidomic analysis. Insulin sensi-
tivity was scored by Akt phosphorylation and glucose trans-
porter 4 (GLUT4) translocation, while pro-inflammatory
indices were estimated by IkBa degradation and cytokine
expression. Palmitate, but not palmitoleate, had mild effects
on Akt phosphorylation but significantly inhibited insulin-
stimulated GLUT4 translocation and increased expression
of pro-inflammatory cytokines 116 and Ccl2. Ceramides, hex-
osylceramides, and sphingosine-1-phosphate significantly
heightened by palmitate correlated negatively with insulin
sensitivity and positively with pro-inflammatory indices. Inhi-
bition of sphingolipid pathways led to marked changes in
cellular lipids, but did not prevent palmitate-induced impair-
ment of insulin-stimulated GLUT4 translocation, suggesting
that palmitate-induced accumulation of deleterious lipids
and insulin resistance are correlated but independent events
in myotubes.Ell We propose that muscle cell-endogenous ce-
ramide production does not evoke insulin resistance and that
deleterious effects of ceramides in vivo may arise through
ancillary cell communication.—Pillon, N. J., S. Frendo-Cumbo,
M. R. Jacobson, Z. Liu, P. L. Milligan, H. Hoang Bui,
J. R. Zierath, P. J. Bilan, J. T. Brozinick, and A. Klip. Sphingo-
lipid changes do not underlie fatty acid-evoked GLUT4
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Obesity is associated with accumulation of deleterious
lipid intermediates, including ceramides and diacylglyc-
erol (DAG), in adipose tissue, liver, and skeletal muscle
(1). This lipotoxic fat accumulation contributes to low-
grade local inflammation and the development of insulin
resistance and cardiovascular complications of obesity. El-
evations in several sphingolipid species in plasma and tis-
sues have been associated with type 2 diabetes mellitus,
dyslipidemia, and atherosclerosis. The plasma sphingolipid
species associated with lipoproteins and albumin are
emerging as biomarkers for metabolic diseases (2, 3).

Ceramides are elevated in patients with type 2 diabetes and
a body of work considers them to be direct contributors to
insulin resistance (4). Independently of a possible important
role for sphingolipids in plasma, liver, or other tissues, it is
unclear and still confounding whether intracellular ceramide
accumulation in muscle cells is causally related to insulin
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resistance. Indeed, ceramide content is elevated in liver and
adipose tissue from high-fatfed animals, but it is controver-
sial whether ceramides accumulate in skeletal muscle during
obesity and diabetes, and whether they lead to muscle-
specific and whole-body insulin resistance (5). Some studies
find elevated net levels of total ceramides in the skeletal
muscle of diet-induced insulin-resistant mice and humans
(6-8), but many report no change in muscle ceramide con-
tent in human and mouse models of obesity and type 2
diabetes (9-11), often despite significant increases in plasma
and liver ceramide content (12, 13). This dissociation of
changes in skeletal muscle ceramide levels from changes in
insulin sensitivity questions the role for muscle ceramides in
mediating fatinduced insulin resistance (5).

Glucose transporter 4 (GLUT4) translocation is the fun-
damental process sustaining insulin-dependent glucose up-
take, and this step fails in obesity and type 2 diabetes. In
spite of its importance, the effect of ceramides on GLUT4
translocation in muscle has not been examined. In vitro
studies using mouse C2C12 or rat L6 muscle cells consis-
tently show that exposure to the saturated fatty acid, palmi-
tate, but not the unsaturated oleate, increases overall
ceramide content (14-17). Early studies using inhibitors of
serine palmitoyltransferase or ceramide synthase suggested
that inhibition of sphingolipid formation could reverse
palmitate-induced insulin resistance in muscle cells (18-20),
while others reported no change in insulin sensitivity
after silencing of serine palmitoyltransferase, the rate lim-
iting step of ceramide synthesis (21), or overexpressing
ceramide synthases (22). All of those studies were per-
formed in either mouse C2C12 or rat L6 cells using largely
different concentrations of palmitate (0.2-1.2 mM) and
incubation times (6-48 h), and most used only Akt Ser'™
phosphorylation as a readout for insulin signaling, which
makes comparisons and interpretation difficult. Impor-
tantly, GLUT4 translocation to the membrane was not
examined vis a vis ceramide content or synthesis.

Here, we used a well-established insulin-sensitive muscle cell
culture system and performed lipidomic analysis to exhaus-
tively explore whether saturated fatty acids selectively alter
the muscle cell sphingolipid profile, and if so, whether these
species contribute to pro-inflammatory outcomes and to in-
sulin resistance of GLUT4 translocation in a celllautonomous
manner. We hypothesized that modulating the abundance of
different intermediates of the sphingolipid pathway would
influence fatty acid-induced insulin resistance, focusing on
GLUT4 translocation and pro-inflammation indices.

METHODS

Reagents

Myriocin, fumonisin Bl (FB1), and fenretinide were from Mil-
lipore (Etobicoke, ON, Canada). DL-threo-PDMP (PDMP) and
sphingosine kinase inhibitor 2 (SKI-II) were from Cayman Chemi-
cals (Ann Arbor, MI). Antibodies used were specific for: total Akt
(1:1,000; Cell Signaling #2920), pSerm-Akt (1:1,000; Cell Signaling
#4060), pThr’ Akt (1:1,000; Cell Signaling #9275), pSer176,/180-
IKKa/B (1:1,000; Cell Signaling #2697), total IKKB (1:1,000; Cell
Signaling #2684), total IKKa (1:1,000; Cell Signaling #2682),
pSer-IkBa (1:1,000; Cell Signaling #9246), total IkBa (1:1,000;

Cell Signaling #9242), pSer-p65 (1:1,000; Cell Signaling #3033),
total p65 (1:1,000; Cell Signaling #3034), -actin [1:10,000; Sigma-
Aldrich (St. Louis, MO) Ab441], and actinin-1 (1:10,000; Sigma-
Aldrich A5044). Other chemicals were from Sigma-Aldrich.

Palmitate and palmitoleate solution preparation

Solutions of fatty acids were complexed to BSA as described
previously (23). Briefly, fatty acids were dissolved in 50% ethanol
and then diluted 25 times in a 10.5% BSA solution. These stock
solutions were further diluted in cell culture media (16-fold dilu-
tion), exposing the cells to a final concentration of 0.5 mM palmi-
tate/palmitoleate and/or 0.12 mM BSA (final lipid:BSA ratio of
4:1). Palmitate and palmitoleate solutions thus coupled to BSA
are denoted as PA and PO, respectively, hereafter.

Cell culture

Rat L6 muscle cells with stable expression of myctagged GLUT4
(L6-GLUT4myc) were grown in a-MEM supplemented with 10%
FBS, 100 units/ml penicillin, 100 pwg/ml streptomycin, and 250
ng/ml amphotericin B. Differentiation into myotubes was in-
duced by switching confluent cells to a-MEM supplemented with
2% FBS for 4-7 days. Mouse C2C12 muscle cells with stable ex-
pression of myctagged GLUT4 (C2C12-GLUT4myc) were grown
and differentiated as described previously (24).

