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Abstract Studies in skeletal muscle demonstrate that eleva-
tion of plasma FFAs increases the sphingolipid ceramide.
We aimed to determine the impact of FFA oversupply on
total sphingolipid profiles in a skeletal muscle model. C2C12
myotubes were treated with palmitate (PAL). Lipidomics
analysis revealed pleiotropic effects of PAL on cell sphingo-
lipids not limited to ceramides. Bc labeling demonstrated
that PAL activated several branches of sphingolipid synthe-
sis by distinct mechanisms. Intriguingly, PAL increased
sphingosine-1-phosphate independently of de novo synthe-
sis. Quantitative real-time PCR demonstrated that PAL in-
creased sphingosine kinase 1 (SK1) mRNA by approximately
4-fold. This was accompanied by a 2.3-fold increase in sphin-
gosine kinase enzyme activity. This upregulation did not
occur upon treatment with oleate, suggesting some level of
specificity for PAL. These findings were recapitulated in the
diet-induced obesity mouse model, in which high-fat feed-
ing increased SK1 message in skeletal muscle over 2.3-
fold Bl These data suggest that the impact of elevated FFA
on sphingolipids reaches beyond ceramides and de novo
sphingolipid synthesis. Moreover, these findings identify PAL
as anovel regulatory stimulus for SK1.—Hu, W, J. Bielawski,
F. Samad, A. H. Merrill, Jr., and L. A. Cowart. Palmitate
increases sphingosine-1-phosphate in C2C12 myotubes via
upregulation of sphingosine kinase message and activity.
J- Lipid Res. 2009. 50: 1852-1862.
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Recent years have witnessed a rise in the incidence of
obesity, which precipitates serious health problems, in-
cluding cardiovascular disease, insulin resistance, and type
2 diabetes (1-5). Though mechanistic information re-
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mains scarce, data indicate that alterations in lipid metab-
olism may link obesity to its pathological sequelae.
Specifically, obesity may increase the rate of lipolysis in
adipocytes, thereby elevating plasma nonesterified, or
free, fatty acids (FFAs) (6). This condition increases fatty
acid supply to peripheral tissues, resulting in overproduc-
tion of bioactive lipids and subsequent disruption of cell
homeostasis (7, 8). The effects of elevated FFAs on skeletal
muscle are diverse and include disruption of insulin sig-
naling (9, 10), increase in muscle proteolysis and amino
acid catabolism (11), aberrant gene regulation, and induc-
tion of inflammatory responses (12).

Sphingolipids represent a key class of bioactive lipids
with diverse biological activities. Data indicate that sphin-
golipids, including sphingosine-1-phosphate (S1P) and
ceramide-1-phosphate (C1P), promote inflammation, mito-
genesis, and other cell programs (13-16), while ceramides
generally promote senescence and/or apoptosis (16, 17).
Studies in human skeletal muscle as well as models includ-
ing mouse muscle and cultured murine myotubes demon-
strate that elevated FFAs, such as in obesity, precipitate
increases in cell and/or tissue sphingolipid content (2, 18,
19). Specific attention has been paid to increases in cer-
amide, which is thought to mediate inhibition of insulin
signaling by a mechanism dependent on protein phos-
phatase 2A (10).

Sphingolipid synthesis commences with condensation
of serine and palmitate (PAL; derived from palmitoyl-
CoA) through the action of serine palmitoyltransferase
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(SPT), a multisubunit enzyme inhibitable by the fungal
toxin myriocin. Intriguingly, the K,, of SPT for palmitoyl-
CoA has been determined at 0.2 mM, consistent with nor-
mal tissue levels of this fatty acid (20, 21). This situation
likely leaves SPT activity highly subject to fluctuations in
PAL, such as occurs in obesity-induced elevation of circu-
lating FFA, which can increase plasma PAL concentrations
to well over 2 mM. These data have led to the hypothesis
that regulation of flux through SPT occurs largely via ki-
netic effects due to changes in substrate availability, which
has been demonstrated in both mammalian (20) and yeast
systems (22). On the other hand, sphingolipid metabolic
pathways represent a highly interconnected web of inter-
actions such that changing concentrations of one lipid often
cause profound effects on concentrations of many lipids
throughout the pathway (23). Thus, though bulk ceramide
increases upon PAL treatment have been demonstrated,
effects of elevated PAL supply on other lipids in the path-
way have yet to be determined. Moreover, specific ceramide
species, distinguishable by the length and/or saturation
of their N-acyl chains, have not been determined under
conditions of elevated plasma fatty acid supply.

