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The accumulation of sphingolipids in obesity leads to impair-
ments in insulin sensitivity and mitochondrial metabolism, but
the precise species driving these defects is unclear. We have
modeled these obesity-induced effects in cultured C2C12 myo-
tubes, using BSA-conjugated palmitate to increase synthesis of
endogenous sphingolipids and to inhibit insulin signaling and
oxidative phosphorylation. Palmitate (¢) induced the accumu-
lation of sphingomyelin (SM) precursors such as sphinganine,
dihydroceramide, and ceramide; (b) inhibited insulin stimula-
tion of a central modulator of anabolic metabolism, Akt/PKB;
(c) inhibited insulin-stimulated glycogen synthesis; and (d)
decreased oxygen consumption and ATP synthesis. Under these
conditions, palmitate failed to alter levels of SMs, which are
the most abundant sphingolipids, suggesting that they are not
the primary intermediates accounting for the deleterious palmi-
tate effects. Treating cells with a pharmacological inhibitor of
SM synthase or using CRISPR to knock out the Sms2 gene reca-
pitulated the palmitate effects by inducing the accumulation of
SM precursors and impairing insulin signaling and mitochon-
drial metabolism. To profile the sphingolipids that accumulate
in obesity, we performed lipidomics on quadriceps muscles
from obese mice with impaired glucose tolerance. Like the cul-
tured myotubes, these tissues accumulated ceramides but not
SMs. Collectively, these data suggest that SM precursors such as
ceramides, rather than SMs, are likely nutritional antagonists of
metabolic function in skeletal muscle.

Skeletal muscle is the primary recipient of postprandial glu-
cose, because of the ability of insulin to activate anabolic signal-
ing pathways to increase glucose uptake and glycogen synthe-
sis. Excessive delivery of lipids to muscle impairs this insulin
response, and the resulting hyperinsulinemia and impaired glu-
cose tolerance places individuals at risk for diabetes and cardio-
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vascular disease. Herein, we evaluated the role of sphingomy-
elins versus sphingomyelin precursors (e.g. ceramides) as the
intermediates linking lipid oversupply to insulin resistance and
dysregulated metabolism.

Fatty acids entering the muscle fiber rapidly traffic into either
mitochondria, for production of ATP, or the endoplasmic retic-
ulum, for synthesis of complex lipids. Two endoplasmic retic-
ulum-resident biosynthetic pathways convert the incoming
acyl-CoA into either glycerolipids or sphingolipids, respec-
tively. We have found the sphingolipid pathway to be particu-
larly relevant to insulin resistance and its associated diseases
(i.e. diabetes and cardiovascular disease) (1, 2). Experimental
manipulations that inhibit enzymes required for sphingolipid
biosynthesis are invariably insulin-sensitizing, anti-diabetic,
and cardioprotective in mice, rats, and hamsters (1, 2). Molec-
ularly, sphingolipid depletion enhances insulin signaling to the
anabolic enzyme Akt/PKB and increases mitochondrial metab-
olism (1, 2).

Sphingolipid biosynthesis involves a series of four sequential
reactions as follows: (a) serine palmitoyltransferase condenses
palmitoyl-CoA with serine to produce 3-ketosphinganine; (b)
3-ketosphinanine reductase rapidly converts the transient
intermediate into sphinganine; (¢) (dihydro)ceramide syn-
thases add an acyl chain to produce dihydroceramides; and (d)
dihydroceramide desaturases insert a double bond to produce
ceramides. Ceramides are an important branch point, serving
as the common precursor of glucosylceramides, phosphorylcer-
amides, and sphingomyelins. This pathway produces nearly
4000 distinct sphingolipid species, and the identity of the rele-
vant antagonists of insulin action has been an area of intense
investigation and controversy (2, 3). Ceramides (1), glucosylcer-
amides (4, 5), and sphingomyelins (6 —8) have all been impli-
cated. Using cultured myotubes, we herein sought to decipher
the role of sphingomyelins versus sphingomyelin precursors
(e.g ceramides) as regulators of insulin signaling and mitochon-
drial metabolism.

Results

Our workhorse cell culture system for investigating the role
of endogenous sphingolipids in muscle insulin resistance
involves exposing C2C12 myotubes to BSA-conjugated palmi-
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FIGURE 1. Palmitate and D609 induce SM precursors in C2C12 myotubes. C2C12 myotubes were treated with BSA (control), BSA-conjugated palmitate
(palmitate, 500 um), and/or D609 (300 um) for 16 h. Lipids were extracted and quantified by targeted lipidomics. A-E, data shown are the sum of SM or SM
precursors with various acyl chain lengths present within detection limits (n =5). F, efficacy of D609 treatment in SMS activity was measured by accessing the
amount of NBD-SM converted from NBD-Cq-ceramide (n =3); * and # denote significance of palmitate or D609, respectively, at p < 0.05.

