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Abstract The backbone of all sphingolipids (SLs) is a sphin-
goid long-chain base (LCB) to which a fatty acid is N-acylated.
Considerable variability exists in the chain length and degree
of saturation of both of these hydrophobic chains, and recent
work has implicated ceramides with different LCBs and
N-acyl chains in distinct biological processes; moreover, they
may play different roles in disease states and possibly even
act as prognostic markers. We now demonstrate that the half-
life, or turnover rate, of ceramides containing diverse N-acyl
chains is different. By means of a pulse-labeling protocol us-
ing stable-isotope, deuterated free fatty acids, and following
their incorporation into ceramide and downstream SLs, we
show that very-long-chain (VLC) ceramides containing C24:0
or C24:1 fatty acids turn over much more rapidly than long-
chain (LC) ceramides containing C16:0 or C18:0 fatty acids
due to the more rapid metabolism of the former into VLC
sphingomyelin and VLC hexosylceramide. In contrast, d16:1
and d18:1 ceramides show similar rates of turnover, indicat-
ing that the length of the sphingoid LCB does not influence
the flux of ceramides through the biosynthetic pathway.lll To-
gether, these data demonstrate that the N-acyl chain length of
SLs may not only affect membrane biophysical properties but
also influence the rate of metabolism of SLs so as to regulate
their levels and perhaps their biological functions.

Supplementary key words ceramide e sphingomyelin ® hexosylce-
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Sphingolipids (SLs) are important membrane compo-
nents that have become the focus of great interest over the
past couple of decades due to their roles in membrane
structure, cellular signaling, and human disease (1). In hu-
man disease, SL levels are altered either as the cause of the
disease (such as in the SL storage diseases) or as a second-
ary response in diseases as diverse as cancer (2, 3), epilepsy
(4), cystic fibrosis (5), diabetes (6), and CVDs (7, 8). Inter-
estingly, saturated ceramides with different Nacyl chain
lengths, namely long-chain (LC) compared with very-long-
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chain (VLC) ceramides, appear to play specific roles in dia-
betes (9, 10) and in CVD (11), in which L.C ceramides are
more deleterious than VLC ceramides. Moreover, the ratio
of plasma LC ceramides versus d18:1/C24:0 ceramide can
act as a prognostic biomarker for CVD and appears to be a
better marker than the commonly used low-density lipo-
protein cholesterol. In addition, the complexity of SL struc-
tures is becoming more apparent by advances in analytical
mass spectrometry, along with significant progress in iden-
tifying most, if not all, of the enzymes related to SL. metabo-
lism or those that impinge upon SL metabolism (12).

Ceramide is the basic building block of all complex SLs
and consists of a sphingoid long-chain base (LCB) to which
an FA is Nacylated. Ceramide is generated by ceramide
synthases (13, 14), of which six exist in mammals, each of
which is defined by its use of specific fatty acyl CoAs for the
generation of ceramides with defined N-acyl chain lengths.
Despite significant advances in delineating SL structure
and understanding how they are generated, little informa-
tion is available about the metabolic fate of different SLs or
their rate of turnover and flux through the biosynthetic
pathway. Nonnatural substrates, or stable isotopes of palmi-
tate (15, 16), serine (15, 17, 18), sphingoid LCBs (19, 20)
(including both phytosphingosine and dihydrosphingo-
sine), glucose (17), and water (18) have been used to ex-
amine SL metabolism. By way of example, upon labeling
MCF?7 cells with stable isotope d17 sphinganine, dihydroc-
eramide generation took place within 15 min, whereas the
synthesis of more complex SLs, such as SM and hexosylce-
ramide (HexCer), occurred up to 1 h after the pulse (20).

Essentially no studies have attempted to determine
whether SLs with different N-acyl chain lengths are metab-
olized at different rates. We now label SLs using stable-
isotope, deuterated FFAs and show that the length of the
N-acyl chain affects the rate of ceramide turnover, whereas
the length of the LCB has no effect.

MATERIALS AND METHODS

Materials

Stable-isotope, deuterated FFAs [C16:0(d9), hexadecanoic acid
(13,13,14,14,15,15,16,16,16-d9); C18:0(d9), octadecanoic acid
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(15,15,16,16,17,17,18,18,18-d9); C24:0(d4), tetracosanoic acid
(12,12,13,13-d4); and C24:1(d7), tetracosanoic acid 157 (22,22,
23,23,24,24,24-d7) ] were from Avanti Polar Lipids (Alabaster,
AL). Lserine (2,3,3-d3, 98%; 15N, 98%) was from Cambridge Iso-
tope Laboratories, Inc. (Tewksbury, MA). Defatted BSA, FFAs,
serine, and a protease inhibitor cocktail were from Sigma-Aldrich
(St. Louis, MO). DMEM and FCS were from Gibco (Paisley, UK),
and supplementary antibiotics and sodium pyruvate were from
Biological Industries (Beit HaEmek, Israel).