Lipid extraction

Lipids were extracted using one phase extraction with metha-
nol-dichloromethane. Internal standard mixture was added to the
samples before extraction. Lipid levels were quantified by the ra-
tio of analyte and internal standard and calibration curves were
obtained by serial dilution of a mixture of lipid standards. Pure
synthetic standards of sphingolipids were purchased from Avanti
Lipids. Isotope-labeling synthetic standards were synthesized in-
ternally at Eli Lilly and Company. For lipidomic analysis, 572 ng
Ds-triacylglycerol (TAG) 16:0/16:0/16:0; 2 mg phosphatidylcho-
line (PC) 14:0/14:0; 287 ng sphingomyelin 17:0; 40 ng '°C,g-oleic
acid; 108 ng PC 15:0/15:0; and 60 ng DAG 15:0/15:0 of standards
were added to 200 ul of mixture after extraction.

Lipidomics

Lipidomics was conducted via flow injection ESI/MS/MS using
an AB-Sciex 5600 TripleTOF system (AB Sciex, Framingham,
MA). The mass spectra are acquired in two stages. In the first stage
the TOF spectra was scanned with minimal collision energy from
100 to 1,200 Da with high resolution. The second stage consisted
of TOF product ion scans of 611 precursor masses from 349.199
to 959.809 isolated with a resolution of 0.7 Da and changed step-
wise in 1.001 Da increments. Sphingomyelins were identified and
distinguished from PC isotopes by unfragmented proton adducts
during the first stage. The remaining lipids were identified in the
second stage by precursor and product ion pairs predicted by the
analyte species and lipid class.

Sphingolipid measurement

Specific analysis of ceramides and sphingolipids was performed
by LC/ESI/MS/MS using an AB Sciex 6500 quadrupole mass spec-
trometer equipped with an ESI probe and interfaced with the Agi-
lent 1290 infinity LC system (Agilent, Palo Alto, CA). The UPLC
system consisted of an Agilent 1290 binary pump, thermostat,
TCC, and sampler. The injection volume was 10 pl per extracted
sample. Sphingolipids were separated with a Poroshell 120 EC-C8
column, 2.1 x 50 mm, 2.7 pm (Agilent). Mobile phase A was
water:methanol:formic acid:ammonium formate (45/55/0.5%/
5 mM, v/v). Mobile phase B was acetonitrile:methanol:formic
acid:ammonium formate (50/50/0.5%/5 mM, v/v). The valve,
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sample loop, and needle were washed with acetonitrile:methanol
(50/50, v/v) for 20 s. Mass spectrometric analyses were performed
online using ESI/MS/MS in the positive mode.

Nomenclature

The nomenclature for the lipidomics analysis was designed to
reflect what is known about the samples without making any
claims about what is not known. For TAGs, we detected the pre-
cursor mass, which was used to determine the sum of the three
acyl groups, and the product mass, which was used to determine
the fragment after one complete acyl chain is removed. As a re-
sult, the nomenclature reads: [known acyl chain]_[precursor
mass]_TAG_C[sum of all carbons in three acyl chains]:[sum of all
double bonds in three acyl chains]. For example, “18:1 TAG 878
C52:1” has a precursor mass of 878.7, which means it has three
acyl chains with a total of 52 carbons and 1 double bond (52:1).
The fragmention (579.5) means the fragment has 34 carbons and
no double bonds, which in turn guarantees that one of the acyl
chains is an 18:1 chain (the difference between them). Overall
this molecule is likely a TAG 18:1, 18:0, 16:0, but there are contri-
butions from less probable analytes, such as TAG 18:1, 20:0, 14:0.

Cell surface GLUT4myc

L6-GLUT4myc myotubes grown in 96-well plates were serum
deprived for 2 h and then treated with or without insulin (100
nM, 30 min). The cell surface density of GLUT4myc was mea-
sured as described previously (25).

RNA isolation and quantitative PCR

All reagents were from Life Technologies (Carlsbad, CA). RNA
was isolated using TRIZOL® and cDNA synthesized using the
SuperScript VILO® cDNA kit. Quantitative PCR (qPCR) was
done using predesigned TagMan probes. HPRT1 and ABT1 ex-
pression was not affected by any of the treatments, and they were
therefore used as housekeeping genes. qPCR was performed for
40 cycles (95°C for 1's, 60°C for 20 s) and the relative quantity of
mRNA was calculated using the AACq method.

Immunoblotting

After treatments, cells were scraped into lysis buffer (20 mM
Tris-HCI, 138 mM NaCl, 2.7 mM KCI, 1 mM MgCl, 2,5% glycerol,
and1% Nonidet-P40) supplemented with protease and phospha-
tase inhibitors (5 mM EDTA, 1 mM NagVO,, 20 mM NaF, 1 mM
dithiothreitol, and protein inhibitor cocktail; Sigma-Aldrich) and
protein content was measured by the BCA assay. For Western blot-
ting, proteins were boiled in Laemmli buffer, separated by SDS-
PAGE, and transferred onto PVDF membrane (Bio-Rad, Hercules,
CA). Membranes were then blotted using primary antibodies
(4°C overnight) and washed, and peroxidase-coupled secondary
antibody (1:10,000) was applied for 1 h at room temperature.
Membranes were revealed using ECL (Bio-Rad), visualized using
an Odpyssey Fc Imager (LI-COR, Lincoln, NE), and quantified us-
ing Odyssey Fc Image Studio version 4.0 (LI-COR).

Statistical analysis

Lipidomics data were analyzed using R software (www.r-project.
org). The sphingolipid and lipidomic analyses were normalized
according to the common species measured in both methods and
merged (676 analytes in total). Mislabeled species, species with
more than 10% missing values, and compounds with values 100-fold
lower than the median of the whole dataset were excluded. The
remaining missing values were imputed using nearest neighbor
averaging. The final data containing 384 lipid species was log2 trans-
formed, scaled, and analyzed using ttest and Bonferroni corrected
false discovery rate (FDR). Other analyses were performed using
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Prism software (GraphPad Software, San Diego, CA). Results from
inhibitor experiments were compared by two- or three-way ANOVA
followed by Fisher’s LSD post hoc tests. Statistical significance was
set at P<0.05.

RESULTS

Palmitate, but not palmitoleate, impairs insulin-induced
GLUTH4 translocation and activates pro-inflammation
indices in muscle cells

Insulin stimulates glucose uptake into muscle through
activation of a signaling cascade typified by dual phosphor-
ylation of the serine/threonine kinase Akt that culminates
in translocation of the glucose transporter, GLUT4, to the
cell membrane (26). This process is recapitulated in myo-
tubes of the rat L6 cell line stably transfected with GLUT-
4myc for easy detection of the translocation process (27).
Within 20 min, insulin elevated surface GLUT4 levels by
1.6-fold, and this response was dwarfed by an 18 h preexpo-
sure of the myotubes to the saturated fatty acid, PA (0.5
mM) (Fig. 1A). Notably, parallel preexposure to the mono-
unsaturated fatty acid, PO (0.5 mM) did not cause insulin
resistance. L6 myotubes therefore react to saturated fatty
acid exposure by developing insulin resistance.