tate. This treatment induces the synthesis of various sphingo-
lipids while antagonizing insulin signaling to the serine/threo-
nine kinase Akt/PKB, which is a central modulator of glucose
uptake and glycogen synthesis (9-12, 16, 17). In Chavez and
Summers (12), we provide a complete characterization of the
doses, time courses, specificity, and toxicity of different fatty
acids. Studies with this system have been used previously to
reveal roles for sphingolipids in insulin resistance as follows: (@)
palmitate elicits sphingolipid synthesis and antagonizes insulin
signaling and action, whereas the unsaturated fatty acids such
as oleate or linoleate are unable to recapitulate these actions
(12, 17); (b) inhibition, knockdown, or genetic ablation of
enzymes required for ceramide or SM? synthesis (i.e. serine
palmitoyltransferase, ceramide synthases, or dihydroceramide
desaturase) negates these palmitate effects (10, 12, 16, 17); and
(¢) inhibition or knockdown of glucosylceramide synthase or

2 The abbreviations used are: SM, sphingomyelin; NBD, 12-(N-methyl-N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)); OCR, oxygen consumption rate; SMS,
sphingomyelin synthase; SMase, sphingomyelinase; gPCR, quantitative
PCR.
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acid ceramidase increases ceramides and exacerbates the
palmitate effects (9, 11). Findings obtained with this simple sys-
tem have been faithfully recapitulated in isolated muscles as
well as in mice infused with saturated lipids or fed a high fat diet
(18). The reductionist approach has thus shown tremendous
utility as a tool for studying the molecular mechanisms under-
lying lipid-induced insulin resistance. Herein, we applied it to
decipher the relative contributions of ceramides versus sphin-
gomyelins as modulators of muscle metabolism.

Sphingolipid Profiling in C2C12 Myotubes Exposed to Palmi-
tate or Sphingomyelin Synthase Inhibitors—To investigate
which sphingolipids might mediate the palmitate effects, we
used liquid chromatography followed by tandem mass spec-
trometry to measure sphingolipids in myotubes exposed to
BSA-conjugated palmitate (Fig. 1). SM is by far the most abun-
dant sphingolipid, being present at severalfold higher concen-
trations than any other sphingolipid measured. SM levels were
unaffected by palmitate. By contrast, several less abundant SM
precursors (e.g. ceramide, dihydroceramide, and sphinganine)
accumulated. The individual species that accrued the most
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TABLE 1

Sphingolipid profiling of C2C12 myotubes exposed to GW4869 or D609 with or without palmitate (n = 5)
*and # denote significance of palmitate and D609, respectively, at p < 0.05. Effect of SMase and SMS inhibitor in sphingolipid profile in C2C12 cells is shown.

reatment (C2C12 myotubes) Control GWA4869 D609 paimitate | paimitate*GW4869 | _ paimitate+D609 |
pmol/ug) Mean | SEM Mean SEM Mean SEM Mean SEM__| Mean | SEM an
eramide(d18:1/14:0) 0.00839] 0.00211] _0.00961] _ 0.00237] _0.01260] _0.00215 0.01320| _0.00: 0.00932]  0.00193]  0.0171
Ceramide(d18:1/16.0 0.231 0.04724] 023334 0.03336] 0.46529 08616| _0.74407 0.47355 102] 1.42761
eramide(d18:1/18:0) 0.007 0.00214] _ 0.009: 0.00207| _ 0.01267| 0.00227| 0.02047°|  0.001 001533 0.00231]  0.02574
Ceramide(d18:1/18:1(92)) 000137 0 1 1 17, 1| 00023710
eramide(d18:1/22.0 0.00569|  0.001 0.00535 _ 0.001 0.01 0.00471 0.00103]  0.02123]  0.00444]
[Ceramide(d18:1/22:1 14 14 101
eramide(d18:1/24:0) 0.02149| _ 0.005 0.02236] _0.00410] 0.04715 _0.01111
eramide(d18:1/24:1(152)) 0.04888|  0.012 0.04567|  0.00862|  0.10273]  0.02688
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Dihydroceramide(d18:0/16:0) 0.00561] _ 0.00172 _ 0.00549 _ 0.00117] _ 0.01 0.00342
Dihydrodcermide(d18.0/18.0) 0. 0.000 0.0007 0.0002
Dihydroceramide(d18:0/24:0) 0.00147|  0.00043  0.00243 0.00073
Dihydroceramide(d18.0/24:1(152)) 0 1132]  0.00211
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SM(d18:1/20.0) 0.01648] 0.00718 _ 0.01171] _0.002; omg 0.00211 0.01052| _0.00218] 0.29071_51 0.12434
ISM(d18:1/20:1) 0.00528]  0.00113  0.00502 _ 0.000: 0.00443|  0.00054 0.00095/ _0.004: 0.00071] _0.01161] _0.00323)]
SM(d18:1/22:1) 0.06596| _0.01051] _0.06006 0.07427| _0.00597| _ 0. 0.00801 o.os«sq 0.00615]  0.03426] 0.01413]
ISM(d18:1/24:0) 0.2 0.02182] 0.20605]  0.02 0.17781] _001987| 0.14934 0.03634)
SM(d18:1/24:1) 0.69: 0.06903| 0.59341 % !
SM(d18:2/18:1) 0.00738 0.00534 1
[Sphinganine 0.004 0.01592")
Sphingosine 0.02666|

included C,4-ceramide, C,4-ceramide, C,,-dihydroceramide,
C,o-dihydrosphingomyelin, and C,-glucosylceramide (Table 1).
No specific sphingomyelins increased in abundance (Table 1).

