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Background:Myristate is a novel potential substrate for sphingoid base synthesis.
Results: Myocardial sphingoid base synthesis utilizes myristate; these sphingolipids are functionally non-redundant with
canonical sphingoid bases.
Conclusion: d16:0 and d16:1 sphingolipids constitute an appreciable proportion of cardiac dihydrosphingosine and dihydro-
ceramide, with distinct biological roles.
Significance: This pool of sphingolipids may play a heretofore unsuspected role in myocardial pathology or protection.

The enzyme serine palmitoyltransferase (SPT) catalyzes the
formation of the sphingoid base “backbone” fromwhich all sph-
ingolipids are derived. Previous studies have shown that inhibi-
tion of SPT ameliorates pathological cardiac outcomes in mod-
els of lipid overload, but the metabolites responsible for these
phenotypes remain unidentified. Recent in vitro studies have
shown that incorporation of the novel subunit SPTLC3 broad-
ens the substrate specificity of SPT, allowing utilization of my-
ristoyl-coenzyme A (CoA) in addition to its canonical substrate
palmitoyl-CoA. However, the relevance of these findings in vivo
has yet to be determined. The present study sought to determine
whether myristate-derived d16 sphingolipids are represented
among myocardial sphingolipids and, if so, whether their func-
tion andmetabolic routes were distinct from those of palmitate-
derived d18 sphingolipids. Data showed that d16:0 sphingoid
bases occurred in more than one-third of total dihydrosphin-
gosine and dihydroceramides inmyocardium, and a diet high in
saturated fat promoted their de novo production. Intriguingly,
d16-ceramides demonstrated highly limitedN-acyl chain diver-
sity, and in vitro enzyme activity assays showed that these bases
were utilized preferentially to canonical bases by CerS1. Func-
tional differences between myristate- and palmitate-derived
sphingolipids were observed in that, unlike d18 sphingolipids
and SPTLC2, d16 sphingolipids and SPTLC3 did not appear to

contribute to myristate-induced autophagy, whereas only d16
sphingolipids promoted cell death and cleavage of poly(ADP-
ribose) polymerase in cardiomyocytes. Thus, these results reveal
a previously unappreciated component of cardiac sphingolipids
with functional differences from canonical sphingolipids.

Sphingolipids constitute a class of structural and signaling
lipids that regulate numerous processes in the cell, including
inflammation, proliferation, autophagy, and cell death
(reviewed in Refs. 1 and 2). Although, as a class, sphingolipids
are chemically diverse, all sphingolipids are ultimately derived
from the sphingoid base dihydrosphingosine (DHS,3 also
known as sphinganine), which arises from the condensation of
a fatty acyl-coenzymeA (CoA) to an amino acid (usually palmi-
toyl-CoA and serine, respectively) by the enzyme serine palmi-
toyltransferase (SPT) (reviewed in Refs. 3–5). This reaction
forms the transient product 3-ketodihydrosphingosine, which
undergoes rapid reduction to DHS. DHS serves as substrate for
ceramide biosynthesis, and thus, its production constitutes a
key step for all sphingolipid synthesis.
Because production of sphingoid bases by SPT is the rate-

limiting step of de novo sphingolipid synthesis, the structure,
enzymology, and regulation of this enzyme are of considerable
interest, particularly in tissues that are subject to sphingolipid-
mediated pathology, including the heart. The functional SPT
enzyme occurs as a complex composed of one or more het-
erodimers (6). Each of these heterodimers contains one non-
catalytic SPTLC1 subunit, which anchors the complex to the
membrane, and one catalytic SPTLC2 or SPTLC3 subunit.
Most studies have focused on SPTLC2 and its product, which
derives from palmitoyl-CoA (reviewed in Ref. 4). However,
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recent studies have indicated that incorporation of other sub-
units, such as SPTLC3 and novel putative small subunits, into
the SPT complex can shift the acyl-CoA substrate preferences
of the enzyme (7, 8). In particular, the presence of SPTLC3 in
the SPT enzyme complex promoted utilization of myristoyl-
CoA, resulting in production of a d16:0 sphingoid base (7). This
alteration of substrate preferences could thus increase the
diversity of cellular sphingoid bases and possibly generate lipids
with distinct functions. However, to date, no studies have
attempted to determine the relative abundance of d16:0 sphin-
goid bases in tissues that highly express SPTLC3. Moreover, it
remains unknownwhether these bases are routed through sim-
ilar sphingolipid metabolic pathways to those of palmitoyl-
CoA-derived d18:0 bases. Finally, and perhaps most impor-
tantly, it has not been determined whether this previously
unappreciated pool of lipids participates in the same pathways
as d18:0 sphingoid bases and their metabolites.
The present study addresses the enzymology of SPTLC3 in

the myocardium, the metabolism of myristate-derived sphin-
golipids both basally and in response to fatty acid overload, and
the potential contributions of these lipids to sphingolipid-de-
pendent cardiomyocyte autophagy in lipid overload. In brief, it
was found that d16:0-DHS and its downstream products con-
stitute a previously unconsidered proportion of the myocardial
sphingolipidome. A diet high in saturated fat stimulated their
production, which was mediated by defined metabolic routes.
In cultured cardiomyocytes, exposure to myristate, but not
palmitate, increased expression of SPTLC3 and production of
d16:0-DHS and its derivatives. SPTLC3 and its d16:0 products
were implicated in promoting cleavage of poly(ADP-ribose)
polymerase (PARP), amarker of apoptosis, but not in induction
of pathological sphingolipid-dependent autophagy by myris-
tate oversupply, suggesting different intracellular roles for
myristate- and palmitate-derived sphingoid bases and their
derivatives in the heart.

MATERIALS AND METHODS

Animals and Diets—In all studies, C57BL/6male mice (Jack-
sonLaboratory, BarHarbor,ME)were givenwater and chow ad
libitum. For SPT enzyme assays, mice were fed standard labo-
ratory chow. For diet studies, high fat diets (60% of calories
from fat) and an isocaloric low fat diet (16.8% of calories from
fat, TD.08810) were purchased from Harlan Laboratories, Inc.
(Indianapolis, IN).High fat diets were based on lard (TD.06414)
or milk fat (TD.09766). All components of the diets were iden-
tical except for substitution of lard or anhydrousmilk fat for the
low glycemic index starch of the control diet. For the high fat
diet studies, 12 8-week-old mice were placed in each group and
maintained on the diets for a total of 8, 16, or 18weeks. At the 8-
and 16-week time points, whole hearts were isolated, snap-fro-
zen, and pulverized to provide tissue aliquots for analysis. At 18
weeks, the left ventricle of each heart was isolated, snap-frozen,
and pulverized to provide tissue aliquots for analysis.
Serine Palmitoyltransferase Assay—Microsomal SPT was

assayed in vitro essentially as described previously (9). For each
assay, nine 12-week-old male C57Bl/6J mice were sacrificed.
Hearts were rinsed thoroughly in PBS, finely minced in sonica-
tion buffer (25 mM Tris, pH 7.4; 5 mM EDTA; 1 mM phenyl-