We recently reported that L6 myotubes also respond selec-
tively to PA, but not to PO, by mounting a cell-autonomous
activation of the pro-inflammatory pathway governed by
the transcription factor, NFkB (23). Indeed, L6 myotubes
exposed to PA, but not PO, elevated the expression of the
chemokine, Cel2/MCPI, and the cytokine, /l6 (Fig. 1B, C).
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Fig. 1. Palmitate, but not palmitoleate, impairs insulin action and
activates inflammatory signals. L6 myotubes were exposed to 0.5
mM PA, PO, or the BSA vehicle for 18 h and then stimulated with
100 nM insulin for 20 min. A: Surface GLUT4 was measured as de-
scribed in the Methods (n = 4; *P< 0.05 vs. BSA control). B, C: Ccl2
and /16 expression was measured by qPCR (n = 3; ¥*P < 0.05 vs. BSA
control).



Hence, L6 myotubes reproduce two cardinal responses
that arise in vivo during high-fat feeding with saturated fatty
diets: activation of pro-inflammatory programs and devel-
opment of insulin resistance (28).

Palmitate and palmitoleate differentially elevate lipid
content in L6 myotubes

Lipidomic analysis of L6 myotubes exposed to either PA
or PO was performed to monitor changes in lipid species.
A primary component analysis (Fig. 2A) showed that PA,
PO, and the BSA vehicle cluster apart from each other, sug-
gesting that that they induce selective changes in lipid con-
tent. This was confirmed on a heat map (Fig. 2B) where
most of the results of PA experiments clustered together
and away from those with PO or BSA incubations. A Venn
diagram (Fig. 2C) demonstrated that 200 lipid species sig-
nificantly changed in response to cellular incubation with
either PA or PO (FDR <0.01). Among them, 79 were selec-
tively changed by PA, 74 specifically by PO, and 47 were
modified under either PA or PO conditions. The com-
pounds most significantly elevated in response to PA were
various species of TAG, dihydroceramides, ceramides, and
sphingosine-1-phosphate (S1P) (Fig. 2D). In comparison,
PO seemed to partition mostly toward triglyceride species
(Fig. 2E). All statistically significant changes in lipid species
after cellular treatments with PA or PO are presented in
supplemental Table SI.

Calculation of the total amount of each class of lipids
(Fig. 2F) revealed that both PA and PO increased the total
amount of lysophosphatidylcholine (LPC) and TAG, al-
though the fatty acyl chain composition differed, with 16:1
and 16:0 species being enriched in response to PO and PA,
respectively (supplemental Table SI). Only PO, but not
PA, increased the amount of cholesteryl esters (CEs), while
phosphatidylinositols (PIs) were specifically increased by
PA. No changes were detected in the total amount of DAGs,
PC, phosphatidylethanolamine (PE), and phosphatidylser-
ine (PS). A detailed analysis of all sphingolipid species
(Fig. 2G) demonstrated that both PA and PO treatments
elevated sphinganine, sphinganine-1-phosphate (SalP),
deoxysphinganine, dihydroceramides, and S1P. Only PA
augmented ceramides and hexosylceramides. Gangliosides
were significantly reduced by both PA and PO and only PO
was able to elevate the levels of sulfatide. Sphingosine, lac-
tosylceramides, and sphingomyelins were not affected by
any of the fatty acid treatments.

A few enzymes of the sphingolipid pathway, such as ce-
ramide synthase, are upregulated in adipose tissue from
obese individuals (29). We therefore hypothesized that fatty
acids would regulate the expression of one or several en-
zymes in the sphingolipid pathway that could lead to the
changes observed in cellular lipid composition. However,
neither PA treatment nor PO treatment of myotubes induced
changes in the expression of the enzymes, serine palmitoyl-
transferase (Spt2), ceramide synthases (Cersl, Cers4, Cers6),
dihydroceramide desaturases (Degsl, Degs?2), sphingomy-
elin phosphodiesterases (Smpdl, Smpd2, Smpd3), acid ce-
ramidases (Asahl, Asah?2), or alkaline ceramidases (Acerl,
Acer2, Acer3) (supplemental Fig. SIA, B). These data suggest

that the PA- and PO-induced changes in sphingolipid con-
tent were due to mechanisms independent of changes in
gene expression of the main determining enzymes. We there-
fore proceeded to inhibit the enzymatic activity of the differ-
ent enzymes of the sphingolipid pathway (supplemental
Fig. S1C). Along with the treatments with PA or PO, L6 myo-
tubes were systematically exposed to the serine palmitoyl-
transferase inhibitor, myriocin, the ceramide synthase
inhibitor, FB1, and the dihydroceramide desaturase inhibi-
tor, fenretinide. Under each condition, insulin sensitivity
and the pro-inflammatory response were measured and cells
were extracted for lipidomic analysis. As expected, myriocin,
FB1, and fenretinide altered diverse sphingolipid species,
but importantly, did not affect other DAGs, TAGs, or phos-
phatidyl species (supplemental Fig. S2).

Inhibition of the de novo pathway does not reverse
palmitate-induced insulin resistance of GLUT4
translocation and inflammation

Myotubes were pretreated with myriocin (25 uM) for 30
min and then incubated with PA or PO in the presence of
myriocin for 18 h to inhibit serine palmitoyltransferase, the
first and rate-limiting step of the de novo ceramide synthesis
pathway. Inhibition of serine palmitoyltransferase blunted
the PA-induced increase in sphinganine, SalP, deoxysphin-
ganine, dihydroceramides, ceramides, hexosylceramides,
and ganglioside GM3 (GM3). Myriocin did not significantly
affect the amount of lactosylceramides, sphingosine, S1P,
and sphingomyelins (Fig. 3A). Importantly, and despite a
significant attenuation of the PA-induced changes in lipid
composition, myriocin did not reverse the PA-induced insu-
lin resistance of GLUT4 translocation in either L6-GLUT-
4myc (Fig. 3B) or C2C12-GLUT4myc myotubes (Fig. 3C).
Myriocin also did not reverse the expression of the pro-in-
flammatory cytokines, /I6 and Ccl2 (Fig. 3D, E).