To further investigate the relevance of the ceramide to SM
conversion in palmitate action, we treated cells with a well char-
acterized inhibitor of sphingomyelin synthases (i.e. D609) (19,
20). D609 failed to alter levels of SM, even at very high doses
(300 wm) (Fig. 1). Nonetheless, the turnover of ceramide to SM
was clearly affected, as the drug increased levels of ceramide,
dihydroceramide, and sphinganine (Fig. 1). We also treated a
subset of cells with the neutral sphingomyelinase inhibitor
GW4869. GW4869 also failed to alter SM levels, but it
decreased levels of SM precursors (Table 1). Thus, SMs are
maintained at relatively stable levels, but the less abundant SM
precursors (e.g. ceramides and dihydroceramides, etc.) react
markedly to palmitate or SMS modulators.

Effect of an SMS Inhibitor on Insulin Signaling and Mitochon-
drial Metabolism—We have previously demonstrated that
palmitate inhibits insulin signaling to Akt/PKB (10). The effects
of the fatty acid are entirely dependent upon its conversion into
sphingolipids, as inhibitors of any of the sphingolipid-synthe-
sizing enzymes (e.g. serine palmitoyltransferase, ceramide syn-
thases, or dihydroceramide desaturase-1) negate its inhibitory
actions (9-12, 17). D609, which recapitulated the effects of
palmitate on ceramide and other SM precursors, similarly
inhibited insulin-stimulated phosphorylation of Akt/PKB and
glycogen synthesis (Fig. 2). By contrast, the neutral SMase
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inhibitor, GW4869, lowered ceramide levels and negated the
palmitate effect.

Ceramide reduction approaches have also been shown to
stimulate mitochondrial metabolism in vivo (15, 21), thus
increasing nutrient utilization and ATP synthesis. However, we
had never before investigated the effect of endogenous cer-
amides on mitochondrial function in this cultured model of
skeletal muscle. Using a Seahorse XF analyzer, we measured
rates of oxygen consumption in the C2C12 myotubes (Fig. 3).
Although palmitate and D609 failed to affect basal rates of oxy-
gen consumption, both impaired maximal respiratory capacity
and coupled respiration (i.e. respiration linked to ATP synthe-
sis) to a comparable extent. The effects of palmitate and D609
were additive, as they were with ceramide induction.

Effect of Sgmsl and Sgms2 Ablation on Sphingolipid Homeo-
stasis, Insulin Signaling, and Mitochondrial Metabolism—We
conducted quantitative, real time PCR (qPCR) of several genes
involved in SM synthesis or degradation in C2C12 myotubes
treated with palmitate (Fig. 4). Transcripts measured included
those encoding sphingomyelin synthases 1 and 2 (SgimsI-2), as
well as those encoding sphingomyelinases (i.e. Smpdl-4).
Palmitate induced expression of Sgms2, an isoform of particu-
lar interest, as its depletion from mice was previously shown to
increase insulin sensitivity (6, 8, 22). Under these conditions,
the expression of mRNA for SMPD1, which encodes acid sph-
ingomyelinase, decreased; by contrast, the transcripts encoding
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FIGURE 2. Palmitate and D609 inhibit insulin signaling in C2C12 myotubes. A, C2C12 myotubes were treated with D609 or palmitate as in Fig. 1. Selected
samples were additionally treated with the sphingomyelinase inhibitor GW4869 (20 um, 16 h). Following this incubation, cells were stimulated with insulin (1
nM, 15 min). Proteins were resolved by SDS-PAGE and Western blotted with antibodies recognizing total or phosphorylated (Ser-473) Akt. A and D display
representative Western blots, and B and E display quantification of the extent of phosphorylation (fold over basal, n =3). C shows the effect of D609 and
palmitate in insulin (100 nm, 1 h)-stimulated glycogen synthesis in C2C12 myotubes (fold over basal, n =3). * and # denote significance of D609 and GW4869,
respectively, with a p value of <0.05.
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FIGURE 3. Palmitate and D609 impair mitochondrial function in C2C12 myotubes. C2C12 myotubes were treated with BSA (control), BSA-conjugated
palmitate (palmitate, 500 um), and/or D609 (300 wm). Basal (A), maximal (B), and coupled (C) oxygen consumption rates were measured by a Seahorse XF24
extracellular analyzer as described under “Experimental Procedures.” n = 4; * and # denote palmitate and D609 (as compared with controls), respectively; p <

0.05.

the other sphingomyelin synthase (SMS) and sphingomyelinase
(SMase) isoforms were unchanged.