methylsulfonyl fluoride; 20 �g/ml chymotrypsin, leupeptin,
antipain, and pepstatin), pooled, and disrupted by probe soni-
cation. The homogenate was centrifuged for 5 min at 1000 � g,
and the supernatant was then subjected to centrifugation at
100,000 � g for 1 h. The resulting pellet was resuspended in a
small volume of 25 mM Tris, pH 7.4, containing 30% glycerol.
Protein concentrationwasmeasured using theMicro BCApro-
tein assay kit (Fisher). For each replicate, 100 �g of microsomal
proteinwas incubated at 37 °C for 20min in the presence of 100
mM HEPES, pH 8.3, 5 mM dithiothreitol, 50 �M pyridoxal-5�-
phosphate, 5mM [3H]serine (30,000 cpm/nmol), andmyristoyl-
CoA or palmitoyl-CoA, as indicated. At the end of the assay,
reactions were stopped by the addition of 1.5 ml of CHCL3/
CH3OH (1:2). Phase separation was induced by the addition of
2 ml of 0.5 N NH4OH and 1 ml of CHCl3. The aqueous phase
was removed, and the organic phase was washed twice with
water and dried. [3H]incorporation into the sample was
counted by liquid scintillation. Assays were performed three
times, with 3–4 replicates/point/assay. Analyses of enzyme
kinetics were performed using the SigmaPlot version 10.0
enzyme kinetics analysis module (Systat Software, Inc., San
Jose, CA). Km values remained constant between assays; how-
ever, absolute Vmax values varied between assays. To report the
most robust possible activity data, data from each assay were
calculated as -fold change over the velocity obtained at 50 �M

palmitoyl-CoA in that assay. The resulting data were aggre-
gated fromall assays and are presented as relative enzyme activ-
ity (Fig. 3). Vmax values are reported in units of relative activity;
the absolute values are estimated to be 19.56 pmol/mg protein/
min for myristoyl-CoA and 19.46 pmol/mg of protein/min for
palmitoyl-CoA, based on a representative assay.
To verify that the assay conditions themselves did not result

in a loss of substrate specificity, SPTwas assayed inmicrosomes
derived from liver. In our hands, SPTLC3 expression in the
livers of 8-week-old mice was 19.5% of that observed in heart,
and the rate of utilization of myristoyl-CoA by liver micro-
somes was only 56% of that observed with palmitoyl-CoA (data
not shown). These findings indicate that the assay conditions
themselves did not promote utilization ofmyristoyl-CoAby the
SPT enzyme.
Cell Culture of Cardiomyocytes—Adult feline cardiomyo-

cytes were isolated using a hanging heart preparation with
enzymatic digestion, per Institutional Animal Care and Use
Committee approval, and cultured as previously described (10).
Cardiomyocytes were plated on laminin-coated dishes at an
initial cell density of 7.5 � 104 cells/ml.
H9c2 immortalized cardiomyocytes were obtained from

ATCC andmaintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, per ATCC instruc-
tions. Cells were utilized for experiments only up through pas-
sage nine.
Free Fatty Acid and Sphingoid Base Treatment—For most

studies, concentrated free fatty acid stock solutions were pre-
pared fresh by supplementing media with 2% fatty acid-free
BSA and either 1.5 mM myristate, 2.0 mM palmitate, or vehicle.
Solutions were sonicated briefly, incubated for 15 min at 55 °C,
and cooled to 37 °C. Cells were incubated in a final concentra-
tion of 0.75 mM myristate or 1.0 mM palmitate for 16 h. For
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studies employing siRNA transfection, cells were treated
instead with 0.1 mM myristate, prepared as above, to minimize
lipotoxicity. For sphingoid base treatments, culture medium
was supplemented with a final concentration of 2.5 �M d18:0-
DHS or d16:0-DHS (Matreya, Pleasant Gap, PA) or an equiva-
lent volume of ethanol. Cells were maintained in DHS for 3 h
and then harvested. Experiments were performed 2–3 times in
triplicate.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bro-

mide (MTT) Assay—After treatment with sphingoid bases, as
indicated, H9c2 cells were treated with MTT (Invitrogen) for
1.5 h. MTT reduction, an indicator of metabolic activity, was
then assessed per the manufacturer’s instructions. The assay
was performed twice, with at least three replicates per point.
siRNATransfection—Using Lipofectamine 2000 (Invitrogen)

according to the manufacturer’s instructions, cardiomyocytes
were transfected with siRNA oligonucleotides. Custom feline
siRNAs directed against SPTLC2, SPTLC3, and CerS1 were
purchased from Invitrogen. AllStars negative control siRNA
was obtained fromQiagen. Cells were transfected for 24 h prior
to supplementation with BSA or 0.1 myristate, as described
above, and maintained in culture for 16 h.
Western Blotting—Cells were washed twice with sterile fil-

tered cold PBS and lysed in buffer containing 20 mM Tris (pH
7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium
pyrophosphate, 1 mM �-D-glycerophosphate, 1 mM sodium
orthovanadate, 1% Triton X-100, and Complete Mini protease
inhibitor (Roche Applied Science). Cells were disrupted by
freeze-thaw and incubated on ice for 10min; insolublematerial
was then removed by centrifugation at 4 °C. Protein concentra-
tionwasmeasuredusing aMicroBCAprotein assay kit (Fisher),
and equal amounts of protein were loaded for SDS-PAGE and
immunoblotted as described previously (11). Membranes were
incubated with antibodies against PARP (Santa Cruz Biotech-
nology, Inc., SantaCruz, CA),GFP (Cell SignalingTechnology),
Atg7 (Cell Signaling Technology), or actin (Sigma-Aldrich) and
with anti-rabbit secondary antibody (Cell Signaling). Proteins
were visualized by enhanced chemiluminescence. Quantifica-
tion of images was performed using ImageJ software (National
Institutes of Health, Bethesda, MD). Results are presented as
mean � S.E. and shown with a representative immunoblot
image.
RNAIsolationandQuantitativeReal-timePCRAnalysis—Total

RNA was isolated with TRIzol (Invitrogen), according to the
manufacturer’s protocol, and cDNA was synthesized using
SuperScript III (Invitrogen). Quantitative real-time PCR was
performed using SYBR Green reagent (Bio-Rad) as described
previously (11). Results were normalized to GAPDH. Primers
for SPTLC1, SPTLC2, SPTLC3, ATG7, and GAPDH were
obtained from SABiosciences (Frederick, MD). Beclin 1 prim-
ers were ordered from Integrated DNA Technologies (Cor-
alville, IA).
Lipidomic Analysis—Lipidomic profiling was performed by

LC/MS by the Lipidomics Core Facility at the Medical Univer-
sity of South Carolina, as described previously (12). For meas-
urements of hearts fromdiet studies, aliquots from all surviving
mice were analyzed. Analyses were performed on samples con-
taining equal amounts of protein, as determined using the