Cell culture

Hek293T cells were cultured in DMEM supplemented with
10% FCS, 100 IU/ml penicillin, 100 pg/ml streptomycin, and 110
pg/ml sodium pyruvate.

Pulse-chase labeling of SLs

Cells cultured at 37°C in 5% CO, were pulsed with 20 pM deu-
terated FFAs(dx) (Fig. 1A) complexed with 20 pM defatted BSA
in DMEM supplemented with 10% FCS, 100 IU/ml penicillin, 100
pg/ml streptomycin, and 110 pg/ml sodium pyruvate for 12 h
(pulse). The medium was then replaced with unlabeled FFAs (20
M) for appropriate times (chase) (Fig. 1A) before the cells were
removed from the dishes by scraping into PBS. The medium was
centrifuged twice at 800 gfor 4 min. Cell homogenates were pre-
pared in 20 mM HEPES-potassium hydroxide (pH 7.2), 25 mM
potassium chloride, 250 mM sucrose, and 2 mM MgCl, containing
a protease inhibitor cocktail. Protein concentration was deter-
mined using the BCA protein kit (Thermo Fisher Scientific,
Waltham, MA).

Lipidomics

SLs were extracted from cell homogenates by resuspension in
PBS followed by a modified Folch extraction (21) using a Hamil-
ton Microlab Star system (Hamilton Robotic AB, Kista, Sweden)
(22). Glycerophospholipids were degraded by mild alkaline hy-
drolysis. An aliquot was evaporated under N, followed by the ad-
dition of 1 ml 0.1 M sodium hydroxide-methanol for 2 h at room
temperature. Sodium phosphate (100 pl; pH 7.0) and hydrogen
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chloride (100 pl) were added and evaporated under Ny overnight.
The dried pellet was dissolved in 600 pl chloroform-methanol
(2:1; v/v) followed by 300 nl 20 mM acetic acid and reextraction
by the Folch procedure (22). Ceramide, HexCer, lactosylce-
ramide (LacCer), globotriaosylceramide (Gb3), and SM were an-
alyzed using a targeted approach by UHPLC-MS (23, 24). An
Acquity BEH C18 2.1 x 50 mm column with a particle size of 1.7
pm (Waters, Milford, MA) was used with the mobile phases con-
taining 10 mM ammonium acetate in water with 0.1% formic acid
(solvent A) and 10 mM ammonium acetate in acetonitrile-isopro-
panol (4:3; v/v) containing 0.1% formic acid (solvent B). SLs
were analyzed on a hybrid triple quadrupole/linear ion trap mass
spectrometer (5500 QTRAP) equipped with a UHPLC system
(Ekspert ultral.C 110-XL. or Shimadzu Nexera X2) using multiple
reaction monitoring in positive ion mode. Lipids were quantified
using internal standards (25). Data processing was performed by
MultiQuant software and SAS.

RESULTS

Using UHPLC-MS, ~80 SL species were detected in Hek
cells, with five major groups analyzed (Fig. 1B), namely
ceramide, SM, HexCer, LacCer, and Gb3. As expected, the
major SL. was SM, which was found at ~10-fold higher
levels than ceramide, whereas HexCer levels were somewhat
lower than SM but significantly higher than their down-
stream glycosylated derivatives. Levels of these SLs were
similar upon incubation with each of the FFAs(dx) (Table 1),
which were incorporated into each SL class at a somewhat
differentlevel. For instance, after the 12 h pulse, C16:0(d9),
C18:0(d9), and C24:0(d4) FAs made up ~0.2% to 5% of
each SL class, whereas C24:1(d7) FAs made up ~10% of
SM, LacCer, and Gb3 but ~30% of ceramide and HexCer
(Table 1). However, we conclude that the incubation of Hek
cells with FFAs(dx) did not differentially affect the global
SL composition of the cells.
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TABLE 1.