Fenretinide is a potent inhibitor of dihydroceramide
desaturase, the final step of the ceramide synthesis path-
way. Contrary to myriocin, incubation of L6 myotubes with
fenretinide led to a significant accumulation of sphinga-
nine and dihydroceramide (Fig. 4A). Similar to myriocin,
fenretinide induced a 60% decrease in ceramides and
blunted the PA-induced increase in hexosylceramides
(Fig. 4A). Overall, fenretinide significantly reduced ce-
ramides and hexosylceramides, but at the expense of a
marked accumulation of dihydroceramide and sphinga-
nine. Interestingly, fenretinide significantly increased the
accumulation of deoxysphinganine. Importantly, with this
switch in sphingolipid composition, fenretinide had no
effect on GLUT4 translocation (Fig. 4B). The effect of
fenretinide on the pro-inflammatory axis was complex.
The expression of 1l6 was not affected by fenretinide alone
and PA still exerted a lower, but significant, induction of
this gene (Fig. 4C). On the other hand, the drug itself pro-
moted Ccl2 expression, and consequently PA had no fur-
ther action in the presence of the inhibitor (Fig. 4D).
Opverall, effectively inhibiting dihydroceramide desaturase
did not prevent PA-induced insulin resistance or an ac-
knowledged index of pro-inflammatory responses.
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Inhibition of ceramide synthase does not reverse
palmitate-induced insulin resistance and inflammation

FB1 inhibits ceramide synthase, an enzyme contributing
to ceramide accumulation from the de novo and salvage
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pathways (29). Incubation of L6 myotubes with fatty acids
in the presence of FB1 (50 uM) led to significant eleva-
tions in sphinganine, deoxysphinganine, and S1P with drops
in dihydroceramides, ceramides, and hexosylceramides
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myriocin for 18 h. A: Lipid species were measured in L6 myotubes using lipidomic analysis as described in the Methods (n = 7). B: Surface
GLUT4 was measured in L6-GLUT4myc myotubes as described in the Methods [n = 7; three-way ANOVA (insulin, PA, myriocin)]. C: Surface
GLUT4 was measured in C2C12-GLUTmyc myotubes as described in the Methods [n = 3; three-way ANOVA (insulin, PA, myriocin) |. D, E:
Expression of Ccl2 and /16 in L6 myotubes after PA and myriocin exposure was measured by qPCR [n = 4; two-way ANOVA (PA, myriocin)].

*Overall significant effect of inhibitor (two-way ANOVA; P< 0.05; n =

5). *Significant effect of PA over BSA control (two-way ANOVA; P <

0.05). §Signiﬁcant effect of insulin over unstimulated control (P< 0.05). DHCer, dihydroceramide; HexCer, hexosylceramide; SPM, sphingo-

myelin; LacCer, lactosylceramide; MYR, myriocin.

(Fig. bA). Despite these effects on specific sphingolipid
species, FB1 did not prevent the PA-induced reduction of
insulin-stimulated GLLUT4 translocation or cell-autonomous
inflammation (Fig. 5B-D). Hence, inhibiting ceramide
synthase does not prevent insulin resistance or the pro-
inflammatory responses evoked by PA.

Palmitate, but not palmitoleate, inhibits insulin-induced
Akt activation and activates NFkB signaling

A partial inhibition of Akt phosphorylation is typically
observed in the muscles of human and mouse models with
insulin resistance, particularly on Thr™® (30, 31); although
it is not necessarily the only cause for reduced glucose up-
take and GLUTH4 translocation (32-34). Though insulin-
induced phosphorylation of Akt on Ser'™ is commonly
measured (35), phosphorylation on Thr*® correlates
better with Akt activity and is most relevant for insulin-
stimulated GLUTH4 translocation (36). Even then, a substan-
tial inhibition of Akt phosphorylation (>80%) is required
to consequently observe reduced GLUT4 translocation in
muscle cells (32) and adipocytes (37). Here, we show that
phosphorylation of both sites was stimulated by insulin in

myotubes and dose-dependently reduced in the presence
of PA (Fig. 6A, B). Only the highest concentration of PA
(0.8 mM) decreased insulin-induced phosphorylation of
Akt close to baseline levels, but this dose was toxic to the
cells and therefore associated with confounding effects be-
yond the changes in lipid composition.

Activation of the muscle cell pro-inflammatory NFkB
pathway requires activation of the kinase, IKK, and phos-
phorylation and degradation of the IkBa inhibitory sub-
unit, followed by translocation of the p65 subunit to the
nucleus where it regulates the expression of inflammatory
cytokines. Confirming this behavior, PA, but not PO, dose
dependently increased the phosphorylation of the IKK
complex, phosphorylation and degradation of IkBa, and
phosphorylation of p65 (Fig. 6A, B). As in the case of
GLUTH4 translocation and cytokine expression shown above,
myriocin did not reverse the deleterious effect of PA on
insulin-induced phosphorylation of Akt on Ser'” and Thr'”
and did not affect the PA-triggered degradation of IkBa
(Fig. 6C-F).

On the other hand, the dihydroceramide desaturase in-
hibitor, fenretinide, reversed the PA-induced impairment
of insulin-induced Akt signaling on Thr308, but had no

Ceramides are not involved in muscle insulin resistance 1153
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Inhibition of the de novo pathway with fenretinide does not reverse palmitate-induced insulin resistance, but reduces palmitate-

induced inflammation. L6 myotubes were pretreated with fenretinide (10 pM) for 30 min and then incubated with 0.5 mM PA in the pres-
ence of fenretinide for 18 h. A: Lipid species were measured using lipidomics as described in the Methods. B: Surface GLUT4 was measured
as described in the Methods [n = 9; three-way ANOVA (insulin, PA, fenretinide) ]. C, D. Expression of Cc/2 and 116 after PA and fenretinide
exposure was measured by qPCR [n = 7; two-way ANOVA (PA, fenretinide)]. *Overall significant effect of inhibitor (two-way ANOVA;
P<0.05). *Significant effect of PA over BSA control (two-way ANOVA; P< 0.05). §Signiﬁcam effect of insulin over unstimulated control
(P<0.05). DHCer, dihydroceramide; HexCer, hexosylceramide; SPM, sphingomyelin; LacCer, lactosylceramide; FEN, fenretinide.

effect on the phosphorylation of Ser'™ (Fig. 6G-]). Fen-
retinide, on its own, promoted IkBa degradation, and con-
sequently PA had no further action in the presence of the
inhibitor (Fig. 6G-]), which paralleled Ccl2 expression.
Nonetheless, although fenretinide affected the various out-
comes differently, it did not reverse the PA-elicited insulin
resistance of GLUT4 translocation (Fig. 4B) or Ser'™-Akt
or the rise in /l6 expression. FB1 did not prevent the PA-
induced reduction of insulin-stimulated Thr’**-Akt phos-
phorylation and IkBa degradation, although it partially
reversed the impaired Ser*"-Akt phosphorylation (Fig.
6K-N). Therefore, and interestingly, the effects of this
drug further reveal that the PA-induced inhibition of
GLUT4 translocation is unrelated to the lipid’s evoked re-
duction of Ser*”*-Akt phosphorylation.