Micro BCA protein assay kit (Fisher), and results were normal-
ized to protein.
(Dihydro)Ceramide Synthase Assays—For (dihydro)cera-

mide synthase (CerS) assays, human embryonic kidney (HEK)
293T cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum, 100 �g/ml
streptomycin, and 100 IU/ml penicillin and transfected as
described previously (13). Cells were transfectedwith either the
empty pCMV vector or vectors containing CerS. Thirty-six h
after transfection, cells were washed twice with PBS and
homogenized in 20 mM HEPES-KOH, pH 7.2, 25 mM KCl, 250
mM sucrose, 2 mM MgCl2, and a protease inhibitor mixture
(Sigma), and assays were performed essentially as described
previously (13). To test substrate specificity, activities were
measured with either d16:0-DHS or d18:0-DHS and 14C-la-
beled palmitoyl(C16:0)-CoA, oleoyl(C18:1)-CoA, steroyl(C18:
0)-CoA, and lignoceroyl(C24:0)-CoA (all 14C-labeled lipids
were from ARC), in accordance with the acyl-CoA specificities
of each CerS (14). The assay was performed twice, with at least
4 replicates/substrate combination/isoform. Although each
CerS isoform was tested with all of the fatty acyl-CoA species
listed above, results for each isoform are shown only for the
acyl-CoA providing maximal activity. Data are not shown for
CerS3 because activity did not exceed that observedwith empty
vector.
Statistical Analyses—Data are expressed as mean � S.E. and

were analyzed by two-tailed, unpaired Student’s t test or two-
way analysis of variance, as appropriate. p � 0.05 was consid-
ered statistically significant. Enzyme kinetic analyses were per-
formed as described above.
Study Approval—Animal protocols were in accordance with

National Institutes of Health guidelines (25) and have been
approved by the Institutional Animal Care and Use Committee
at the Medical University of South Carolina.

RESULTS

d16:0 and d16:1 Sphingolipids Constitute a Portion of the
Myocardial Sphingolipidome—Initial reports demonstrated
that overexpression of SPTLC3 in vitro increased the produc-
tion of unusual myristate-derived sphingoid bases (denoted as
d16:0 or d16:1 upon desaturation to sphingosine, henceforth
indicated as “d16”when discussed collectively), which derive 14
carbons from the acyl chain of myristoyl-CoA and the remain-
ing two from serine (7). However, it was not determined
whether d16:0-DHS and its derivatives constituted a significant
proportion of total DHS, dihydroceramide, ceramide, and
sphingosine (referred to as “simple sphingolipids” henceforth,
consistent with use of the term previously (5, 15–18)) in vivo.
Intriguingly, SPTLC3mRNAwas shown to be richly expressed
in the heart, based on a human cDNA panel (19). Consistent
with these findings, SPTLC3 was found to be highly expressed
in murine myocardium (Fig. 1). Indeed, SPTLC3 mRNA was
muchmore abundant in the heart than in skeletal muscle, both
absolutely and relative to expression of SPTLC1, which
dimerizes with the catalytic subunits to form a functional com-
plex (6). Because sphingolipid profiles have been shown to play
an important role in cardiac pathology in diabetes (20), we
examined whether SPTLC3 expression in the heart was associ-
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ated with production of significant levels of non-canonical d16
sphingolipids.
To test this, LC-MS analysis was performed onmurine myo-

cardial tissue homogenates, and d16, d20 (derived from stearo-
yl-CoA), and d18 (derived from palmitoyl-CoA) sphingolipids
were quantified. Strikingly, d16 sphingolipids formed a major
constituent of myocardial simple sphingolipids (Fig. 2 and sup-
plemental Fig. 1), with approximately one-third of total DHS
occurring with a 16-carbon alkyl chain in the sphingoid base
(Fig. 2A). In comparison, palmitate-derived d18:0-DHS
accounted for slightly less than a third of DHS, and stearate-
derived d20:0-DHS made up the remainder (data not shown).
Similarly, one-third of the total dihydroceramide (DHC) pool
contained a d16:0 base, whereas d18:0-DHC accounted for the
other two-thirds of total DHC (Fig. 2B). Curiously, no d20:0-
DHC or ceramide was detected, suggesting that this species
may serve as a poor substrate for CerS, which catalyzes N-acy-
lation of sphingoid bases to generate DHC or ceramide (14).
Surprisingly, despite the abundance of d16:0-DHC, d16:1-cer-
amide (d16:1-Cer) accounted for �2% of the total Cer pool
(data not shown), and d16:1-sphingosine formed only about 6%
of the total sphingosine pool (Fig. 2C). This finding is consistent
with previous data suggesting that dihydroceramide desaturase
1 (Des1), the enzyme that catalyzes the desaturation of DHC to
Cer, utilizes DHC containing shorter chain sphingoid bases
with less efficiency than d18:0-DHC (21). No d16 glycosphin-
golipids were detected, suggesting that further metabolism of
d16:1-Cer may be limited (data not shown). Together, these
findings indicate that myristate-derived sphingolipids form a
part of the total cardiac simple sphingolipid pool. Furthermore,
these data demonstrate that d16 sphingolipids are concen-
trated in the early metabolites of the sphingolipid synthetic
pathway and suggest that they are utilized with alternative effi-
ciencies by the sphingolipid biosynthetic enzymes downstream
from CerS.

Myocardial Serine Palmitoyltransferase Utilizes Myristoyl-
CoA with Kinetics Similar to Palmitoyl-CoA—Previous studies
in cultured cells have demonstrated that SPTLC3 overexpres-
sion shifts substrate preferences of the SPT complex, increasing
the ability of the enzyme to utilizemyristoyl-CoA (7). However,
it was not determinedwhether physiologically relevant levels of
SPTLC3 expression were sufficient to similarly shift substrate
preferences. To determine the kinetics with which SPT derived
from myocardium would utilize myristoyl-CoA for sphingo-
lipid synthesis, microsomal SPT activity was assayed in vitro. In
contrast to observations in other tissues (22–24), cardiac SPT
utilized myristoyl-CoA in a manner almost identical to that of
its canonical substrate palmitoyl-CoA (Fig. 3 and Table 1). Spe-
cifically, the Km of myristoyl-CoA was found to be 13.5 �M,
whereas aKm of 9.7 �Mwas observed for palmitoyl-CoA (Table
1), and the Vmax values determined for the two substrates were
also virtually identical (Table 1). Subsequently, estimation of
catalytic efficiency using the Vmax/Km ratio indicated that this
enzyme complex showed little specificity for either substrate.
These findings indicate that myocardial SPT utilizes myristoyl-
CoA robustly in vitro and, thus, corroborate the hypothesis that
rich SPTLC3 expression in the heart impacts in vivo substrate
utilization patterns.
d16:0-Dihydrosphingosine Is Differentially Utilized By CerS

Isoforms—Because these results suggested substantial produc-
tion of d16 simple sphingolipids in the heart, we sought to test
whether they were subject to distinct downstream metabolic
pathways. Therefore, to gain insight into which CerS isoforms
might be responsible for N-acylation of these species, N-acyl
chain length profiles of d16 sphingolipids were analyzed in the
murine myocardium. Surprisingly, the chain length diversity of
myocardial d16:1-Cer was limited (Fig. 4). Specifically, in 16-
and 24-week-old mice, 80% of d16:1-Cer contained a C18:1 or
C20N-acyl chain, with the other 20%divided amongC20:4, C22:1,
and C24. This is in contrast to the diversity of N-acyl chain
lengths observed previously in d18:1-Cer in the heart (20). Par-
ticularly intriguing is the absence of some acyl chain lengths,

FIGURE 1. SPTLC3 is highly expressed in the heart. Hearts and skeletal mus-
cle were harvested from three 8-week-old C57Bl/6J mice fed standard labo-
ratory chow, and whole tissues were subjected to RNA extraction, followed by
cDNA synthesis and qRT-PCR, as described under “Materials and Methods.”
SPTLC3 and SPTLC1 expression levels were normalized to GAPDH. Expression
levels of SPTLC3 are presented both absolutely and relative to expression of
the SPTLC1 subunit, which dimerizes with one SPTLC2 or SPTLC3 subunit to
form the minimal functional unit of SPT. A.U., arbitrary units. Results are
expressed as mean � S.E. (error bars). ***, p � 0.01.