Since various sphingolipids, including diverse ceramide
species (24), S1P (25), CIP (26), and complex sphingo-
lipids, including sphingomyelin and glycosphingolipids
(27, 28), each play distinct cellular roles, we aimed to
determine the impact of PAL oversupply on tissue sphin-
golipid profiles. These data revealed pleiotropic effects of
PAL on cell sphingolipids not limited to ceramides. Label-
ing and inhibitor studies demonstrated that PAL activates
several branches of sphingolipid synthesis by distinct
mechanisms, including serving as substrate, activation of
sphingolipid catabolism and/or recyling, and increasing
message and activity of sphingosine kinase 1 (SKI).

MATERIALS AND METHODS

Materials

Mouse C2C12 myoblasts and DMEM were from ATCC (Ma-
nassas, VA); the DMEM with 4 mM L-glutamine is modified by
ATCC to contain 4.5% glucose, 1.5% g/1 sodium bicarbonate,
and 1.0 mM sodium pyruvate. PAL, myriocin, and fatty-acid-free
BSA were from Sigma-Aldrich (Milwaukee, WI); oleate was
from Matreya (Pleasant Gap, PA). FBS and horse serum were
from Invitrogen (Carlsbad, CA). u-"c palmitic acid was from
Cambridge Isotope Laboratories (Andover, MA).

Cell culture

Mouse C2C12 myoblasts were maintained at 37°C in DMEM
containing 10% FBS. When the cells become confluent, the me-
dia were supplemented with 10% horse serum instead of FBS for
myotube formation. After 4 days of differentiation, myotubes
were formed and were used for experiments (29).

Diet-induced obesity mouse model

Mice were induced to obesity as described previously (30). In
short, 8-week-old C57BL/ 6] male mice (The Jackson Laboratory,
Bar Harbor, ME) were placed on special diets for 16 weeks. These
diets were either high-fat (12492; Research Diets, New Brunswick,
NJ), in which 60% of the total calories were derived from fat

(soybean oil and lard), or an isocaloric low-fat diet (D12450B), in
which 10% of the total calories were derived from fat.

PAL treatment

PAL was administered to cells as a conjugate with fatty-acid-
free BSA prepared using methods described previously (18).
Briefly, PAL was dissolved in ethanol and diluted 1:100 in 1%
FBS-DMEM containing 2% (w/v) fatty-acid-free BSA, followed by
a b min sonication and 15 min incubation at 55°C, cooled at
room temperature, and administrated to myotubes. The myo-
tubes were incubated with serum-free DMEM for 3 h and then
treated with PAL at concentrations and times indicated, with or
without cotreatment with 0.1 wM myriocin, an inhibitor of de
novo sphingolipid synthesis. Samples were taken for lipid extrac-
tion and RNA isolation for quantitative real-time PCR.

LC/MS measurement

Except for the labeling experiments, analysis of sphingolipids
was performed on a Thermo Finnigan TSQ 7000 triple quadru-
pole mass spectrometer, operating in a multiple reaction moni-
toring positive ionization mode as described (31).

PAL labeling and sphingolipid quantification

Cells were treated with BSA-conjugated uniformly labeled Pe-
PAL exactly as described above. Lipids were extracted and sub-
jected to analysis according to methods described previously

(32).

RNA isolation and quantitative real-time PCR assay

Total RNA from C2C12 myotubes and mouse hind limb skel-
etal muscle isolated postmortem was isolated using the RNeasy
mini kit (Qiagen, Valencia, CA). The firststrand cDNA was
synthesized from 5 pg of total RNA using the SuperScript™
first-strand synthesis system for the RT-PCR kit from Invitro-
gen. The primers used were specific for mouse SKI (forward
5-ACAGTGGGGCACCTTCTTTC-3" and reverse 5-CTTCTGCA-
CCAGTGTAGAGGC-3), mouse SK2 (forward 5-GACAGAACGACA-
GAACCATGC-3" and reverse 5-AGTCTGGCCGATCAAGGAG-3"),
and mouse B-actin (forward 5-CATGAAGTGTGACGTTGACA-
TCCG-3" and reverse 5-GAGCAGTAATCTCCTTCTGCATCC-3').
Quantitative real-time PCR was performed on an iCycler system
(Bio-Rad Laboratories, Hercules, CA) in a reaction volume of 25
W, including 12.5 pl of iQ™SYBR Green Supermix from Bio-Rad
Laboratories, 2 ul of cDNA template, 1 pl of a primer mixture,
and 9.5 pl of water. The signals derived from amplification of
B-actin were used as internal controls. The initial denaturation
was 3 min at 95°C, followed by 40 cycles of a 10 s melting at 95°C,
and a 10 s annealing/extension at 55°C. The final step was a 55°C
incubation for 1 min. Reactions were performed in triplicate.
The results were analyzed using Q-gene software, which expresses
data as mean normalized expression. Mean normalized expres-
sion is directly proportional to the amount of mRNA of the target
gene relative to the amount of mRNA of the reference gene
(B-actin).