The aforementioned D609 is a low affinity inhibitor of SMS
that also targets several other lipid-modifying enzymes (19). To
examine more precisely the SMS isoforms, we excised them
from C2C12 myoblasts using the CRISPR/Cas9 system. Quan-
titative PCR analysis confirmed the efficacy of the Sgms2 (Fig.
4A) deletion. Sgims2 ablation induced compensatory changes in
transcripts encoding ceramide synthase 5 (Cers5), which adds
the C,acyl chain to the sphinganine backbone, and dihydrocer-
amide desaturase 1 (Degsl), which inserts a double bond into
dihydroceramide to produce ceramide (Fig. 4B). Sgms2 deple-
tion caused a buildup of SM precursors (i.e. ceramide and
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dihydroceramide), without affecting levels of the more abun-
dant SMs (Fig. 4D). These predominant ceramide species that
accrued were C,,-ceramides (Fig. 4E). Sgms2 ablation recapit-
ulated the D609 and palmitate effects on insulin signaling (i.e.
Akt/PKB and GSK3p phosphorylation, Fig. 5, A—C), insulin-
stimulated glycogen synthesis (Fig. 5D), and maximal and cou-
pled mitochondrial respiration (Fig. 5E).

We also applied the CRISPR/Cas9 approach to produce
C2C12 lines in which Sgmsl was removed. This intervention
had no effect on Sgims2 expression, nor did it markedly affect
sphingolipid levels (Table 2). Unlike the cell line lacking Sgms2,
myotubes lacking Sgms1 did not accumulate ceramides (Table
1). Moreover, the intervention had no impact on insulin signal-
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FIGURE 4.SMS2 deficiency induces accumulation of SM precursors. C2C12 myotubes exposed to control or the CRISPR/Cas9 knock-out plasmids (Sgms2 KO)
were treated with or without BSA-conjugated palmitate. Aand B, transcripts encoding sphingomyelin synthase (i.e. SGMS1 and SGMS2), sphingomyelinase (i.e.
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measured by gPCR (n = 3). The mRNA expressions of SMPD3 and DEGS2 were minimal with a Cq value of >35. C, data represent the effect of Sms2 KO in total
SMS activity by accessing the amount of NBD-SM converted from NBD-C-ceramide (n =3). D and E, LC-MS/MS analysis of sphingolipids in cells treated as in A,
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present within the detection limits. £, displays the levels of individual ceramide species with different acyl chain lengths. n = 5; * and # denote significance of

palmitate and SMS2KO treatments, respectively, with a p value of <0.05.

ing to Akt/PKB, nor did it influence the inhibitory effects of
palmitate (Fig. 6). We speculate that the different SM isoforms
may influence different subcellular pools of sphingolipids, with
Sms2 affecting the ones relevant to the regulation of metabolism.

Comparison of SM Versus Ceramide Levels in Quadriceps
Muscle from DIO Mice—To profile sphingolipids in muscle of
insulin-resistant mice, we evaluated quadriceps muscle sam-
ples acquired from mice fed an obesogenic diet for 8 weeks.
Such a regimen increases weight gain (data not shown), impairs
glucose tolerance, and decreases insulin sensitivity (Fig. 7, A
and B). The muscle obtained from this model of overnutrition
displayed marked increases in ceramides, although total SM
levels were largely unaffected (Fig. 7C). Of note, the ceramide
species that accumulated were predominantly composed of the
C, 5 acyl chain (Fig. 7D), which is consistent with the dominant
expression of ceramide synthase 1 in that tissue. We observed
compensatory decreases in the very long chain ceramides that
do not impair insulin actions. For SMs, the most abundant 36:1
species was unaffected, although most minor species were
decreased or unchanged (Fig. 7E).

Discussion

Pharmacological reagents, mRNA knockdown, or genetic
knock-out of enzymes required for sphingolipid biosynthesis is
insulin-sensitizing in an enormously broad range of experi-
mental models (e.g. isolated skeletal muscles treated with BSA-
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conjugated fatty acids; rats and mice infused with lard emul-
sions; mice and rats lacking leptin and/or the leptin receptor;
and mice, rats, or hamsters fed obesogenic diets) (1). In nearly
every case, the efficacy of such interventions was first demon-
strated using the C2C12 myotube system described herein.
This simple model of hyperlipidemia has been essential for dis-
secting the role of several lipid-modifying enzymes as modula-
tors of muscle insulin signaling, predicting important informa-
tion about relevant molecular mechanisms that were later
validated iz vivo. Herein, we applied this useful model to dissect
the relative importance of sphingomyelins and the sphingomy-
elin synthases.