FIGURE 2. d16-base sphingolipids comprise a significant part of the car-
diac sphingolipidome. d16:0-base sphingolipids make up approximately
one-third of total dihydrosphingosine (A) and total dihydroceramide (B),
whereas d16:1-ceramide (C) and d16:1-sphingosine (D) comprise a smaller
proportion of total ceramide and sphingosine, respectively. Hearts were har-
vested from six 16-week-old adult male C57Bl6/J mice, homogenized, and
subjected to LC-MS analysis as described under “Materials and Methods.”
Results were normalized to protein content, and relative base composition
was calculated for each sphingolipid species in each mouse. Results were
aggregated and are presented as mean � S.E. (error bars). *, p � 0.05; n.s., not
significant (p � 0.05).
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such as C16:0, that constitute major species of d18:1-Cer. Also
striking is the relative abundance of the C20:4 N-acyl chain,
which is a minor species in d18:1-Cer (26, 27). Because each
CerS isoformproduces a unique pattern ofN-acyl chain lengths
(13, 28), these data suggested that specific CerS isoforms may
catalyze the N-acylation of d16:0-DHS. This finding is particu-
larly interesting in light of several recent studies on CerN-acy-
lation, which have identified specific signaling roles attributa-
ble to Cer of particularN-acyl chain lengths and CerS isoforms
(29, 30).

In order to determine which CerS are responsible forN-acy-
lation of d16 sphingoid bases, CerS activity was assayed in vitro.
Each CerS isoformwas individually expressed and assayed with
d16:0- or d18:0-DHS and several 14C-labeled acyl-CoA sub-
strates; results are shown for the acyl-CoA providing maximal
activity for each CerS isoform (Fig. 5). All CerS isoforms used
d16:0-DHS to some degree, displaying the same specificity
toward the substrate forN-acylation as with d18:0-DHS (Fig. 5)
(data not shown). Strikingly, only CerS1 displayed higher activ-
ity toward d16:0-DHS than toward d18:0-DHS (Fig. 5A). In
contrast, CerS2, CerS4, CerS5, and CerS6 all utilized d18:0-
DHS more readily than d16:0-DHS (Fig. 5, A and B) (data not
shown). Because CerS1 is expressed at low levels in the heart, it
is likely that d16:0-DHS in the heart isN-acylated by other CerS
isoforms (28). The preference for very long-chain fatty acyl-
CoAs but not long-chain fatty acyl-CoAs, such as palmitoyl-
CoA, suggests the involvement of CerS4 and possibly CerS2,
both of which are robustly expressed in the myocardium (28,
31). Together, these results demonstrate that myristate- and
palmitate-derived DHS are differentially utilized by individual
CerS isoforms, suggesting that d16 sphingoid bases are further
metabolized through uniquely defined metabolic routes.
A High Myristate Diet Stimulates d16 Sphingolipid Produc-

tion—Obesity and lipid overload have been shown to promote
bioactive lipid production in the myocardium, partially due to
oversupply of free fatty acids from the plasma, resulting in path-
ological cardiac remodeling and dysfunction (32, 33). Indeed,
d18 sphingolipid chain length profileswere remodeled in a diet-

FIGURE 3. Myocardial SPT utilizes myristoyl-CoA and palmitoyl-CoA similarly. A, reaction velocities were similar between palmitoyl-CoA and myristoyl-
CoA across substrate concentrations of 1.56 – 800 �M fatty acyl-CoA. Activities with concentrations of 1.56 –100 �M fatty acyl-CoA are shown in detail in the inset
(logarithmic scale). B, the Hanes-Woolf representation of these data revealed an inverse linear correlation between reaction velocity (v) and substrate concen-
tration. Microsomal SPT was isolated from whole hearts of 12-week-old male C57Bl/6J mice and assayed with palmitoyl-CoA or myristoyl-CoA, as described
under “Materials and Methods.” Microsomes were generated from pooled homogenate from nine mice per assay. The assay was performed three times, with
a total of 4 –10 replicates/point. To allow robust comparisons between assays, data are presented as relative SPT activity, as described under “Materials and
Methods.” There were no statistically significant differences between palmitoyl-CoA and myristoyl-CoA utilization for the points tested (p � 0.05). Data are
presented as mean � S.E. (error bars).

TABLE 1
Kinetic analysis of SPT activity toward myristoyl-CoA and palmitoyl-CoA
Kinetic parameters, such asKm,Vmax, and theVmax/Km ratio, are similar formyristoyl-CoA and palmitoyl-CoAutilization by endogenous cardiac SPT.Microsomal SPTwas
isolated from whole hearts and assayed, as described under “Materials and Methods.” Km was calculated using standardized data from all assays; Vmax data are provided in
units of relative activity, as described under “Materials and Methods.” Vmax/Km is a relative measure of enzyme specificity for a particular substrate. Data are presented as
means � S.E.

Km

95% confidence
interval Vmax

95% confidence
interval Vmax/Km

�M
Myristoyl-CoA 13.51 � 2.20 9.11–17.90 1.24 � 0.04 1.15–1.33 0.0917
Palmitoyl-CoA 9.72 � 1.35 7.02–12.42 1.23 � 0.35 1.16–1.30 0.1266

FIGURE 4. N-Acyl chain length profile of myocardial d16:1-base ceramide.
Most d16:1 sphingoid bases partition into only a few N-acyl chain lengths of
ceramide, particularly d16:1/C18:1- and d16:1/C20:0-ceramide. Hearts were
harvested from six 16-week-old male C57Bl/6J mice, and lipids were
extracted, analyzed by LC-MS, and normalized to protein as described under
“Materials and Methods.” Results are presented as mean � S.E. (error bars).
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specific manner (20). However, it remains unknown whether
d16 sphingolipids respond similarly to fatty acid overload.
In order to determine whether d16 simple sphingolipids

increased in obesity, wild-type adult male C57Bl/6J mice were
fed either a control diet or an obesogenic, diabetogenic high fat
diet based on milk fat. This diet was highly enriched in satu-
rated fat, particularly myristate, and promoted commensurate
elevations in plasma free fatty acid profiles (20).4 Lipidomic
analysis revealed that the milk fat-based diet increased steady-
state levels of total d16 simple sphingolipids (i.e. DHS, sphin-
gosine, DHC, Cer, DHS 1-phosphate, and sphingosine 1-phos-
phate) (Fig. 6A) and d16:1-Cer (Fig. 6B) in total heart extract.
Furthermore, d16:1-Cer underwent chain length redistribu-
tion, with the proportion of d16:1-Cer containing a C18:1
N-acyl chain increasing markedly (Fig. 7A) (data not shown).
Notably, the increase in the levels and proportion of d16:1,C18:
1-Cer, as opposed to unaltered or decreased levels of other spe-
cies, may support the notion that CerS4 is the major CerS iso-
form responsible for d16:1-Cer production. This idea is further
corroborated by the selective increase in CerS4, but not CerS2,
expression upon feeding with the milk fat-based diet (Fig. 7B).
In contrast to these changes in d16:1-Cer levels and consistent
with previous reports, levels of total d18 sphingolipids and total
d18:1-Cer underwent essentially insignificant increases upon
high fat feeding (Fig. 6C). Levels of d20 sphingoid bases also did
not change on the high fat diet, and no d20:0-DHCor d20:1-Cer
was detected. In summary, these findings indicate that con-
sumption of a diet rich in saturated fat is sufficient to stimulate
accumulation of d16 sphingolipids in vivo.
To differentiate the effects of general fatty acid overload from