SK activity assay

SK activity was determined as described previously with minor
modifications (33). After treatment with 1.25 mM PAL for the
indicated times, C2C12 myotubes were washed twice with cold
PBS, scraped, and lysed with a Dounce homogenizer (40 strokes)
in SKI1 buffer containing 20 mM Tris-HCI, pH 7.4, 1 mM EDTA,
0.5 mM deoxypyridoxine, 15 mM NaF, 1 mM B-mercaptoethanol,
1 mM sodium orthovanadate, 40 mM (-glycerophosphate, 0.4 mM
phenylmethylsulfonyl fluoride, 10% glycerol, 0.5% Triton X-100,
and complete protease inhibitor cocktail (Roche Diagnostics,
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Mannheim, Germany). Protein concentrations were determined
using Micro BCA™ protein assay reagent (Pierce Biotechnology,
Rockford, IL). Sixty micrograms of protein was incubated
in 100 pl of reaction mixture containing sphingosine (50 uM in
4 mg/ml fatty-acid-free BSA), **P-ATP (5 pCi, 1 mM dissolved in
10 mM MgCl,), and SK1 buffer for 30 min at 37°C. The reaction
was terminated by the addition of 10 pl of 1 N HCI and 400 pl of
chloroform/methanol/HCI (100:200:1, v/v/v), vortexed vigor-
ously, and allowed to stand at room temperature for 10 min. Sub-
sequently, 120 pl of chloroform and 120 pl of 2 M KCI were
added, and samples were centrifuged at 3,000 g for 5 min. Two
hundred microliters of the organic phase was transferred to new
glass tubes and dried. Samples were dissolved in chloroform/
methanol/HCI (100:200:1, v/v/v). Lipids were then resolved on
silica TLC plates using 1-butanol/methanol/acetic acid/water
(8:2:1:2, v/v/v/v) as solvent system and visualized by autoradiog-
raphy. The radioactive spots corresponding to SIP were scraped
from the plates and quantified by liquid scintillation. Background
values were determined in negative controls in which sphin-
gosine was not added to the reaction mixture.

Statistical analysis

Data are expressed as means + SEM. Statistical significance was
determined by two-tailed Student’s ttest with a value of P < 0.05
considered significant.

RESULTS

Exogenous PAL serves as substrate for SPT and increases
cellular dihydrosphingosine

To obtain a comprehensive view of cell sphingolipid
profiles under conditions of excess PAL, lipid extracts
from PAL-treated C2C12 myotubes were subjected to high-
throughput LC/MS analysis as previously described (31).
The first step in de novo sphingolipid synthesis occurs
through the enzyme SPT, which resides in the endoplas-
mic reticulum and condenses serine with palmitoyl-CoA to
generate 3-ketodihydrosphingosine. This transient inter-
mediate then undergoes rapid reduction to dihydrosphin-
gosine (DHSph), the first readily detectable product of
de novo sphingolipid synthesis. LC/MS measurements
indicated that PAL increased DHSph >b-fold (Fig. 1A),
suggesting that PAL increased de novo sphingolipid
synthesis.

The K, of SPT for palmitoyl-CoA has been determined
at ~0.2 mM, in line with intracellular concentrations (20).
This situation likely leaves SPT activity subject to changes
from minor alterations in substrate concentration and,
thus, current thinking holds that a major route of PAL-
induced changes in sphingolipids derives from its use as sub-
strate for SPT. On the other hand, PAL-induced DHSph
production could also potentially result from hydrolysis of
dihydroceramides by ceramidase enzymes (34). To distin-
guish between these two routes of DHSph production, a
specific inhibitor of SPT, myriocin (35), was included in
PAL treatment media. Results indicated that myriocin re-
duced PAL-induced DHSph to slightly lower than basal
levels in untreated cells (Fig. 1A). These data indicate that
PAL-induced DHSph indeed derived from de novo sphin-
golipid synthesis through SPT.
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Fig. 1. PAL increases cellular DHSph and DHSph-1-P. Mouse

C2C12 myoblasts were cultured and differentiated into multinucle-
ate myotubes as described in Materials and Methods. A: Cells were
treated with 1.25 mM PAL with or without 0.1 uM myriocin. Lipid
profiles were determined by LC/MS as described in Materials and
Methods. Data are means + SEM (n = 6) of four experiments. For
both DHSph and DHSphlp, CTL versus PAL, P < 0.05; PAL versus
PAL-MY, P < 0.05. B: Cells were treated with 1.25 mM uniformly la-
beled "’C- PAL. The percentage of PC-PAL labeled in DHSph and
DHSph-1-P was determined by LC/MS analysis. Data are means +
SEM (n = 3). CTL, control; MY, myriocin.