Correlation of individual lipid species with insulin
sensitivity and inflammation

Despite no significant reversion of the deleterious ef-
fects of PA in most parameters measured, the modulation
of sphingolipid content had subtle effects on basal and
insulin-induced responses as well as pro-inflammatory re-
sponses. Multi-parameter analysis of the different vari-
ables implicated in fatty acid responses therefore allowed
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for the identification of lipid species associated with bio-
logical responses. The lipid species that showed the best
correlation with pro-inflammatory index, defined here
L6+ CCL2 . . L
.0 ©OF compounded insulin sensitivity, defined
here as [delta-change (GLUT4 x Aktg,, 475 X Aktry,308) 1, are
shown in Fig. 7A, B. Elevated TAG, ceramides, PI, and
S1P were associated with a higher pro-inflammation in-
dex; among these, the most significant ones correlated
with lower insulin sensitivity. This suggests that storage
of lipids in these forms is deleterious for the cells and
confirms the concept that increased ceramide or TAG
content is associated with insulin resistance in vivo. Con-
versely, GM3, DAG, and PE were associated with a lower
pro-inflammation index and higher insulin sensitivity,
suggesting that accumulation of lipid in this form might
provide some benefit to the cells. CEs were not signifi-
cantly associated with insulin sensitivity, but correlated
positively with inflammation. Finally, hexosylceramides
and dihydroceramides were not significantly associated
with inflammation, but negatively correlated with insulin
sensitivity.
To further mine the information from the lipidomic
analysis, the change in every individual lipid species in-
duced by PA was plotted against its correlation to each
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FB1 does not reverse palmitate-induced insulin resistance and inflammation. L6 myotubes were pretreated with FB1 (50 wM) for 30

min and then incubated with 0.5 mM PA in the presence of FB1 for 18 h. A: Lipid species were identified by lipidomics as described in the
Methods. B: Surface GLUT4 was measured as described in the Methods [n = 7; three-way ANOVA (insulin, PA, FB1)]. C, D: Expression of Ccl2
and /6 after PA and FB1 exposure was measured by qPCR [n = 4; two-way ANOVA (PA, FB1)]. *Overall significant effect of inhibitor (two-way
ANOVA; P<0.05). *Significant effect of PA over BSA control (two-way ANOVA; P< 0.05). §Slgmﬁczmt effect of insulin over unstimulated con-
trol (P< 0.05). DHCer, dihydroceramide; HexCer, hexosylceramide; SPM, sphingomyelin; LacCer, lactosylceramide; MeOH, methanol.

parameter. A Venn diagram revealed an important overlap
between lipid species that correlated with IkBa degrada-
tion, cytokines, Akt phosphorylation, and GLUT4 translo-
cation with many species associated with all four parameters
(Fig. 7C). Only six species were independently associated
with Akt activation, six species independently associated
with GLUT4 translocation, and three species associated
with both (Table 1), while not associated with pro-inflam-
mation parameters. Fifteen species were associated specifi-
cally with NFkB activation (1/IkBa), 32 associated with
cytokine expression, and 4 associated with both NF«B acti-
vation and cytokine expression independently of insulin
sensitivity (Table 2). The presence of different species of
TAG in all groups suggests that the composition of the dif-
ferent fatty acid branches may be more biologically rele-
vant than the total amount of TAG.

Because PO had no effect on insulin sensitivity and pro-
inflammation index, we focused on the 79 species that
were specifically altered by PA (Fig. 2C, supplemental
Table S1), represented as colored dots in Fig. 7D-G. The
majority of lipid species elevated by PA correlated negatively
with insulin-induced GLUT4 translocation (delta- change
Fig. 7D) and Akt activation (delta-change, average of Ser'”
and Thr'”, Fig. 7E), or correlated positively with cytokine
expression (average of Cc¢l2 and 116; Fig. 7F) and NFkB

activation (1/IkBo; Fig. 7G). There was a striking absence of
compounds that would be associated with insulin resistance
or inflammation and reduced by PA. On the other hand,
there was no clear pattern as to which species induced by
the unsaturated PO were positively or negatively associated
with insulin sensitivity and inflammation (data not shown).
Altogether, the correlation analysis revealed that most lipid
species elevated by PA are associated with both insulin re-
sistance and pro-inflammation. It also shows that higher ce-
ramide and TAG levels are associated with insulin resistance.
Importantly, this analysis does not link the deleterious effects
of PA to a single lipid species or family of species.

The same analysis performed after classification of satu-
rated versus unsaturated species did not reveal any differ-
ences in the level of unsaturation, pro-inflammatory action,
or insulin sensitivity (data not shown). However, PA expo-
sure led to a rise in most 16:0 species and 16:1-containing
LPC and TAG, with a concomitant drop in 16:1-DAG
(Fig. 8A). Given that TAGs are considered to be metaboli-
cally inert lipids, while DAG may have deleterious effects,
our results reveal that a saturated acyl chain in DAG cor-
relates better with insulin resistance than the equivalent
monounsaturated DAG. Exposing cells to PO augmented
16:1-containing TAG, LPC, DAG, CE, and ceramides, but also
diminished several 16:0 species, such as dihydroceramide,
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Fig. 6. Insulin and inflammatory signaling pathways. A, B: L6 myotubes were exposed to 0, 0.2, 0.5, or 0.8 mM PA or PO for 18 h, serum
starved for 2 h, and stimulated with 2 nM insulin for 10 min. Akt, IKK, IkBa, and p65 were measured using specific antibodies. C-F: Effect
of PA and myriocin was measured by Western blot for insulin-stimulated phosphorylation of Akt [n = 3; three-way ANOVA (insulin, PA,
myriocin) | and degradation of IkBa [n = 6; two-way ANOVA (PA, myriocin) ]. G-J: Effect of PA and fenretinide was measured by Western blot
for insulin-stimulated phosphorylation of Akt [n = 3; three-way ANOVA (insulin, PA, fenretinide) ] and degradation of IkBa [n = 6; two-way
ANOVA (PA, fenretinide) |. K-N: Effect of PA and FB1 was measured by Western blot for insulin-stimulated phosphorylation of Akt [n = 3;
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LPC, and TAG, suggesting that some of the PO taken up
might be desaturated into 16:0 in the cells. Interestingly,
16:1-containing DAGs were the only species regulated by
PA and PO in an opposite manner and the only species
positively associated with insulin sensitivity (Fig. 8B) and
negatively associated with pro-inflammation index (Fig.
8C). The 16:1-containing TAG and LPC had opposite asso-
ciation with pro-inflammation index and insulin sensitivity,
suggesting that only the incorporation of PO in DAG might
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be beneficial. Altogether, these findings suggest that accu-
mulation of 16:1 in DAG species might be favorable to
dampen inflammation and promote insulin sensitivity.

DISCUSSION

Whether intracellular ceramide accumulation in myo-
tubes plays a causal role in insulin resistance is a question
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that is difficult to assess in vivo where multiple organs com-
municate to regulate lipid homeostasis, insulin sensitivity,
and pro-inflammatory responses. Using the simple insulin-
responsive model of L6-GLUT4myc myotubes, we modulated
the lipid composition using specific fatty acids and specific
inhibitors of the sphingolipid pathway, and demonstrate
that PA-induced accumulation of deleterious lipid species
and insulin resistance are correlated, but independent,

Ceramides are not involved in muscle insulin resistance

events in skeletal muscle cells. Only PA, but not PO, induced
the accumulation of ceramides, impaired insulin-induced
Akt phosphorylation and GLUT4 translocation, and acti-
vated the NFkB signaling pathway and pro-inflammatory
cytokine expression.