the specific effects of a diet high in saturated fat, mice were fed
either the milk fat-based diet described above or a traditional
lard-based diet. In contrast to the milk fat-based diet, the lard-
based diet was primarily enriched in unsaturated and polyun-
saturated fatty acids and contained only approximately one-

fourth of themyristate of themilk fat-based diet.4 Animalswere
maintained on these diets for 18 weeks, and levels of d16:1-Cer
and d16:0-DHC in the left ventricle were measured. This tissue
was specifically studied because lipid overload has been linked
to left ventricular hypertrophy and dysfunction (32–34), which
comprise key features of diabetic cardiomyopathy in humans
(35) and which we previously demonstrated in mice fed the
milk fat-based high fat diet (20).
These analyses revealed that induction of d16:0-DHC and

d16:1-Cer production by the milk fat diet was even more pro-
nounced in the left ventricle than in whole heart lysate (Fig. 8).
Furthermore, this accumulation was attenuated by treatment
with the SPT inhibitor myriocin, indicating that these lipids
derive from de novo sphingolipid synthesis. In contrast, the lard
diet did not promote significant production of d16 sphingolip-
ids in the left ventricle. These findings suggest that dietary fat
profiles, rather than total fatty acid content, serve as determi-
nants of sphingolipid profiles in the left ventricle.
Fatty Acid-specific Regulation of SPTLC3 Expression—Based

on these findings, it appeared that dietary fatty acid oversupply
could regulate d16 sphingolipid production in at least twoways.
First, exposure to exogenous myristate might promote de novo
sphingolipid synthesis via increased substrate supply. This
notion is supported by the observation that a diet high inmyris-
tate was sufficient to increase d16 sphingolipids (Fig. 8). Sec-
ond, exposure to saturated fatty acids, which are generally ele-
vated in the milk fat-based diet, could also increase SPTLC3
expression. This mode of regulation could be significant
because the basal level of SPTLC3 expression has been shown
to correlate directly with d16:0-DHS production in cancer cell
lines (7).
To test whether increased d16 sphingolipid levels occurred

specifically in response tomyristate oversupply rather than as a
general response to saturated fatty acid oversupply, isolated
adult cardiomyocytes were cultured in the presence of myris-
tate (C14:0) or palmitate (C16:0). Sphingolipids were extracted
and measured by LC-MS. As observed in the intact myocar-
dium, cultured cardiomyocytes harbored a significant amount
of d16 sphingolipids basally, and exposure to myristate
increased d16:1-Cer and d16:0-DHC (Fig. 9A). In contrast,
treatment with palmitate failed to increase levels of these
metabolites. This suggests that oversupply of myristoyl-CoA,
specifically, contributes to the production of cardiac d16 sph-
ingolipids on a diet high in saturated fatty acids.
To test the second potential mechanism by which saturated

fatty acids might up-regulate d16 sphingolipids, SPTLC3
expression was measured in isolated adult cardiomyocytes
treatedwithmyristate or palmitate, as above. Exposure to exog-
enous myristate increased SPTLC3 expression, as measured by
qRT-PCR, whereas exposure to palmitate had no effect (Fig.
9B). Together with the findings above, this indicates a specific
role for myristate in regulation of d16 sphingolipid production,
possibly through a combination of substrate supply and direct
regulation of SPTLC3 expression. Moreover, these data under-
score the finding that dietary fat composition regulates cardiac
sphingolipid profiles.

4 T. Geng, W. Hu, M. H. Broadwater, J. Snider, J. Bielawski, S. B. Russo, J.
Schwacke, J. S. Ross, L. A. Cowart, manuscript in preparation.

FIGURE 5. CerS isoforms differentially utilize d16:0-dihydrosphingosine
for dihydroceramide synthesis. Cell extracts were prepared from cells over-
expressing individual CerS or empty vector. CerS activity was assayed with
d16:0- or d18:0-DHS and either [14C]stearoyl-CoA (A) or [14C]palmitoyl-CoA
(B). Controls for CerS1, CerS5, and CerS6 were transfected with 50 �g of the
pCMV vector, whereas controls for CerS4 were transfected with 100 �g of the
vector, as indicated. Results are means � S.E. (error bars). *, p � 0.05 versus
d18:0-DHS.
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Differential Autophagic Response to d18 and d16 Sphingo-
lipids—Although this and previous reports have elucidated
aspects of SPTLC3 expression and enzymology, it remains
unknown whether d16 sphingolipids are functionally equiva-
lent to canonical d18 sphingolipids. We recently demonstrated
that myristate treatment promoted autophagic flux in car-
diomyocytes in a sphingolipid-dependent manner, probably by
promoting synthesis of d18:1/C14-Cer, in which myristate is
incorporated as the N-acyl, rather than alkyl, chain (20).
Becausemyristate treatment also stimulated production of d16:
0-DHS and its derivatives (Fig. 9A) (data not shown), this led us
to ask whether sphingolipids bearing myristate-derived alkyl
chains might also contribute to the proautophagic effect of
myristate. This question is of particular importance, because
myristate-induced autophagy has been implicated in car-
diomyocyte hypertrophy in lipid overload (20).
Two approaches were used to determine whether SPTLC3

and d16:0-DHS mediate myristate-induced autophagy. In the
first, isolated adult primary cardiomyocytes were treated with
either d18:0-DHS or d16:0-DHS, and expression of the
autophagy markers Beclin 1 and Atg7 was measured by qRT-
PCR. Consistent with previous results (20), treatment with d18:

FIGURE 8. A diet high in myristate stimulates d16 sphingolipid produc-
tion in the left ventricle. Feeding with a milk fat-based high fat diet (MFBD)
(60% kcal from fat), which is high in myristate and total saturated fat,
increased total levels of d16:0-DHC and d16:1-ceramide. This was inhibited by
treatment with myriocin. In contrast, feeding with a lard-based high fat diet
(LBD; 60% kcal from fat), which is high in unsaturated fat but not saturated fat
or myristate, did not stimulate production of d16:0-DHC and d16:1-ceramide.
Hearts were harvested from six adult male C57Bl6/J mice per group after 18
weeks of high fat feeding. Left ventricles were isolated, homogenized, and
subjected to LC-MS analysis as described under “Materials and Methods.”
Results are normalized to protein content. *, p � 0.05 versus control; #, p �
0.05 versus lard; @, p � 0.05 versus milk plus myriocin. Error bars, S.E.