DHSph undergoes either N-acylation to dihydrocer-
amide by dihydroceramide synthases (CerS) or phosphor-
ylation to dihydrosphingosine-1 phosphate (DHSph-1-P)
by SK. LC/MS measurements indicated that DHSph-1-P
increased similarly in magnitude to DHSph (Fig. 1A), indi-
cating that the pool of DHSph resulting from PAL treat-
ment may undergo phosphorylation. Moreover, myriocin
also attenuated PAL-induced DHSph-1-P production
under these conditions.

Fatty acids play numerous cellular roles, including
serving as an energy source through mitochondrial oxi-
dation, mediating transcription by binding to nuclear
receptors, and/or serving as substrates for production of
lipid mediators. Though data indicating PAL-induced



DHSph production was inhibited by myriocin confirmed
that PAL treatment increases sphingolipid synthesis
through SPT, they did not address potential routes by
which this increase occurs. Therefore, to determine
whether PAL became incorporated into the DHSph pro-
duced upon PAL treatment, cells were treated with uni-
formly labeled YC-PAL to distinguish metabolic products
of exogenously added PAL from metabolites derived
through other routes. These data indicated that >80% of
DHSph had incorporated the exogenously added PC-PAL
and, moreover, that the labeled DHSph served as substrate
to produce DHSph-1-P (Fig. 1B). Moreover, incorporation
of label into these species was completely attenuated by
cotreatment with myriocin (data not shown). Together,
these data confirm that exogenous PAL serves as substrate
for SPT and thus drives DHSph production through de
novo sphingolipid synthesis.

Ceramide production from exogenous PAL exhibits
chain length specificity

In addition to its phosphorylation to produce DHSph-
1-P, a key fate of DHSph occurs through its N-acylation to
form dihydroceramides, which can undergo desaturation
to produce ceramides of various N-acyl chain lengths
(Scheme 1). Importantly, although PAL and/or FFA treat-
ment has been demonstrated to increase the ceramide
content of rat and human skeletal muscle as well as C2C12
myotubes (2, 9, 19), the chain lengths of ceramides have

never been determined in these systems. Since recent stud-
ies indicate different functional roles for different ceramide
species (24, 36, 37), determining ceramides produced under
these conditions may shed light on sphingolipid-dependent
pathology associated with excess PAL. Indeed, LC/MS
data revealed specificity in dihycroceramide profiles. For
example, dihydroCl6-cer, dihydroCl18-cer, dihydroC24-cer,
and dihydroC24:1-ceramide demonstrated the greatest
changes upon PAL treatment, increasing by 16.8-, 7.5-, 14-,
and 4-fold, respectively (Fig. 2A). These data suggest a
preference for production of C16 and C24 ceramides in
C2C12 myotubes treated with PAL. While the increase in
C16 ceramides might result from increased C16 fatty acid
(i.e., PAL), the specific increase in C24 ceramide was un-
expected and may reflect cellular CerS isoform expression
profiles (Scheme 1).

PAL treatment increases C1P in a chain-length-specific
manner

Ceramide can be phosphorylated by the recently cloned
enzyme ceramide kinase (CERK). CERK belongs to the dia-
cylglycerol kinase superfamily and uses ceramide to pro-
duce C1P (38). In addition to a purported role in activation
of cytosolic phospholipase A, and inflammation (39), a re-
cent study indicated an important role for CERK in the con-
trol of CIP, ceramide, and dihydroceramide levels (40).

To determine whether PAL altered C1P, these species
were measured as described in Materials and Methods.
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Complexity of sphingolipid biosynthetic pathways. Palmitoyl-CoA serves as substrate for the ini-

tial and rate-limiting step in de novo sphingolipid synthesis to form dihydrosphingosine, followed by acylation
of dihydroceramide synthase (CerS) to generate ceramide. There are six isoforms of CerS, which play a spe-
cific action in formation of specific chain-length of ceramide. Ceramide can be converted to other intercon-
nected bioactive lipid species. Ceramide can be phosphorylated by ceramide kinase to generate C1P, or can
serve as a substrate for the synthesis of glycosphingolipids or sphingomyelin. Ceramide can be metabolized
by ceramidases to produce sphingosine, which in turn is phosphorylated by sphingosine kinase to yield S1P,
or, by a mechanism termed the ‘salvage’ pathway, undergoes CerS-mediated re-acylation back to ceramide.
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C2C12 myotubes were treated with 1.25 mM PAL with or without myriocin for 14 h. Lipid profiles were de-
termined by LC/MS measurements. A: N-acyl chain lengths of dihydroceramides. B: N-acyl chain lengths of
ceramides. Data are means (n = 6) = SEM of four experiments. In all length of dihydroceramides and cer-
amides as well as totals, CTL versus PAL, P < 0.05; PAL-MY versus PAL, P< 0.05. CTL, control; MY, myriocin;

CER, ceramide; DHC, dihydroceramide.