SL profile upon incubation of Hek293T cells with FFAs(dx)

Ceramide SM HexCer LacCer Gb3
FFA(dx) Incubation pmol/mg protein
C16:0(d9) Total 297 + 102 3,106 + 312 2,041 + 647 484 + 212 58.1+9.8
SLs(dx) 6.3+0.4 172 £ 18.0 60.8 + 6.3 7.6+27 1.0+0.2
C18:0(d9) Total 366 + 128 3,967 + 964 2,671 + 1,330 602 + 149 69.9 + 24.8
SLs(dx) 2.7+0.9 40.6 + 13.8 24.7+79 3.3+1.0 0.1+0.1
C24:0(d4) Total 413 + 98 4,075 + 1,345 2,783 + 1,594 638 + 165 82.1 +43.7
SLs(dx) 17.1+5.0 104+ 1.3 29.5 +6.9 3.8+2.0 0.1+0.1
C24:1(d7) Total 402 + 135 3,845 + 1,064 2,807 + 1,755 617 £ 124 76.4 + 35.6
SLs(dx) 140 + 67 388 + 122 827 + 1057 583+11.2 7.8+4.6

Data are means + SDs of three individual experiments performed in triplicate. Cells were incubated with each
of the FFAs(dx) for 12 h, and SLs (ceramide, SM, HexCer, LacCer, and Gb3) were measured, including both
deuterated (dx) and nondeuterated SLs, the values of which are given in the top rows (Total). The second row
[SLs(dx)] shows the levels of deuterated SLs in each SL class.

The incorporation of different FAs(dx) into each lipid
class showed significant differences between FFA(dx) treat-
ment. For instance, C16:0(d9) and C18:0(d9) were incor-
porated mainly into SM and C24:0(d4) was incorporated
into ceramide, whereas both C24:0(d4) and C24:1(d7)
were incorporated at high levels into HexCer (Fig. 2A).
This was unrelated to the initial amount of FAs(dx) incor-
porated into the SLs (Fig. 2A, B) and may reflect a differ-
ence in the flux rate of SLs with different acyl chain lengths
into downstream SLs. While these data suggest that differ-
ent enzymes in the SL pathways have specific preferences
for substrates with a particular Nacyl chain length, they do
not address the rate of turnover of specific SLs with de-
fined acyl chain lengths.

To determine the latter, we examined levels of SLs(dx)
after various times of chase with unlabeled FFAs. Ceramide
levels decreased over the 24 h since the beginning of the
chase (Fig. 3A), but there was a noticeable difference in
the rate of turnover of LC compared with VLC ceramide.
Thus, ~50% of the C16:0(d9) ceramide and C18:0(d9)
ceramide persisted after the 24 h chase, whereas <~20% of
C24:0(d4) ceramide and C24:1(d7) ceramide persisted after
the same time period. For the latter two VLC ceramides,
it was possible to calculate half-lives of turnover, which
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Fig. 2. Incorporation of FFAs(dx) into SLs. A: mol% of SL(dx)
classes. B: Levels of all SLs(dx) (ceramide, SM, HexCer, LacCer, and
Gb3 of all chain lengths) after incubation with different FFAs(dx) at
the end of the 12 h pulse. Data are means + SDs of three individual
experiments in triplicate.
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were 4.4 + 1.6 and 4.5 + 0.8 h, respectively. The reason for
the more rapid turnover of the VLC ceramides is likely to
be their metabolism to C24:0(d4) SM and C24:1(d7) SM
(Fig. 3B) and C24:0(d4) Hex Cer and C24:1(d7) HexCer
(Fig. 3C), whereas the metabolism of C16:0(d9) ceramide
and C18:0(d9) ceramide was much slower. Similar results
were obtained when examining the turnover of FAs gener-
ated by FA elongation. Thus, when cells were incubated
with the FFAs(dx), C16:0(d9) FA was elongated to both
C18:0(d9) and C20:0(d9), C18:0(d9) FA was elongated to
C20:0(d9) FA, C24:0(d4) FA was elongated to C26:0(d4)
FA, and C24:1(d7) FA was elongated to C26:1(d7). A pre-
cise half-life for C18:0(d9) ceramide generated by elonga-
tion could not be calculated, but ~70% of the C18:0(d9)
ceramide remained after the 24 h pulse; however, a half-
life could be measured for C26:0(d4) ceramide and
C26:1(d7) ceramide (6.1 +1 and 5.0 + 0.7 h, respectively).

Together, these data show that the flux of LC ceramide
into downstream SLs is significantly slower than VLC
ceramide. This conclusion was supported by an indepen-
dent approach in which Hek293T cells were incubated
with 4.2 mg/ml r-serine (d3,15N) /37.8 mg/ml 1-serine for
12 h followed by a chase with 42 mg/ml L-serine. After the
24 h chase, levels of C16:0(d3,15N) and C18:0(d3,15N)
ceramide were ~50% of that measured at the beginning
of the chase, whereas levels of C24:0(d3,15N) ceramide
and C24:1(d3,15N) ceramide were <25% of the initial
level, irrespective of the level of the different ceramide (dx)
species at the beginning of the chase, confirming that VLC
ceramides turn over more rapidly than LC ceramides.