FIGURE 6. A diet high in myristate stimulates d16:0 and d16:1 sphingolipid production in whole hearts. Feeding with a milk fat-based high fat diet (MFBD)
(60% kcal from fat), which is high in myristate and total saturated fat, increased total levels of d16 simple sphingolipids (i.e. dihydrosphingosine, sphingosine,
dihydroceramide, and ceramide) (A) and total levels of d16:1-ceramide (B) compared with a control diet (16.8% kcal from fat). C, in contrast, the milk fat-based
diet did not stimulate an increase in levels of total d18 simple sphingolipids (i.e. dihydrosphingosine, sphingosine, dihydroceramide, and ceramide) or
d18:1-ceramide compared with control. Hearts were harvested from adult male C57Bl6/J mice after 8 or 16 weeks of high fat feeding, homogenized, and
subjected to LC-MS analysis as described under “Materials and Methods.” Data are presented for nine control mice and 12 milk fat-based high fat diet mice (i.e.
all surviving animals from the original cohort). Results were normalized to protein content. Results were similar between time points and were pooled for this
analysis. Individual data points are shown; the mean is represented by a dotted line. *, p � 0.05 versus control.

FIGURE 7. Feeding with a high fat diet shifted N-acyl chain length profiles of d16:1-Cer and promoted CerS4 expression in the murine myocardium. A,
six mice per group were fed a milk fat-based high fat diet (MFBD) for 8 weeks. Hearts were harvested and subjected to lipidomic analysis, as described under
“Materials and Methods.” Results were normalized to protein, and the percentage of the total was calculated for each mouse. Results are presented as mean �
S.E. (error bars) for all species comprising at least 2% of total d16:1-Cer. *, p � 0.05 versus control diet. Changes were more pronounced after 16 weeks on the
diet (not shown). B, CerS expression was measured by qRT-PCR in hearts of mice fed the milk fat-based high fat diet for 8 weeks, as described under “Materials
and Methods.” Results are presented as mean � S.E. *, p � 0.05 versus control diet.

The Myocardium Produces Non-canonical Sphingolipids

MAY 10, 2013 • VOLUME 288 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 13403



0-DHS stimulated expression of autophagymarkers, compared
with vehicle (Fig. 10A). In contrast, d16:0-DHS treatment did
not result in overexpression of either Beclin 1 or Atg7. Suggest-
ing that this lack of effect is not merely due to insufficient or
excessive d16:0-DHS concentration, treatment of H9c2
immortalized cardiomyocytes with a range of 0.625–5 �M d16:
0-DHS did not induce expression of autophagy markers (data
not shown). This suggests that d18:0-DHS and d16:0-DHSmay
play distinct roles in this cellular process.
However, to test definitively whether SPTLC3 and its d16:0

products were functionally disparate from SPTLC2, cells were
subjected to siRNA-mediated knockdown of either SPTLC2 or
SPTLC3, and expression of autophagy markers was measured
by Western blot after treatment with myristate. Consistent
with the known role of d18:0 sphingolipids in autophagy,
knockdown of SPTLC2 prevented induction of Atg7 protein
expression (Fig. 10B). In contrast, knockdown of SPTLC3 failed
to prevent an increase in Atg7 protein in response to myristate.
Similarly, myristate-induced autophagic flux, as indicated by
lipidation and degradation of the autophagy protein LC3B, was
prevented by knockdown of SPTLC2 but not SPTLC3 (data not
shown). These results suggest that SPTLC2, but not SPTLC3, is
required for myristate-dependent induction of autophagy in
cardiomyocytes.
Induction of Cell Death by d16 Sphingolipids—In addition to

autophagy, cell death is amajor sphingolipid-associated cellular
outcome (36). However, all previous data addressed d18 sphin-
golipids specifically or utilizedmethods (such as pharmacologic
inhibitors of SPT or CerS) that do not distinguish among spe-
cies based on alkyl chain length.Due to the differential effects of
d16 and d18 sphingolipids on induction of autophagy, we
examined whether cell death might also occur in an alkyl chain
length-dependent manner in cardiomyocytes.
To test this, H9c2 immortalized cardiomyocytes were

treated with d16:0- or d18:0-DHS, and cell viability was
assessed by an MTT assay. Strikingly, whereas treatment with
d18:0-DHS had no effect, treatment with d16:0-DHS signifi-
cantly promoted cell death (Fig. 11A). This difference held true

over an extended time course (Fig. 11B). Suggesting that this
cell death might be mediated, at least in part, through apopto-
sis, treatment of primary adult cardiomyocytes with d16:0-
DHS, but not d18:0-DHS, promoted cleavage of the nuclear
enzyme PARP, which is an important marker of apoptosis (Fig.
12) (37). These findings, together with the observations of dif-
ferential effects of d16 and d18 sphingolipids on autophagy,
provide the first direct evidence that d16 and d18 sphingolipids
have non-overlapping molecular roles in the heart.

DISCUSSION

The regulation of sphingolipid production in the heart is a
subject of considerable interest, especially in light of the known
involvement of sphingolipids in multiple forms of cardiac
pathology (reviewed in Ref. 38). However, most studies have
examined the effects of modulating bulk sphingolipid produc-

FIGURE 9. Control of d16 sphingolipid levels and SPTLC3 expression by
fatty acids. A, treatment with the saturated fatty acid myristate (Myr; C14:0),
but not palmitate (Pal; C16:0), stimulated production of d16:1-ceramide (Cer)
and d16:0-dihydroceramide (DHC). B, myristate, but not palmitate, treatment
also stimulated an increase in SPTLC3 mRNA levels. Primary adult cardiomyo-
cytes were treated with BSA or fatty acid conjugated to BSA, as indicated, for
16 h. Lipids and RNA were extracted and prepared for analysis by LC-MS or
qRT-PCR, respectively, as indicated under “Materials and Methods.” Results
are presented as mean � S.E. (error bars). *, p � 0.05 versus BSA; #, p � 0.05
versus palmitate.

FIGURE 10. SPTLC3 and d16:0-DHS did not contribute to myristate-in-
duced sphingolipid-dependent autophagy. A, treatment with d18:0-DHS
induced expression of the autophagy markers Beclin 1 and Atg7. In contrast,
treatment with d16:0-DHS did not induce Beclin 1 or Atg7 expression. Primary
adult cardiomyocytes were treated with vehicle or with 2.5 �M d18:0-DHS or
d16:0-DHS, as indicated, for 3 h. RNA was extracted and analyzed by qRT-PCR
as indicated under “Materials and Methods.” B, knockdown of SPTLC2, but not
SPTLC3, protected isolated cardiomyocytes from overexpression of the
autophagy marker Atg7. Cells were transfected with siRNA for 24 h and then
treated with BSA or 0.l mM myristate for 16 h, as described under “Materials
and Methods.” Quantifications of immunoblots are presented with repre-
sentative images; non-contiguous lanes, separated by white lines, are shown
from the same gel. All results are presented as mean � S.E. (error bars). *, p �
0.05 versus vehicle or BSA plus control siRNA.