Ceramides Versus SMs as Modulators of Insulin Signaling—
The data obtained strongly suggest that ceramide, rather than
SM itself, is the relevant antagonist of insulin signaling in mus-
cle. First, under conditions where palmitate inhibited insulin
signaling, levels of ceramides were elevated, although levels of
total SMs or any individual SM species were unchanged. Sec-
ond, the sphingomyelin synthase inhibitor D609 induced cer-
amide accumulation and inhibited insulin signaling. Third,
Sgms2 ablation induced ceramide accumulation and inhibited
insulin signaling. Surprisingly, SM levels were unchanged by
these manipulations. Similar findings were seen in vivo, as mus-
cle SM levels were unchanged by overnutrition, under condi-
tions where ceramide levels were markedly increased (Fig. 7).
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FIGURE 5. Sgms2 deficiency inhibits insulin signaling and impairs mitochondrial function in C2C12 myotubes. Control and SMS2KO cells were treated as
in Fig. 4. A, representative Western blots show the effects of SMS2KO on insulin-stimulated phosphorylation of Akt (Ser-473) and GSK3 (Ser-9) (n = 3). Band
G, quantification (n = 3) of the extent of Akt and GSK phosphorylation, expressed as a fold response to basal, untreated cells. D shows that SMS2KO attenuates
insulin (100 nm, 1 h)-stimulated glycogen synthesis in C2C12 myotubes (fold over basal, n =3). # and * denote significance of palmitate treatment and SMS2KO,
respectively, with p < 0.05. E, oxygen consumption rates were measured in wild type and SMS2KO C2C12 myotubes by Seahorse XF24 extracellular analyzer
(n = 4).* denotes significance of palmitate treatment and/or SMS2KO with a p value of less than 0.05.

TABLE 2

Sphingolipid profiling of C2C12 myotubes lacking either of the Sgms isoforms (n = 3)
* denotes the significance of Sgms ablation at p < 0.005.
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FIGURE 6. Sgms1 ablation does not impact insulin signaling. C2C12 myotubes exposed to control or the CRISPR/Cas9 knock-out plasmids (SMS1KO) were
treated with BSA (control) or BSA-conjugated palmitate (500 um). A, transcripts encoding Sgms1 and Sgms2 were quantified by gPCR (n = 4). B, data represent
the effect of Sgms1 KO on total SMS activity as determined by quantifying the amount of NBD-C4-ceramide converted from NBD-SM (n = 3). * denotes
significance of Sgms1 KO with p value <0.05. Cand D, cell lysates were resolved by SDS-PAGE and Western blotted with antibodies recognizing phosphorylated
Akt (Ser-473), total Akt, or B-actin (n = 3). * denotes significance of palmitate treatment with a p value of <0.05.
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Straczkowski et al. (23) reported similar alterations in the SM
to ceramide ratio in man, finding that muscle SM is actually
lower in obese men with impaired glucose tolerance, although
ceramide levels are elevated. One should note that SM is con-
siderably more abundant than ceramide. In our experience,
intermediaries that exist at much lower concentrations
respond much more dynamically to changes in nutrient status.
Moreover, the mRNA profiling studies presented herein reveal
that the cell reacts to Sgms deficiency by up-regulating other
genes required for sphingolipid synthesis (e.g. Cers5 and Degs1).

Several groups (8, 22) have found that Sgms2 deficiency pre-
vented high fat diet-induced obesity and insulin resistance in
mice. The data presented herein suggest that SM is unlikely to
be a direct antagonist of insulin action in skeletal muscle. We
hypothesize that the ablation of Sgms2 in the liver, which pro-
duces the SM for packaging into LDLs (8, 24), is most substan-
tive. The altered delivery of SM to various peripheral tissues
likely gets recycled back into the ceramides that influence tissue
metabolism.

The results presented herein are interesting to consider in
parallel with our prior studies looking at other ceramide metab-
olites as inhibitors of insulin signaling in muscle. (@) Inhibition
of ceramidase, which deacylates ceramides to generate sphin-
gosine, leads to a buildup of ceramide and inhibition of insulin
signaling (9). Moreover, overexpression of ceramidase negates
palmitate-induced ceramide accumulation, as well as its inhibi-
tion of insulin signaling (9). This study was later validated when
Scherer and co-workers (25-27) demonstrated that adiponec-
tin exerted its broad spectrum of cardioprotective and anti-
diabetic actions by activating a ceramidase to deplete cera-
mides. (b) Inhibition or knockdown of glucosylceramide
synthase induces ceramides and antagonizes insulin signaling
in cultured myotubes (11). Moreover, overexpression of
glucosylceramide synthase in myotubes depleted ceramides
and negated palmitate effects on insulin signaling (11). Collec-
tively, the body of work suggests that ceramides are the likely
modulators of insulin signaling in muscle.

Studies for ceramide as a modulator of Akt/PKB are further
supported by work with exogenous ceramide analogs. C,-cer-
amide inhibits Akt/PKB through two independent mechanisms
(28). First, it blocks the translocation of Akt/PKB to the plasma
membrane (28, 29). This occurs without impacting upstream
signaling events, such as the activation of phosphatidylinositol
3-kinase or the production of 3’-polyphosphoinositides (29).
Hundal and co-workers (30, 31) have previously shown that this
likely results from ceramide activation of PKC{, leading to the
phosphorylation of the Akt/PKB pleckstrin homology domain.
Second, C,-ceramide promotes the dephosphorylation of Akt/
PKB via PP2A (10, 28). Indeed, PP2A was one of the first known
targets of ceramide (32).