The data indicated that the large majority of the CIP
occurred with an N-acyl chain length of 18 carbons (see
supplementary Fig. I). This may reflect either specificity
of CERK and/or specificity of ceramide transport
protein (CERT), which may transfer ceramide to the loca-
tion of ceramide kinase (41). These data may also provide
an explanation for the relatively low amounts of C18 cer-
amide detected upon PAL treatment (Fig. 2B), i.e., C18
ceramide may undergo preferential conversion to C1P.

“C-PAL labeling reveals complex routes for PAL-induced
ceramide synthesis

As mentioned above, dihydroceramides undergo desat-
uration to generate ceramides. However, ceramides may
also result from hydrolysis of complex lipids including gly-
cosphingolipids and sphingomyelin or the salvage pathway
of reacylation of SPH derived from ceramide hydrolysis.
Therefore, differences between dihydroceramide and cer-
amide profiles after PAL treatment may indicate that PAL
activates other routes of ceramide production in addition
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to de novo synthesis. Importantly, myriocin should not di-
rectly inhibit ceramide generated via these routes. In gen-
eral, PAL treatment increased ceramides bearing N-acyl
chain lengths similar to those incorporated into dihydro-
ceramide, i.e., the greatest changes were observed in C16,
C18, C24, and C24:1 species (Fig. 2B). Intriguingly, how-
ever, while myriocin nearly completely blocked dihydro-
ceramides produced upon PAL treatment, ceramides
demonstrated slightly less susceptibility to inhibition with
myriocin, indicating that some ceramide species may
derive from routes of synthesis not requiring SPT activity.

To distinguish between ceramides derived from these
different routes, cells were treated with BC-PAL. Labeling
ceramides followed b?/‘ LC/MS analysis allowed determina-
tion of where the ~C-PAL becomes incorporated as
substrate, including distinguishing whether the label is in-
corporated in the DHSph backbone (base), in the N-acyl
chain, in both chains of ceramide (dual), or in neither
chain of ceramide (neither). This strategy revealed signifi-
cant labeling in the base (Fig. 3A), as may be expected
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chain.

given the specificity of SPT for PAL (42). Consistent with
this finding, base labeling was largely attenuated by myrio-
cin. Significant labeling also occurred in the N-acyl chain
(FA) with the majority as C16, consistent with incorpora-
tion of PAL into the fatty acid chain without significant
fatty acid elongation through endogenous mechanisms
(Fig. 3B). As expected, myriocin did not inhibit this incor-
poration, which is carried out by CerS rather than SPT
(Scheme 1). Moreover, the lack of incorporation of label
into the base of these indicated that the base likely derived
from existing DHSph or sphingosine (SPH). However,
basal DHSph levels were approximately 15 pmole/nmole
phosphate (data not shown), only 25% of that needed to
generate the >5 pmol/nmole phosphate of ceramides
labeled in the fatty acid chain. These findings are consis-
tent with the notion that PAL treatment may stimulate the
salvage pathway of ceramide synthesis, which occurs
through deacylation of ceramides followed by reacylation
with a different N-acyl chain length fatty acyl-coA. Impor-

tantly, while distinct roles for ceramide produced through
the salvage pathway are emerging, very few stimuli are
known (43). These data indicate that PAL may serve to
stimulate this pathway.

Ceramide species where label incorporated into both the
base and the fatty acid chains were measured, and, as ex-
pected, these species were both inhibitable with myriocin
and shifted toward C16 ceramides (Fig. 3C). Intriguingly, a
portion of ceramides occurring upon PAL treatment did
not contain label in either the base or the N-acyl chain (Fig.
3D), indicating they did not derive from SPT or salvage us-
ing the exogenous PAL, but rather, their production likely
resulted from PAL-induced hydrolysis of complex sphingo-
lipids, i.e., glucosylceramides or existing sphingomyelin.
On the other hand, they could be derived from de novo
synthesis with endogenous fatty acids, which would require
SPT; however, myriocin did not block production of these
species, supporting the conclusion that these species derive
from hydrolysis of complex lipids. In total, approximately
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6 pmole/nmole phosphate of ceramide occurred as unla-
beled; we also observed a decrease in sphingomyelin upon
treatment with PAL in the amount of approximately 15
pmole/nmole phosphate (see supplementary Fig. IIA),
whereas no decrease in any glycosphingolipids was observed
(see supplementary Fig. IIB). Together, these data indicate
that PAL treatment may activate sphingomyelinase to pro-
duce some ceramide from sphingomyelin that existed in
cells previous to PAL treatment. Importantly, however, SPT-
dependent species (labeled in the base or both base and
N-acyl chain) comprised the majority (75%) of total cer-
amide mass increase upon PAL treatment, the increase in
unlabeled ceramide species comprise approximately 25%,
underscoring the importance of de novo sphingolipid syn-
thesis through SPT as a key player in increasing cell cer-
amide content upon PAL treatment.