FIGURE 11. d16:0-DHS treatment diminished cell viability in cardiomyo-
cytes. Treatment with 2.5 �M d16:0-DHS, but not d18:0-DHS, diminished cell
viability of H9c2 immortalized cardiomyocytes, as determined by the MTT
assay. A, cells were treated for 3 h and subjected to the MTT assay, as
described under “Materials and Methods.” B, even over an extended time
course of 4.5 and 9 h, cell viability was reduced selectively by d16:0-DHS but
not d18:0-DHS. There was no significant difference between vehicle groups at
4.5 and 9 h of sphingoid base treatment (p � 0.6). Results are presented as a
percentage of vehicle for each time point and given as mean � S.E. (error
bars). *, p � 0.05 versus vehicle; @, p � 0.05 versus d18:0-DHS.
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tion, with roles for individual sphingolipid species and themet-
abolic routes from which they derive remaining largely unde-
fined. Thus, identification of mechanisms by which cardiac
sphingolipid profiles are regulated, particularly under patho-
logical conditions, such as lipid overload,may reveal novel ther-
apeutic targets.
The present study defines the production andmetabolism of

non-canonical myristate-derived sphingolipids in the myocar-
dium. Although previous studies revealed that myristate-de-
rived d16:0-DHS is produced by the SPTLC3 subunit of SPT
(7), no information is available about the subsequent metabo-
lism of this sphingoid base or about the regulation of the
SPTLC3 subunit. The present study demonstrated that micro-
somal SPT derived from myocardium, which robustly
expresses SPTLC3, readily utilized myristoyl-CoA in vitro.
Indeed, SPTutilizedmyristoyl-CoAandpalmitoyl-CoAequally
well, mirroring the relative levels of d16:0- and d18:0-DHS
observed in vivo. These sphingolipid profiles also accord well
with basal in vivo acyl-CoA levels; myristoyl-CoA and palmi-
toyl-CoA are equally abundant in the myocardium (39). In
addition to d16 and d18 sphingolipids, some d20:0-DHS and
d20:1-sphingosine were also detected in the heart. However, no
d20:0-DHC or d20:1-Cer were found to be present. Because
sphingosine is produced by deacylation of Cer, this suggests
that these bases may be taken up from the plasma. Further-
more, a very recent report suggests that d20 sphingoid bases
may be produced through SPTLC2, in combination with a
putative small subunit of SPT (40).
This study also provided the first account of the metabolism

of d16:0-DHS, bringing to light a potential for improvement in

current lipidomic strategies. Standard LC-MS-based detection
methods may overlook species not specifically targeted for
analysis (41). Because it was heretofore unknown that d16 sph-
ingolipids constituted an appreciable proportion of simple sph-
ingolipids in some tissues, analyses have been selectively
focused on detection of traditional d18 sphingolipids.However,
based on data presented here, we propose that analyses of tis-
sues highly expressing SPTLC3 might be more comprehensive
if d16 sphingolipid levels were also taken into account. This
bears particular relevance to experimental contexts inwhich no
increase in d18 sphingolipids was detected, yet inhibition of
SPT by myriocin was found to be protective.
Because subunit expression profilesmay differ across species

and are sensitive to dietary fat composition and possibly other
variables, itmay be beneficial tomeasure SPTLC3 expression or
basal d16 sphingolipid levels when designing and interpreting
sphingolipid-oriented studies. For example, in our hands,
SPTLC3 was not richly expressed in the livers of 12-week-old
male mice maintained on standard laboratory chow (data not
shown), whereas a previous report indicated that SPTLC3 is
abundantly expressed in human liver (19). Thus, there may be
roles for SPTLC3 in the human liver that would have been
missed by investigations in those mice. Likewise, disparities
were observed between circulating sphingoid base levels in
mice and humans. Whereas circulating levels of d18 sphingoid
bases were similar, the concentration of d16 sphingoid bases in
murine plasma was only about 10% of that observed in humans
(7). This could possibly result in significant functional differ-
ences; d16 sphingoid bases comprise as much as 15% of total
circulating sphingoid bases in humans and have been suggested
as a potential biomarker for type 2 diabetes (7, 42). Because
circulating sphingolipids have been shown to act on tissues
other than their tissue of origin (43), circulating d16 sphingo-
lipids may affect tissues that do not produce them endoge-
nously, if they are present in sufficient amounts. In contrast to
these two examples, this study found that expression of SPT
subunits in the murine heart reflected those previously
reported in humans, supporting the potential relevance of
results in this system to human health (19). Furthermore,
SPTLC3 expression was shown to be responsive to exogenous
myristate levels through an unknown mechanism, possibly
involving myristoylation of transcription factors or regulatory
proteins. These findings illustrate the need to be aware of vari-
ations in SPTLC3 expression and d16 SL levels across model
systems, especially when assessing the clinical relevance of
experimental outcomes.
In the present study, LC-MS analyses revealed that myocar-

dial d16 sphingolipids form similar proportions of DHS and
DHC but are not further metabolized efficiently, comprising
only a very small amount of total Cer and sphingosine. This
suggests that d16:0-DHSmay be poorly utilized by the dihydro-
ceramide desaturase enzymeDes1, which converts DHC toCer
(44); alternatively, it may be sequestered from Des1 through
differential targeting to cell membranes or organelles. Because
numerous studies indicate distinct roles for DHC and Cer, the
lack of conversion of d16:0-DHC to d16:1-Cer may represent
sequestration of these lipids from further metabolism that
could promote pathological processes. On the other hand, our

FIGURE 12. d16:0-DHS treatment promoted PARP cleavage in cardiomyo-
cytes. Treatment with d18:0-DHS resulted in increased expression of the
intact PARP enzyme (116 kDa) but did not increase levels of its cleaved form
(89 kDa). In contrast, d16:0-DHS treatment increased levels of the cleaved
form of PARP but not of its intact form. Primary adult cardiomyocytes were
treated with vehicle or with 2.5 �M d18:0-DHS or d16:0-DHS, as indicated, for
3 h. Cells were subject to immunoblotting, as described under “Materials and
Methods.” Quantifications are shown with images from a representative
immunoblot. Top and bottom bands of PARP are shown from different expo-
sures of the same lanes in order to prevent image oversaturation. In our hands
under the present culture conditions, primary cardiomyocytes displayed a
low but detectable basal level of PARP cleavage and cell death; however, this
is normal for this cell type under these conditions. Quantifications of immu-
noblots were normalized to actin and are presented as mean � S.E. (error
bars). *, p � 0.05 versus vehicle.

The Myocardium Produces Non-canonical Sphingolipids

MAY 10, 2013 • VOLUME 288 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 13405



data do not preclude other explanations, such as addition of
specific headgroups to d16:0-DHC, rapid metabolism of d16:1-
Cer to sphingomyelin, or differential rates of turnover of d16
sphingolipids. Notably, d16:1-Cer was muchmore abundant in
isolated feline cardiomyocytes, comparedwith totalmyocardial
extract from mice. This may be due to confounding non-
myocytes, such as fibroblasts, in the total myocardial lysate;
to interspecies differences in Des1p substrate preferences; or
to metabolic differences between working and quiescent
cardiomyocytes.
Intriguingly, data showed that d16:0-DHS was only metabo-