Ceramides Versus SMs as a Modulator of Mitochondrial
Oxidation—Recent studies in knock-out mice have identified a
second prominent mechanism by which sphingolipids influ-
ence metabolic homeostasis. In particular, two groups found
that altering the acylation patterns of ceramides in mice led to
substantive changes in lipid oxidation because of impairments
in oxidative phosphorylation (15, 21, 33). Herein, we tested the
ability of endogenous ceramides to recapitulate this effect in
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this cell autonomous system. Using the Seahorse respirometer,
we confirmed that manipulations that induced the accumula-
tion of SM precursors (i.e. D609 addition or SMS2 deletion)
disrupted maximal respiratory capacity and ATP synthesis.
Thus, endogenous ceramides are also the likely lipid modula-
tors that impair mitochondrial function. We previously found
that dihydroceramides also influence mitochondrial activities
(34), and the additive effects we observe of D609 and palmitate
may be explained by the additional contribution of these
intermediates.

Conclusions—A large number of different nutritional metab-
olites are likely to serve as markers of nutritional overload and
inducers of insulin resistance. Indeed, one would predict that
multiple mechanisms likely exist to allow mammals to alter
metabolic performance in response to nutrient status. In cul-
tured myotubes and isolated muscles, ceramides appear to be
particularly important in metabolic regulation. Inhibition of
enzymes required for ceramide synthesis (i.e. Sptl2, CerS, or
Des1) prevent lipid-driven inhibition of insulin signaling and
improve mitochondrial activity. By contrast, inhibition of
enzymes that metabolize ceramide (i.e. glucosylceramide syn-
thase, acid ceramidase, and SMS2) exacerbate the lipid effects.
These biosynthetic intermediates appear to be an important
gauge of nutritional excess that induces a broad range of differ-
ent cellular responses. Therapies aimed at reducing these sph-
ingolipid metabolites hold enormous potential as a means of
combating the metabolic impairments caused by dyslipidemia
that underlie diabetes and heart disease.

Experimental Procedures

Cell Culture and Treatments—C2C12 mouse myoblasts were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% (v/v)
streptomycin/penicillin (Gibco, Invitrogen) at 37 °C, 5% CO.,.
When cells reached ~80% confluency, they were incubated in
DMEM supplemented with 2% horse serum for 5 days to differ-
entiate them into myotubes. As described previously (9-12),
the cells were treated with palmitate (500 um, Sigma) pre-con-
jugated with FFA-free BSA (Sigma) for 16 h. Depending upon
the experiment, potassium tricycle[5.2.1.0(2,6)]-decan-8-yl
dithiocarbonate (D609, 300 uM, Enzo Life Sciences) or N,N'-
bis[4-(4,5-dihydro-1H-imidazol-2-yl)phenyl]-3,3’-p-phenyl-
ene-bisacrylamide dihydrochloride (GW4869, 20 um, Merck
Millipore) was added in concert with palmitate to inhibit SMS
(13) or neutral SMase (14), respectively. To measure insulin
signaling, C2C12 myotubes were treated with or without insu-
lin (Humulin R, Lilly) (1or 10 nm) for 15 min.

Generation of SMS1 and SMS2 KO Cells Using CRISPR/Cas9
KO System—Sphingomyelin synthase 1 (Sgms!) and 2 (Sgms2)
CRISPR/Cas9 knock-out plasmids (sc-431565 and sc-428888)
were purchased from Santa Cruz Biotechnology, Inc. We fol-
lowed the manufacturer’s protocol. Briefly, C2C12 myoblasts
were seeded in a 6-well plate in 3 ml of antibiotic-free 10% FBS
DMEM, a day prior to transfection. When cells reached ~50%
confluence, the plasmid DNA solution composed of 2 ug of
CRISPR/Cas9 KO plasmid and 2 ug of the corresponding HDR
plasmid (sc-431565-HDR and sc-428888-HDR) in 15 ul of
UltraCruz transfection reagent (sc395739) was added dropwise
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to each well. The cells were incubated and monitored for 24 —72
h. Successful co-transfection of the CRISPR/Cas9 KO plasmid
and HDR plasmid was confirmed by detection of red fluores-
cent protein under a fluorescence microscope, and the cells
were selected with media containing puromycin to generate the
KO cell line. After 1 week of incubation with puromycin, the
gene expression was assessed by RT-qPCR following RNA iso-
lation and cDNA synthesis. Primer sequences used herein cor-
respond to the gRNA sequences in the CRISPR/Cas9 KO
plasmids.

Sphingolipid Profiling Using LC/MS-MS—C2C12 myotubes
were homogenized in 100 ul of cold PBS. 10 ul was used for
protein measurement using a BCA protein assay kit (Thermo
Scientific), and 90 ul of cell lysate was processed for lipid
extraction. Prior to lipid extraction, 20 ul of 25 um ceramide/
sphingosine internal standard mix (LM-6002; Avanti Polar Lip-
ids Inc.) and 10 pl of 50 uMm 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (Sigma) were added into each sample. 1.2 ml of
LC/MS grade methanol was added to each sample and vortexed
for 5 s and then placed in an oven at 50 °C for 10 min. After
centrifugation for 7 min at maximum speed in a microcentri-
fuge, the supernatant was transferred to a fresh microtube and
dried by a gentle nitrogen stream. Dried samples were recon-
stituted in 200 ul of methanol and vortexed for 10 s. After
another round of warming and centrifugation, 100 ul of clear
supernatant was transferred to glass vials for LC/MS-MS. Sph-
ingolipids were assayed as we described previously (15) using
the following chromatographic conditions: equipment, Agilent
model 6430 Triple Quad LC/MS; column, Accucore HILIC
(ThermoScientific) with 100 X 2.1 of dimension and 2.6 um of
particle size; mobile phase A, 10 mM ammonium acetate in
CH,CN:H, = 95:5, pH 8.0 = 0.05; mobile phase B, 10 mm
ammonium acetate in CH;CN:H,O = 50:50, pH 8.0 = 0.05;
flow rate, 400 wl/min. The final calculation was in pico-
moles/ug of protein.