PAL upregulates SK, which can be prevented by oleate

In addition to its phosphorylation or incorporation into
complex sphingolipids, a key fate of ceramide occurs upon
its cleavage to produce SPH. SPH serves as the metabolic
precursor for S1P, a potent lipid signaling molecule with
several well-defined cellular activities key for skeletal mus-
cle development, repair, and function (44, 45). LC/MS
measurements of SPH indicated levels of this compound
remained stable in response to each treatment. Specifi-
cally, SPH levels exhibited little change upon PAL treat-
ment and no change in the presence of myriocin (Fig.
4A). On the other hand, PAL treatment induced a 4-fold
change in SIP (Fig. 4A). Intriguingly, myriocin had no ef-
fect on levels of this key molecule, indicating its increase
by PAL occurred independently of de novo sphingolipid
synthesis. This conclusion drew further support through
data from "C-PAL labeling studies. Specifically, in contrast
to DHSph and DHSph-1-P (Fig. 1B), both SPH and SI1P
were comprised mainly of '*C-PAL (Fig. 4B), The percent-
age of total SPH and S1P that contain PC-PAL are only
approximately 30% and 17%, respectively, showing incor-
porated exogenous "C-PAL. These data indicate that they
did not derive primarily from exogenously added PAL, but
rather, other mechanisms.

The increase of S1P upon PAL treatment, coupled with
the lack of inhibition of S1P by myriocin and lack of incor-
poration of exogenous PAL into S1P, raised the possibility
thatin addition to serving as substrate for de novo synthesis,
PAL may direct its own fate via regulation of sphingolipid
metabolic enzymes. Quantitative real-time PCR experi-
ments demonstrated the key enzymes producing S1P, SK1
and SK2, increased upon PAL treatment by approximately
4- and 2-fold, respectively (Fig. 5A). The increase of SKI
message occurred in a dose- and time-dependent manner
(Fig. 5, C and D). PAL did not alter the expression of the
reference gene encoding B-actin (data not shown). Fur-
thermore, PAL treatment increased SK enzyme activity by
2.3-fold (Fig. 5B). Myriocin did not attenuate this activity
increase, indicating this effect occurs independently of
PAL-induced de novo sphingolipid synthesis. Together
these data suggest a role for PAL in regulation of S1P levels
through increasing SK message and activity.

1858 Journal of Lipid Research Volume 50, 2009

03A
g 0.2 1 l ;
& i
@ [
Z 7
"g 0.1 1 / /
: % %
g ) %

o il wm

SP

= =
w
-
)

100

80 -

60

40 A

20 4

percentage of '*C-PAL labelled

G

SPH S1P

Fig. 4. PAL increased S1P independently of de novo sphingo-
lipid synthesis. A: C2C12 myotubes were treated with 1.25 mM PAL
for 14 h. SPH and S1P were determined by LC/MS measurements.
Data are means (n = 6) + SEM of four experiments. In SPH, PAL
versus CTL, P > 0.05; PAL-MY versus PAL, P > 0.05; in S1P, PAL
versus CTL, P < 0.05; PAL-MY versus PAL, P> 0.05. B: C2C12 myo-
tubes were treated with 1.25 mM uniformly labeled YC- PAL with
or without 0.1 uM myriocin described as in Materials and Methods.
The lipid fraction was extracted from cell pellets and subjected to
LC/MS analysis. The graph shows the percentage of DHSph and
DHSPh-1-P containing the BC-PAL label. Data are means (n = 3) +
SEM. CTL, control; MY, myriocin.