We used a nutrient-dependent approach to increase in-
tracellular ceramides by exposing L6 myotubes to BSA-
complexed fatty acids. Under these conditions, the uptake
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TABLE 1.

Lipid species specifically correlated with insulin sensitivity

PA PO Akt GLUT4
logFC FDR logFC FDR Spearman r  Spearman P Spearman r Spearman P
14:0_818_TAG_C48:3 0.36 2.85E-01 2.30 1.03E-08 —0.68 1.88E-02 —0.62 3.73E-02
16:1_818_TAG_(C48:3 0.86 8.40E-02 6.67 2.67E-14 —=0.19 5.58E-01 —0.67 2.04E-02
16:1_844_TAG_C50:4 0.82 1.56E-02 6.71 4.04E-18 —0.28 3.79E-01 —0.60 4.28E-02
18:0_TAG_C52_880-341 —0.05 9.20E-01 —0.12 8.05E-01 —0.29 3.54E-01 —0.64 3.01E-02
20:1_934_TAG_C56:1 —0.40 3.05E-01 —0.46 2.37E-01 0.62 3.48E-02 0.17 6.04E-01
HexCer_18:0 —0.72 1.84E-01 —0.86 b5.67E-01 0.17 5.88E-01 0.61 4.00E-02
HexCer_24:0 —0.71 1.76E-01 —0.43 4.48E-01 0.32 3.08E-01 0.71 1.21E-02
LacCer_16:0 0.00 9.93E-01 -0.66 2.22E-01 —0.62 3.73E-02 —0.15 6.35E-01
PI_32:2 —0.47 3.17E-01 5.25 3.29E-13 0.73 9.05E-03 0.11 7.33E-01
PI_32:3 0.37 4.30E-01 —0.18 7.45E-01 —0.85 7.72E-04 —0.24 4.57E-01
PI_36:1 0.23 647E-01 —1.14 9.44E-03 —0.61 4.00E-02 —0.25 4.30E-01
PI_38:1 0.23 6.02E-01 —0.45 2.78E-01 —0.61 4.00E-02 —0.62 3.73E-02
PS_40:2 —0.87 1.51E01 -0.93 1.25E-01 0.62 3.48E-02 0.65 2.59E-02
SalP 4.09 8.17E-11 1.59 4.56E-04 —0.25 4.30E-01 —0.83 1.72E-03
Sphingosine —0.38 2.63E-01 0.13 7.37E-01 0.65 2.59E-02 0.31 3.19E-01

HexCer, hexosylceramide; LacCer, lactosylceramide. Bold font indicates significance (P< 0.05).

of either PA or PO is equivalent and around 10 wmol/h,
and 0.5 mM of PA does not affect cell viability in myotubes
(23). Differences in lipid composition after PA or PO
treatment would therefore not be due to cell death or a
differential rate of uptake. Ceramides are composed of a
sphingosine core plus a fatty acid chain. One of the two
fatty acid chains is usually palmitate (16:0) and the second
one of various lengths with or without unsaturations. This
vast diversity of ceramide species complicates the study of
their biological effects, as it is plausible that individual spe-
cies selectively affect metabolic responses. Our lipidomics
approach detected a total of 494 compounds, including
11 ceramide species, hexosylceramides, lactosylceramides,
and sphingomyelins, providing an extensive map of the
lipid composition after PA and PO exposure. Both PA and
PO increased sphingolipid species in the de novo pathway
down to dihydroceramides, but only PA elevated ceramides
and hexosylceramides. In addition to sphingolipids, PA
and PO also induced selective and significant changes in
several TAG species. Among 200 species significantly af-
fected by either PA or PO, only 29 species were similarly
changed by PA and PO (significantly and in the same direc-
tion), demonstrating that different fatty acids can selectively
modify cellular lipid content. Accumulation of ceramides
within the myotubes can be due to: I) increased flux of
fatty acids into the sphingolipid pathway; 2) an increased
amount of the biosynthetic or salvage pathway enzymes or
decreased levels of the degradative enzymes; or 3) altered
activity of these enzymes. We did not observe any differ-
ence in the mRNA levels of enzymes involved in the sphin-
golipid pathway, and the accumulation of deoxysphinganine
after PA and PO treatments suggested an increased meta-
bolic flux through serine palmitoyltransferase. Our data
therefore suggest that PA and PO regulate the sphingo-
lipid content by either modifying the flux of substrates into
the pathway and/or the activity of the enzymes. Interest-
ingly, human diabetics as well as animals fed a high-fat diet
show significant increases in Cl8:1 deoxysphinganine,
which have been suggested as biomarkers for the metabolic
syndrome (38, 39). Exposure of myotubes to PA and PO
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therefore resembles that feature observed in vivo in meta-
bolic diseases.

Ceramides are not always associated with insulin
resistance in vitro

In our hands, pharmacological modulation of serine pal-
mitoyltransferase with myriocin, ceramide synthase with
FB1, or dihydroceramide desaturase with fenretinide in L6
myotubes led to significant changes in PA-induced cellu-
lar sphingolipid composition; but despite these marked
changes, none of the inhibitors prevented PA-induced im-
pairment of GLUT4 translocation. These inhibitors pre-
vented the formation of hexosylceramides by palmitate;
and further, the hexosylceramide synthase inhibitor, PDMP,
did not prevent PA-induced impairment of GLUT4 translo-
cation either (supplemental Fig. S1A). As a caveat, however,
PDMP can raise ceramide levels, not by substrate accumu-
lation, but rather by inhibition of 1-O-acylceramide syn-
thase, so the role of hexosylceramide synthase in the context
of fatty acid exposure will require further investigation. PA
exposure reduced Akt phosphorylation on both Ser'” and
Thr’, but restoration of aspects of this inhibition by fen-
retinide (Thr?’og) or FB1 (Ser473) did not suffice to restore
GLUT4 translocation. These results indicate that PA-induced
insulin resistance of GLUT4 translocation is not associ-
ated to effects on one, or maybe either, phosphorylation
site on Akt.