Analysis of SMS and SMases by Real Time Quantitative
PCR—RNA was extracted from the myotubes using the RNeasy
mini kit (catalog no. 74104, Qiagen) according to the manufa-
cturer’s protocol. 0.5 ug of isolated RNA was reverse-tran-
scribed to cDNA using the iScript cDNA synthesis kit (catalog
no. 1708891) and a C1000™ thermocycler (Bio-Rad) accord-
ing to the manufacturer’s protocol without modification.
Thereafter, the following primers (Sigma) were used to analyze
the mRNA expression of different isoforms of SMS and SMase
using QuantiFast SYBR Green PCR kit (catalog no. 204052,
Qiagen) and CFX96 RT-PCR detection system (Bio-Rad):
Sgmsl, forward 5'-ACGCTCACCTACCTATTTATC-3'/
reverse 5'-GAATACAGAAGATTCCAACGAC-3'; Sgms2,
forward 5'-CAACGAAAAGAACTTGAAGG-3'/reverse 5'-AAT-
ACTTTCTGCACGATGAC-3'; Smpdl, forward 5'-CAT-
AGCCAGGTATGAAAACAC-3"/reverse 5'-CAGAGTT-
TCCTCATCATAGAAG-3'; Smpd2, forward 5'-TTACC-
CCTACATGTTCCATC-3'/reverse 5'-AAGTAGATGTCC-
TTCTGTCG-3"; Smpd3, forward 5'-CTATCACTGTTACC-
CCAATG-3'/reverse 5'-AACAATTCTTTGGTCCTGAG-3';
Smpd4, forward 5'-ATCTCTCAAAAGCCAATGTC-3'/re-
verse 5'-GTGGGTAGGAACCATGATAG-3'; Cersl, forward
5'-GGTCAGATGCGTGAACTGGAA-3'/reverse 5'-GGA-
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TAGAGTCCTGGATGGCTGAA-3'; Cers2, forward 5'-CGT-
GTCTATGCCAAAGCCTCA-3'/reverse 5'-GTCTGGT-
AGAAATGTTCCAAGGTG-3'; Cers3, forward 5'-GCTGG-
ATGGAAGCAGACGTGTA-3"/reverse 5'-TAGTGCA-
AAGGCAGGATCAGAGTG-3'; Cers4, forward 5'-CATG-
ACTGCTCCGACTACCTG-3'/reverse 5'-GAATATGAGG-
CGCGTGTAGAA-3'; Cers5, forward 5'-ACGTGAGCGG-
CTCTGTACCA-3'/reverse 5'-GAGCACCTGCAGGAT-
CAGGA-3'; Cersé6, forward 5'-CACCTGGGCAGACCTG-
AAGA-3'/reverse 5-TGGCACATGGTTTGGCTATGA-3'.
The quality of each primer and PCR products were confirmed
by single peak melting curves at the end of RT-qPCR. The
expression was calculated based on mean Cg value normalized
by the value of B-actin using CFX Manager software (Bio-Rad).

Sphingomyelin Synthase Activity Assay—Cells were collected
and homogenized in cold lysis buffer containing 50 mm Tris-
HCI (pH 7.4), 1 mm EDTA, and mixture of protease inhibitors.
After centrifuging cell lysates at 300 X g for 5 min at 4 °C, the
supernatants were collected for measuring SMS activity. Pro-
tein concentration was assessed by BCA protein assay kit
(Thermo Scientific). 50 ug of protein in 50 ul of lysis buffer was
used for the assay. 50 ul of substrate mix, composed of 50 mm
Tris-HCI (pH 7.4), 50 mm KCI, 1 mm EDTA, 40 um NBD-C,-
ceramide (810209; Avanti Polar Lipids Inc.), and 200 um PC
(840053; Avanti Polar Lipids Inc.), was added to each protein
sample. The mixture was incubated at 37 °C for 1 h in the dark.
The reaction was stopped by adding 300 ul of cold chloroform/
methanol (1:1, v/v). After vortexing and centrifuging 2400 X g
for 5 min, the lower phase was transferred and then dried under
nitrogen gas. Lipids were resuspended in 20 ul of chloroform/
methanol (2:1, v/v) and separated by TLC in chloroform, meth-
anol, 15 mm CaCl, (90:52.5:12 by volume). The plate was
scanned using Typhoon FLA9500 biomolecular imager (GE
Healthcare), and the density of band corresponding to
NBD-SM was measured using Image].