Production of the sphingoid backbone of sphingolipids
can be regulated by the availability of saturated fatty acids,
which have generally been regarded to be more pathogenic
than unsaturated ones (46, 47); plasma FFAs are largely com-
posed of the saturated fatty acid PAL (C16:0) and the unsatu-
rated oleate (C18:1) (48). To test if PAL demonstrated
specificity in induction of SK1 message, the cells were treated
with PAL or oleate. The results indicated PAL specifically
increased SK1 mRNA expression at concentrations as low as
0.75 mM, while oleate showed no significant increase at up
to 1.6 mM (Fig. 5C). Real-time PCR measurements indicated
that oleate prevents PAl-induced upregulation of SK1 mes-
sage (Fig. 5E). Thus, the increase in SKI demonstrates some
specificity for PAL, which is generally considered more
pathogenic than oleate, which, according to recent data, may
protect against PAL-induced lipotoxic effects (46, 47, 49).
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P>0.05. B: C2C12 myotubes were treated with 1.25 mM PAL with or without 0.1 wM myriocin for 14 h, and SK1 enzyme activity was deter-
mined. Data are mean (n = 2) + SEM; ttest, two-sample assuming equal variances, CTL versus PAL, P< 0.01; PAL versus PAL-MY, P < 0.05.
C: C2C12 myotubes were treated with PAL or oleate at the indicated concentrations for 14 h, and SK1 mRNA expression was determined
by quantitative real-time PCR. D: C2C12 myotubes were treated with 1.25 mM PAL at the indicated time course, and SK1 mRNA expression
was determined by quantitative real-time PCR. E: C2C12 myotubes were treated with 1.25 mM PAL with or without 0.75 mM oleate for 14 h,
and SKI mRNA expression was determined by quantitative real-time PCR. Data are mean (n = 3) + SEM. For PAL versus CTL, P < 0.05;
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muscle was isolated postmortem, and tissue homogenates were used for SK message level. Data are mean (n = 3) + SEM. CTL, control; OLE,
oleate, MY, myriocin; HFD, high-fat diet; LFD, low-fat diet.
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Diet-induced obesity increases SK1 message in mice

To determine whether the induction of SKI1 bore rele-
vance to a disease model, the diet-induced obesity model
was used. In this model, mice are placed on a high-fat diet
and subsequently become obese and display pathological
sequelae of obesity, including insulin resistance and ele-
vated plasma FFA similar to the metabolic syndrome in
humans (50). Accordingly, mice were placed on a high-fat
diet or isocaloric low-fat control diet for 14 weeks, by which
time elevation in plasma FFA is observed (51). Hind limb
skeletal muscle was isolated postmortem, and tissue homog-
enates were used for determinations of SK message level.
Indeed, compared with controls, high-fat-diet-fed mice ex-
hibited a 2.3-fold increase in message for SK1 (Fig. 5F). In
contrast with the cell culture model, SK2 changed very lit-
tle. These data indicate that PAl-mediated induction of
SK1 occurs in an animal model of metabolic disease and,
thus, may have functional relevance to obesity, diabetes,
and metabolic syndrome.

DISCUSSION

Obesity and/or disordered adipocyte function raise lev-
els of circulating FFA (52-54). This elevation promotes
deposition of fatty acids into peripheral tissues, where they
undergo incorporation into various lipid species, includ-
ing signaling lipids, such as diacylglycerol and sphingolip-
ids (55, 56). The aberrant production of bioactive lipids is
thought to mediate pathologies associated with obesity,
type 2 diabetes, and the metabolic syndrome. Herein, we
have characterized the effect of PAL and/or a high-fat diet
on sphingolipid pools in skeletal muscle cells. In rodent
models of obesity, plasma FFAs (of which PAL is the major
component) increase from below 0.5 mM, for nonobese
animals, to over 2 mM. Prior to initiating these experi-
ments, we did a PAL dose response on C2C12 myotubes
and measured cell survival by 3-(4,5-dimethylthiazol-2-Y1)-
2,b-diphenyltetrazolium bromide assay and common
apoptotic markers (data not shown). We found that 1.25
mM PAL was consistent with the pathological in vivo FFA
concentrations in obese animals, while still permitting sur-
vival of cells in culture. Thus, experiments were performed
at this concentration. However, we also performed a time
course for lipidomic assay from 0.5, 2, 4, 6, 14, and 24 h.
Trends in lipid increases showed little kinetic variation
(see supplementary Figs. II and III). Maximal changes oc-
curred at 14 h and tapered off at later time points; thus, 14 h
treatments were used in subsequent experiments. The
data from C2CI2 myotubes indicate that PAL caused
broad changes in sphingolipid pools. These changes in-
cluded specific increases in ceramides, most notably C24,
C24:1, and C16. Though labeling studies indicated that
PAL stimulated ceramide production through the salvage
pathway as well as complex sphingolipid hydrolysis, most
PAL-induced ceramide demonstrated inhibition by myrio-
cin, indicating that the largest effects of PAL on sphingo-
lipid profiles occurs via its use as substrate for de novo
sphingolipid synthesis.
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In general, saturated fatty acids, including PAL (C16:0)
and stearate (C18:0), give rise to greater pathology than
unsaturated FFA, including oleate (C18:1) (46, 47, 49). In
fact, a recent study indicated that, while PAL caused insu-
lin resistance, cotreatment with oleate could restore insu-
lin sensitivity in C2C12 myotubes (46). Interestingly, the
FFA-mediated induction of SK1 occurred only upon PAL
treatment, and oleate caused no appreciable increase in
SK1 message. This may suggest that SK1 and S1P mediate
pathological roles of FFA and/or that SKI induction may
occur in response to FFA-induced muscle damage. More-
over, cotreatment of cells with PAL and oleate resulted in
returning SK1 message levels to normal. These data sug-
gest that the effect of PAL on message level may play a role
in saturated FA-mediated skeletal muscle pathology.