lized to d16:0-DHC and d16:1-Cer containing selected N-acyl
chains, predominantly C18:1 and C20:0. These results
prompted investigations into the in vitro utilization of d16:0-
DHS by individual CerS isoforms, which revealed CerS1 to be
the only CerS enzyme that preferentially utilized d16:0-DHS,
compared with the canonical d18:0-DHS. Despite this, it
appearsmore likely that other CerS isoforms, specifically CerS4
and possibly CerS2, mediate N-acylation of d16:0-DHS in the
heart. This notion is based on known patterns of CerS expres-
sion in the heart and the observed N-acyl profiles in this study.
Specifically, the heart primarily expresses CerS2, CerS4, and
CerS5, with very little CerS1 being detected (28, 31). Further-
more, the bias of d16:1-Cer and d16:0-DHC N-acyl profiles
toward very long-chain fatty acids suggests that CerS5, which
produces only long-chain Cer, is a less important player than
CerS2 and CerS4 (28, 31). Because CerS4 is the most highly
expressed CerS isoform in the heart (45), produces the major
N-acyl chain lengths observed in d16 DHC and Cer, and was
up-regulated under conditions that promoted d16 DHC and
Cer production, it appears that CerS4may be themajor isoform
of d16 DHC and Cer synthesis in the heart. Future experi-
ments will test this hypothesis and its functional implica-
tions directly. In addition to these findings, it should be
noted that, although CerS activity comprises the canonical
route of DHC and Cer synthesis, some stress conditions may
activate reverse ceramidase activity, which synthesizes Cer
from sphingosine and an acyl-CoA; this pathway is most
prominent in the mitochondria (27, 46). Although reverse
ceramidase activity does not account for a major proportion
of basal d18:1-Cer synthesis, its impact on d16:1-Cer metab-
olism remains to be assessed.
Increases in bulk sphingolipids have been shown to lead to

cardiac hypertrophy and dysfunction in lipid overload (32, 47).
Although de novo sphingolipid synthesis has been implicated in
many pathological aspects of heart disease (reviewed inRef. 38),
only limited information is available about the roles of specific
sphingolipids in these processes (20). Recent studies have indi-
cated that plasma lipid profiles in obese individuals demon-
strate a shift toward shorter, saturated acyl chains, such as
myristate, which can be utilized by SPTLC3 for sphingoid base
synthesis (7, 48). Furthermore, we recently reported that feed-
ingwith a high fat diet rich inmyristate promoted sphingolipid-
dependent cardiac dysfunction and hypertrophy (20). These
findings were recapitulated in isolated cardiomyocytes; myris-
tate oversupply, but not oversupply of palmitate, induced path-
ological sphingolipid-dependent autophagy and subsequent
autophagy-dependent hypertrophy. Because the present study

has demonstrated that oversupply of myristate, but not palmi-
tate, selectively potentiated SPTLC3 expression and d16:1-Cer
and d16:0-DHC production, we examined whether d16 sphin-
golipids might contribute to the proautophagic effect of myris-
tate. Surprisingly, whereas d18:0-DHS treatment promoted
overexpression of Beclin 1 and Atg7, treatment with d16:0-
DHS had no such effect. Indicating that this was not merely a
dose- or time-dependent difference between exogenous base
treatments, knockdown of SPTLC2, but not SPTLC3, was suf-
ficient to prevent induction of Atg7 expression and autophagic
flux by myristate, demonstrating the first known difference in
biochemical roles between SPTLC2 and SPTLC3.
These results indicated distinct functions for SPTLC2 and

SPTLC3 as well as their products. This notion was further sup-
ported by evidence from a heart-specific SPTLC2 knock-out
mouse (49). In this model, loss of SPTLC2 led to cardiac dys-
function, hypertrophy, and fibrosis. Although SPTLC3 expres-
sion increased spontaneously upon SPTLC2 ablation, it was
insufficient to prevent these deleterious outcomes. The present
study indicated that treatment with d16:0-DHS, but not d18:0-
DHS, dramatically induced cell death in H9c2 immortalized
cardiomyocytes. Furthermore, only d16:0-DHS treatment pro-
motedPARPcleavage,which is a key proapoptotic event (37), in
isolated adult cardiomyocytes. This pro-cell death function of
d16 sphingolipids may explain, at least in part, why increased
SPLTC3 expression did not protect from cardiac dysfunction in
SPTLC2 knock-out mice (49). Together, these findings suggest
functional nonequivalence between myristate- and palmitate-
derived sphingoid bases as well as between SPTLC2 and
SPTLC3.
Although specific roles for d16 sphingolipids remain under

investigation, there are hints in the literature that these lipids
do play a functionally important part in human health. In par-
ticular, a reduction in circulating d16 sphingolipids was sug-
gested as a biomarker for the transition from the metabolic
syndrome to frank type 2 diabetes (42). Furthermore, a recent
study identified a single nucleotide polymorphism of SPTLC3
that is positively associated with both SPTLC3 expression
and total hepatic lipid content in human liver biopsies; this
indicates a potential role for SPTLC3 in regulation of fat
storage in the human liver (50). Finally, a genome-wide asso-
ciation study linked some human SPTLC3 alleles to protec-
tive odds ratios in myocardial infarction, suggesting a role
for SPTLC3 or its products in the heart (51). Future studies
will address the roles of SPTLC3 and its product in the dia-
betic myocardium.
Although active signaling roles for SPTLC3 and d16 sphin-

golipids are the subject of ongoing research, these lipids may
also have passive roles in cardioprotection. For example, de
novo synthesis of d16:0-DHS utilizes the same acyl-CoA sub-
strate required for production of d18:1/C14-Cer, which stimu-
lated prohypertrophic autophagy in isolated cardiac myocytes
(20). Thus, SPTLC3-based SPTmay provide an alternative and
possibly preferential fate for myristoyl-CoA within the sphin-
golipid metabolic pathway. This notion is supported by the
finding that left ventricular concentrations of d16 sphingolipids
are much higher, and increase much more upon high fat feed-
ing, than those of d18:0/C14-DHC and d18:1/C14-Cer com-
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bined (20) (data not shown). Although d16 sphingolipids
appear to be proapoptotic, autophagic cell death may be more
prevalent in the failing heart, and antiapoptotic programs may
be sufficient to antagonize the proapoptotic effects of d16 sph-
ingolipids in vivo (52, 53). We thereby speculate that produc-
tion of d16:0-DHS, which did not induce autophagy, may act as
a metabolic sink for myristoyl-CoA that could otherwise be
utilized for production of cardiotoxic lipids.
Another possible role for d16 sphingolipids stems from their

biophysical effects;N-acyl chain lengths of sphingolipid species
have been shown to impact numerous important membrane
properties, which in turnmodulate activity of somemembrane-
resident proteins (18, 54–63). Likewise, incorporation of
short-chain sphingolipids into cellular membranes could
alter membrane curvature and fluidity, producing down-
stream effects in a manner independent of traditional signal-
ing modalities. Future studies will aim to test these hypoth-
eses and to identify potential signaling roles of d16
sphingolipids in the myocardium.
In conclusion, SPTLC3 is highly expressed in the myocar-

dium and in isolated cardiomyocytes. Increased incorporation
of the SPTLC3 subunit alters acyl-CoA selectivity of the SPT
complex, and its products are differentially utilized by the
enzymes of sphingolipid metabolism. Moreover, concentra-
tions of these metabolites respond positively to exogenous
myristate levels and high myristate feeding, possibly as a pro-
tective regulatory feedback loop. Indeed, SPTLC3 could poten-
tially function as a regulatory switch that routes myristoyl-CoA
into DHS, thereby preventing its incorporation into d18:1/
C14:0-Cer, a metabolite with cardiotoxic properties. Addition-
ally, signaling functions of d16:0-DHS and d18:0-DHS appear
to be distinct, possibly due to differential metabolism into
downstream bioactive sphingolipids. Specific roles for d16:0-
DHS and its derivatives in the heart and their potential involve-
ment in the regulation of cell death remain under investigation.
These hypotheses will be tested in ongoing studies, which seek
to address the specific functions of SPTLC3 and d16 sphingo-
lipids in the myocardium as well as to test the potential role of
SPTLC3 as a metabolic routing switch.
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