Western Blotting Analysis—Cells were lysed using 150 ul of
Pierce RIPA buffer (catalog no. 89901, Thermo Scientific) sup-
plemented with an EDTA-free protease inhibitor mixture (cat-
alog no. 11836170001; Roche Applied Science) and a 1X phos-
phatase inhibitor mixture (catalog no. 5870; Cell Signaling
Technology). 10 ul of each lysate was used for BCA protein
assay (Thermo Scientific). Prior to loading, 25 ug of each pro-
tein sample was mixed with 4X Laemmli sample buffer (catalog
no. 161-0747; Bio-Rad) and boiled at 95 °C for 5 min for dena-
turation. Each sample was loaded into an SDS-polyacrylamide
gel, separated by electrophoresis, and then transferred to PVDF
membrane (Bio-Rad). Membranes were blocked in 3% BSA in
TBST for 1 h and then incubated with specific primary antibod-
ies overnight at 4 °C. On the following day, membranes were
washed three times by TBST and subsequently incubated with
appropriate horseradish peroxidase-conjugated secondary
antibody for 1 h at room temperature. The specific protein
bands were visualized using the Amersham Biosciences
ECL prime Western blotting detection reagent (catalog no.
RPN2232; GE Healthcare) and ChemiDoc MP imaging system
(Bio-Rad). Densitometry analysis was performed using Image-
Lab software (Bio-Rad). Equal loading of protein was ensured
by B-actin analysis.
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Insulin-stimulated Glycogen Assay—We used glycogen fluo-
rometric assay kit (ab65620; Abcam) to measure the insulin
(100 nm/1 h)-stimulated glycogen synthesis at the end of each
treatment. We followed the manufacturer’s protocol. Briefly,
C2C12 myotubes grown in 6-well plates were harvested in 200
wl of ice-cold distilled H,O and then homogenized by pipetting
up and down. The homogenates were boiled for 10 min to inac-
tivate enzymes and thus inhibit any potential metabolism of
glycogen. After centrifuging the boiled samples at 18,000 X g
for 10 min, the supernatants were used for assay. Samples nor-
malized by the same amount of protein as well as glycogen
standard samples provided in the kit were loaded in a black
plate with a clear bottom. Samples were incubated at room
temperature for 30 min with or without 1 ul of hydrolysis
enzyme. After 30 min, the mixture of 48.7 ul of development
buffer, 1 ul of enzyme mix, and 0.3 ul of OxiRed probe was
added to each well, and then the reaction mix was incubated for
another 30 min protected from light. Fluorescence (excitation/
emission = 535/587) was measured on a microplate reader
(Tecan Infinite M200). As glucose generates background read-
ings, the reading from a well incubated without hydrolysis
enzyme was used as the level of glucose background for each
sample.

Mitochondrial Functional Analysis—We used the XF Cell
Mitostress test kit (catalog no. 103051-110; Seahorse Biosci-
ence) to measure key parameters of mitochondrial function by
directly measuring the oxygen consumption rate (OCR) using
the Seahorse Extracellular Flux analyzer XF24 (Seahorse Bio-
science). We followed the manufacturer’s protocol. Briefly,
C2C12 myoblasts were seeded and differentiated in a 24-well
XF cell culture plate (catalog no. 100850-001; Seahorse Biosci-
ence) in the same manner as described above. The day prior to
assay, a sensor cartridge was hydrated in XF calibrantat 37 °Cin
anon-CO, incubator overnight. On the day of the experiment,
the culture medium was changed 1 h prior to the assay to XF
Base medium supplemented with 1 mM pyruvate, 2 mMm gluta-
mine, and 10 mum glucose. The culture plate was then incubated
at 37 °C in a non-CQO, incubator. Oligomycin, carbonyl cyanide
p-trifluoromethoxyphenylhydrazone, and rotenone/antimycin
A were loaded to ports A, B, and C in the XF assay cartridge to
final concentrations of 1, 1, and 0.5 uM, respectively. After mea-
suring the basal OCR of cells in each well, the OCR was mea-
sured after injection of each compound in sequential order. Use
of these compounds allowed us to measure the basal level of
oxygen consumption, the amount of oxygen consumption
linked to ATP production, and the maximal respiratory
capacity.

Animal Studies—All animal procedures were conducted in
compliance with protocols approved by the Institutional Ani-
mal Care and Use Committee (IACUC) at the Duke-NUS Med-
ical School or the Animal Ethics Committee (AEC) at the Baker
IDI Heart and Diabetes Institute. Mice were housed in groups
of 4-5 at 22-24 °C using a 12-h light/dark cycle. Animals had
ad libitum access to water at all times. Animals were fed a nor-
mal chow diet or high fat diet (D12492; Research Diets Inc.,
New Brunswick, NJ), which delivers 60% kcal from fat (mainly
lard), from the age of 4 weeks as indicated.
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Statistical Analysis—Data are presented as means *= S.E.
Comparisons of a single variable in >2 groups were analyzed by
one-way analysis of variance followed by Tukey’s multiple com-
parison tests (GraphPad Prism). Values of p < 0.05 were con-
sidered significant.
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