S1P plays several key roles in skeletal muscle repair and
differentiation of myoblasts to myotubes. Work by the Bruni
group has demonstrated a major requirement for S1P in
the process of differentiation from myocytes to myotubes
(45). Thus, we assayed expression of markers of myotube
differentiation under these conditions. In fact, we found
that PAL treatment did not change two of the markers and
significantly reduced the expression of a key marker, myo-
genin (see supplementary Fig. V). We hypothesize that, un-
der these conditions, the toxic effect of ceramides and/or
other metabolites of PAL significantly outweigh the poten-
tial prodifferentiation actions of S1P. Moreover, prodiffer-
entiation activities of SIP were demonstrated during the
myoblast to myotube transition, whereas the current studies
have been performed in differentiated myotubes. This sug-
gests that functions of SIP in skeletal muscle depend on the
differentiation state of the tissue.

The increase in SK1 message observed under conditions
of high PAL was recapitulated in the dietinduced obesity
mouse model. These mice exhibit elevation of plasma FFA
concomitant with inception of pathologies similar to the
metabolic syndrome in humans. These pathologies in-
clude insulin resistance (9, 10), aberrant gene regulation
(11), and inflammation (12). The aberrant SKI expres-
sion in skeletal muscle of these mice may suggest that
sphingolipids may link elevation of plasma FFA to some of
these deleterious sequelae. We hypothesize that S1P is
probably not involved in insulin signaling but may medi-
ate other deleterious effects of FFA on skeletal muscle, for
example, inflammation. One particularly attractive hy-
pothesis includes a role for S1P in FFA-induced skeletal
muscle inflammation, as this lipid has been implicated in
numerous inflammatory processes (13, 15, 57). However,
further investigation will be required to determine and/or
identify a role for FFA induction of SK in skeletal muscle
inflammation. On the other hand, though there are no
previously identified functions for SIP downstream from
plasma FFA elevation, several key roles for SIP in normal
muscle are known, including differentiation of myoblasts
to myotubes and recruitment of fibroblasts to replace dam-
aged myotubes (as reviewed in Refs. 45 and 58). Thus, in-
duction of SK1 and SIP increase in skeletal muscle may
serve a protective role in muscle repair under these poten-
tially damaging conditions.



Though bulk ceramide has been demonstrated to cause
insulin resistance via modulation of Akt2 phophorylation
via ceramide-activated protein phosphatase PP2A (59),
many other signaling targets for ceramides are currently
known, including PP1, PKC isoforms, KSR, RAF, JNK,
RAC, p38, cathepsin D, and Rb (as reviewed in Ref. 60).
Moreover, distinct cellular functions for ceramides with
specific N-acyl chain lengths are beginning to emerge
(61). Thus, several important questions remain. First,
which ceramide species mediate skeletal muscle insulin
resistance? Studies presented here may implicate either
C16 and/or C24 ceramides in this process. Moreover, do
ceramides of other chain lengths, and/or other sphingo-
lipids including C1P and SPH, play additional deleterious
roles in skeletal muscle exposed to excess FFA? Answering
these questions may allow future targeting of specific en-
zymes of sphingolipid biosynthesis to ameliorate FFA-
induced skeletal muscle toxicity.

Lipidomic data revealed no decreases in glycosphingo-
lipids (see supplementary Fig. IIA), but statistically sig-
nificant decreases occurred in sphingomyelins (see
supplementary Fig. IIB) in amounts more than sufficient
to account for the catabolically derived ceramides. Thus,
we now conclude that these unlabeled ceramides, which
increase upon PAL treatment, derive from sphingomyelin
hydrolysis. To address potential mechanism(s) by which
this occurs, we determined message levels and found no
increases in neutral sphingomyelinase message (data not
shown). While few mechanisms of nSMase2 activation
are known, oxidative stress has been shown to increase
nSMase2 activity (62). We propose that the increased
oxidative stress associated with PAL treatment may cause
the activation of nSMase2, thus decreasing sphingomyelin
and producing unlabeled ceramides.

In conclusion, elevated PAL precipitates broad changes
in sphingolipid profiles, including increasing levels of
many sphingolipid species with known signaling proper-
ties. Moreover, in addition to use as substrate for SPT, PAL
acts through other routes to increase SK1 and S1P. These
observations may shed light on potential mechanisms of
FFA-induced skeletal muscle dysfunction Hill
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