Surprisingly, a number of lipid species still showed posi-
tive or negative correlations with Akt phosphorylation,
GLUTH4 translocation, or inflammatory responses, demon-
strating that a plethora of changes in lipid species are as-
sociated, though not necessarily causally, with the metabolic
responses of the cells. This is the case for S1P, which has
been previously associated with inflammatory responses,
although in our hands, inhibition of sphingosine kinase
did not reverse palmitate-induced insulin resistance and
inflammation (supplemental Fig. S1B). Most compounds
significantly heightened by PA correlated negatively with
insulin sensitivity and positively with pro-inflammatory in-
dices, suggesting that PA triggered a globally deleterious



TABLE 2. Lipid species specifically correlated with inflammation
PA PO NF«B Cytokines
logFC FDR logFC FDR Spearman r  Spearman P Spearman r  Spearman P
14:0_872_TAG_C52:4 —0.41 3.72E-01 0.11 8.37E-01 —0.36 2.56E-01 =0.75 4.69E-03
16:0_790_TAG_C46:3 0.19  6.27E-01 0.67 4.70E-02 0.50 9.88E-02 0.67 1.74E-02
16:1_842_TAG_C50:5 0.85 2.49E-02 3.29 2.68E-10 0.73 1.00E-02 0.54 7.25E-02
16:1_870_TAG_C52:5 0.36  4.56E-01 4.65 4.20E-12 0.64 3.01E-02 0.34 2.85E-01
16:1_876_TAG_C52:2 —0.48 3.45E-01 3.31 2.59E-08 —0.41 1.84E-01 —0.68 1.51E-02
18:0_872_TAG_C52:4 0.77  5.55E-02 0.40 3.55E-01 0.71 1.21E-02 0.57 5.43E-02
18:1_822 TAG_C48:1 0.13  8.25E-01 —1.00 3.83E-02 0.66 2.40E-02 0.51 9.18E-02
18:1_846_TAG_C50:3 —0.68 1.81E-01 6.06 1.53E-13 —0.42 1.77E-01 —0.67 1.66E-02
18:1_870_TAG_C52:5 0.71  8.68E-02 0.57 1.81E-01 0.64 2.80E-02 0.60 3.96E-02
18:1_876_TAG_C52:2 —0.56 3.05E-01 0.52  3.54E-01 —0.48 1.15E-01 —0.72 8.54E-03
18:1_906_TAG_C54:1 —0.36 2.89E-01 —0.28 4.48E-01 —0.60 4.28E-02 —0.62 3.03E-02
18:1_TAG_C52_876-339 —0.26  6.51E-01 0.67 2.21E-01 —0.35 2.66E-01 —0.66 1.99E-02
18:2_820_TAG_C48:2 0.43 3.23E-01 0.03  9.56E-01 0.64 3.01E-02 0.48 1.14E-01
18:2_874 TAG_C52:3 —0.43 3.72E-01 1.45 1.63E-03 —0.34 2.87E-01 —0.67 1.82E-02
18:2_898 TAG_Cb4:5 —0.65 1.13E-01 1.95 1.13E-05 —0.55 7.07E-02 —0.74 6.03E-03
20:0_846_TAG_C50:3 0.26 4.67E-01 0.19  6.39E-01 0.38 2.18E-01 0.62 3.28E-02
20:0_878_TAG_C52:1 0.29 5.10E-01 1.04 1.06E-02 0.61 4.00E-02 0.32 3.07E-01
20:0_908_TAG_C54:0 0.12 811E-01 —0.15 7.45E-01 0.60 4.28E-02 0.40 2.03E-01
20:1_876_TAG_C52:2 —0.61 2.55E-01 1.22 1.80E-02 —0.43 1.69E-01 —0.68 1.51E-02
20:2_874_TAG_C52:3 —0.23 6.48E-01 2.22  8.31E-06 -0.37 2.37E-01 —0.68 1.44E-02
20:2_902_TAG_C54:3 —0.49 3.19E-01 1.01 3.01E-02 —0.51 9.36E-02 —0.81 1.32E-03
20:3_872_TAG_C52:4 0.63 1.09E-01 221  6.12E-07 0.73 1.00E-02 0.54 7.25E-02
20:4_870_TAG_C52:5 0.63 1.05E-01 1.88  9.38E-06 0.74 8.17E-03 0.51 8.93E-02
20:4_926_TAG_C56:5 —0.67 1.36E-01 0.52  2.66E-01 —0.58 5.21E-02 —0.62 3.15E-02
22:1_932_TAG_C56:2 —0.45 4.00E-01 —0.24 7.02E-01 —0.49 1.10E-01 —0.62 3.15E-02
Cer_16:1 0.19  7.12E-01 1.61 3.63E-04 0.65 2.59E-02 0.39 2.16E-01
Cer_24:0 1.01 3.02E-03 —0.38 2.93E-01 0.62 3.73E-02 0.56 5.62E-02
DAG_36:0_NL_18:0 —0.29 5.64E-01 0.23  6.89E-01 —0.66 2.40E-02 —0.54 7.03E-02
GM3_16:0 -0.29 3.72E-01 —0.36 2.58E-01 —0.62 3.48E-02 —0.44 1.55E-01
PC_32:1 0.48 1.74E-01 0.20  6.36E-01 0.59 4.58E-02 0.58 4.90E-02
PC_38:4 -0.52 2.32E-01 —0.58 1.83E-01 —0.44 1.54E-01 —0.67 1.66E-02
PE_34a:1_718.6 0.43  4.25E-01 0.23 7.03E-01 0.66 2.22E-02 0.56 6.00E-02
PE_40a:0_804.6 —0.39 b5.72E-01 —0.69 2.93E-01 —0.38 2.18E-01 —0.59 4.26E-02
PI_34:4 0.60 1.04E-01 1.34 3.32E-04 0.59 4.88E-02 0.49 1.08E-01
PI_40:3 —0.61 2.16E-01 —0.15 7.94E-01 —0.52 8.39E-02 —0.67 1.66E-02
PS_36:0 —0.79 7.82E-02 —0.22 6.89E-01 —0.50 1.04E-01 —0.60 3.96E-02
PS_36:1 —0.26 5.95E-01 —0.02 9.77E-01 —0.28 3.79E-01 —0.58 4.74E-02
PS_38:4 —0.78 1.46E-01 -1.19 245E-02 —0.63 3.24E-02 —0.79 2.33E-03
PS_40:3 —1.05 240E-02 —0.11 8.41E-01 —0.41 1.93E-01 —0.60 4.11E-02
SPM_18:1 0.18 5.77E-01 0.14 7.03E-01 0.53 7.93E-02 0.61 3.41E-02
SPM_20:1 0.25 4.25E-01 0.15 6.83E-01 0.52 8.87E-02 0.62 3.15E-02
SPM_24:1 —0.31 3.89E-01 —0.20 6.25E-01 -0.27 3.91E-01 —0.58 4.57E-02

Cer, ceramide; SPM, sphingomyelin. Bold font indicates significance (P< 0.05).

change in lipid composition within the cells. These find-
ings also suggest that inflammation and insulin resistance
in response to PA are associated events. Mechanistically, it
has been suggested that saturated fatty acid-induced ce-
ramide biosynthesis occurs in response to TLR4 signaling
and mediates insulin resistance (19). However, inhibition
of the TLR4-NF«B pathway in our model did not prevent
PA-induced impairment of GLUT4 translocation (supple-
mental Fig. S2), suggesting that although correlated, TLR4-
NFkB signaling and insulin resistance are two parallel
independent events. Overall, none of the inhibitors of the
sphingolipid pathway that we used were able to prevent the
detrimental effects of PA, ruling out ceramides and other
sphingolipid species as signals linking saturated fatty acids
to insulin resistance in L6 muscle cells exposed to PA. This
conclusion is not in line with several reports in C2C12 myo-
tubes where myriocin, FB1, and fenretinide did reverse the
impaired Akt phosphorylation induced by 0.75 mM of PA;
although GLUT4 translocation was not examined in those
studies (17, 19). However, in L6 cells exposed to 0.4 mM

PA, conditions very similar to ours, insulin-induced phos-
phorylation of Akt was not significantly impaired by PA and
insulin-induced glucose uptake only partially rescued by
myriocin (40). On the other hand, supporting our conclu-
sion, silencing of serine palmitoyltransferase in L6 cells
suppressed ceramide synthesis, but did not reverse PA-
induced insulin resistance (21). Overexpression of ceramide
synthases in L6 myotubes increased ceramides and pro-
moted basal insulin action, but did not affect PA-induced
insulin resistance (22). There is also evidence in C2C12
myotubes that increasing oleate concentration deteriorates
insulin signaling despite low contents in DAG and cerami-
des, therefore dissociating ceramide accumulation from
insulin resistance (14). Itis plausible that the time and con-
centration of fatty acids as well as the model tested signifi-
cantly affect the cellular response to PA, but our study and
several others report situations where ceramide accumula-
tion is not causally associated with insulin resistance in
muscle cells. Thus, there is wide discrepancy in the literature
regarding the causal effect of ceramides on reduced insulin
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signaling evoked by fatty acids. Moreover, when using
PA levels that do not cause cellular toxicity, the reduction
in insulin-dependent Akt phosphorylation is modest, yet
there is substantial impairment in GLUT4 translocation.
Altogether, this analysis reveals the need to discern the
potential contribution, if any, of endogenous cellular
ceramides on the actual outcomes of insulin resistance,
rather than focusing only on midway insulin signaling.

Ceramides are not always associated with insulin
resistance in vivo

Many reports have shown augmented ceramide and
DAG content in the skeletal muscle of obese or diabetic
mice and humans, and have therefore suggested that these
lipid species play a causal role in the development of insu-
lin resistance (41-44). But a handful of studies did not find
any change specifically in skeletal muscle ceramides under
high-fat feeding despite their increase in liver, adipose tis-
sue, and plasma (12, 45, 46). In addition, palmitate feeding
in cows elevated ceramide levels in plasma and liver, but
not in skeletal muscle (13), and intralipid infusion in
humans did not significantly change muscle ceramides
despite reduced insulin sensitivity (47-49). One of the major
differences across these studies is the type of muscle that
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was studied: soleus, tibialis, gastrocnemius, or quadriceps
in mice and vastus lateralis in human studies. In fact, most
studies looking at white muscle did not observe any change
in ceramides, while studies comparing white and red mus-
cles consistently saw a bigger change in ceramides in red
muscles (50-54). These data suggest that the accumula-
tion of ceramides might be muscle fiber-type specific and
therefore would not uniformly support the concept that
intramyocellular ceramides are responsible for insulin re-
sistance. In fact, in animal models, muscle ceramide con-
tent is not always associated with insulin resistance or even
lowered insulin signaling. Ceramide levels rise in muscle
during caloric restriction (11, 55), a condition associated
with higher skeletal muscle insulin sensitivity. Infusion of
oil mixtures composed primarily of unsaturated fatty acids
can induce insulin resistance without ceramide production
(18, 19, 56). Similarly, both saturated and polyunsaturated
fat diets increase muscle ceramide and induce glucose in-
tolerance in mice, but myriocin treatment did not improve
glucose tolerance despite a significant reduction in muscle
ceramide levels (57). Gene deletion models usually pro-
vide a clearer insight than diet interventions, but do not
strongly link ceramides to insulin resistance either. Deple-
tion of carnitine palmitoyltransferase (Cptlb) in skeletal



muscle increases ceramide content, but does not impair
whole-body insulin response or muscle insulin signaling
(58). Ceramide synthase (Cers6)-deficient mice are pro-
tected from obesity and glucose intolerance despite no
change in C16:0 ceramides and Akt phosphorylation in
skeletal muscle (29). Deletion of sphingomyelin synthase 2
in mice improves insulin signaling in liver, adipose tissue,
and muscle, but no significant change was observed in mus-
cle sphingolipid content. However, plasma levels of very
long-chain fatty acid-containing ceramides were markedly
increased in sphingomyelin synthase 2 KO mice and the
authors concluded that the elevation of glucose clearance
was likely due to indirect mechanisms more than changes
in sphingolipid species within tissues (12). Deletion of ser-
ine palmitoyltransferase specifically in the adipose tissue is
sufficient to prevent liver steatosis and improve whole-body
insulin action, despite no change in skeletal muscle ce-
ramide content (59), suggesting that ceramides in muscle
are not playing a major role in whole body insulin sensitivity.
Another level of complexity arises from recent studies
demonstrating important differences in the subcellular lo-
calization of ceramides (60). Our study measured total
sphingolipid levels and, therefore, cannot exclude that dif-
ferences in the compartmentalization of ceramides might
have significant effects on inflammation and metabolism.
Altogether, these findings suggest that improvements in
glucose tolerance and insulin sensitivity may not be related
to changes in total muscle ceramides. Our in vitro data
lend credence to this idea, as the modulation of total intra-
cellular sphingolipid content did not affect insulin sensitivity
in L6 myotubes.

In summary, we demonstrate that, in muscle cells in cul-
ture, spared of influence by the complex environment
of a whole organism, numerous lipid species correlate
with indices of insulin resistance and inflammation, such as
ceramides, TAG, and S1P. However, normalization of
ceramide changes using inhibitors did not rectify insulin
sensitivity and inflammation, demonstrating that none of
the ceramide species measured play a causative role in the
development of insulin resistance, evinced by the key step
of insulin-dependent GLUT4 translocation, nor in the devel-
opment of cell-autonomous inflammation. Surprisingly,
our lipidomic analysis also revealed that several TAG spe-
cies negatively correlate with GLUT4 translocation, Akt
phosphorylation, or reduced pro-inflammatory response,
while unsaturated 16:1 DAG species positively correlate
with insulin responses. Our experimental setup did not test
whether these specific TAG and DAG species could play
causative roles in regulating muscle insulin sensitivity and
inflammation, and specific studies will be needed to explore
these potential connections. In conclusion, our findings
support the concept that intramyocellular sphingolipid
accumulation in response to fatty acids is not a major ele-
ment in regulating muscle cell-autonomous inflammation
and insulin sensitivity. Instead, it is possible that the benefi-
cial effects of ceramide inhibition in vivo are due to changes
in sphingolipid metabolites in other tissues, likely the liver
and adipose tissue, with consequent secondary potential
benefits on skeletal muscle. B
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