While the acyl chain length of the FA in ceramide signifi-
cantly affected the rate of ceramide turnover, the length of
the sphingoid LCB had no effect on ceramide turnover.
Thus, during the 24 h chase, the rate of turnover of d16:1
and d18:1 ceramides, irrespective of the MN-acyl chain
length, was similar (Fig. 4).

DISCUSSION

While the cellular sphingolipidome is relatively well stud-
ied, far less is known about how levels of individual SL spe-
cies or of different SL classes are regulated. The modes of
regulation of some of the enzymes in both the biosynthetic
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Fig. 3. VLC ceramides turn over more rapidly than LC ceramides.
Hek293T cells were pulsed with FFAs(dx) for 12 h followed by a
chase with FFAs for the indicated times. A: Ceramide (dx) levels dur-
ing the chase with FFAs normalized (by percentage) to the begin-
ning of the chase. B, C: Levels of SM(dx) and HexCer(dx),
respectively, as a ratio to ceramide(dx). Representative data from
one experiment are shown (means + SDs; n = 3), which was re-
peated three times with similar results. SL levels (pmol/mg) at the
beginning of the chase were as follows: C16:0(d9) ceramide, 5.43 +
0.68; C18:0(d9) ceramide, 0.91 + 0.07; C24:0(d4) ceramide, 16.7 +
2.66; C24:1(d7) ceramide, 64.8 + 7.36; C16:0(d9) SM, 139 + 12.69;
C18:0(d9) SM, 13.8 + 0.23; C24:0(d4) SM, 10.2 + 1.62; C24:1(d7)
SM, 371 + 17.0; C16:0(d9) HexCer, 58.0 + 2.31; C18:0(d9) HexCer,
12.3 + 1.62; C24:0(d4) HexCer, 25.0 + 1.45; and C24:1(d7) HexCer,
174.5 + 15.2.
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Fig. 4. LCB composition does not affect ceramide turnover. The
turnover rate of d16:1 (white circles) and d18:1 (black triangles)
ceramides containing the respective FAs(dx) is shown, normalized
(by percentage) to the beginning of the chase. Representative data
from one experiment are shown (means + SDs; n = 3), which was
repeated three times in triplicate with similar results.

and degradative pathways are becoming clear, but an inte-
grated picture of SL flux is lacking (26). The current study
is a step in addressing this problem, inasmuch as we have
shown, by two independent pulse-labeling protocols, that
VLC ceramides turn over more rapidly than LC ceramides,
atleast in cultured Hek cells. Preliminary data from another
cell type, induced pluripotent stem cell-derived hepatocyte-
like cells (HLGCs), is somewhat consistent with the data in
Hek cells. Thus, the turnover of C24:0(d4) ceramide and
(C24:1(d7) ceramide was significantly more rapid than that
of C16:0(d9) ceramide due to the more rapid incorpora-
tion of the former into C24:0(d4) SM and C24:1(d7) SM
and into C24:0(d4) HexCer and C24:1(d7) HexCer (data
not shown). However, the rate of C18:0(d9) ceramide turn-
over in HLCs was more rapid than that detected in Hek
cells (i.e., halflife of ~4.7 h in HLCs), although there was
some variability between different experiments. Whether
this is due to different levels of CerS4 [which generates C18
ceramide (27)] in the two cell types is unclear at present.

In contrast, the sphingoid LCB, at least d16:1 versus
d18:1, does not affect the rate of ceramide turnover. The
enzyme that generates the LCB, serine palmitoyl transfer-
ase (SPT), is a promiscuous heteromeric enzyme that can
not only use a number of amino acids rather than serine
but also fatty acyl CoAs other than palmitoyl CoA. There
are several subtypes of SPT subunits, with combinations of
different SPT subunits conferring different specificities to-
ward acyl CoAs (28). Thus, the complex of LCB1/LCB2/
ssSPTa shows a strong preference for C16-CoA, whereas
LCB1/LCB3/ssSPTa can also use C14-CoA. Irrespective of
the choice, or the availability of fatty acyl CoAs used by SPT,
the LCBs thereby generated do not affect the rate of turn-
over of the respective ceramide species into which they are
incorporated.

The finding that VLC ceramides turn over more rapidly
than LC ceramides may be of significance for understand-
ing the biological functions of these SLs, not least in some
of the human diseases in which they have been implicated.

~ASBMB



Noticeable among these are CVD, in which ratios of ce-
ramides with different N-acyl chain lengths are used as pre-
dictors of death resulting from CVD. Thus, plasma CVD
risk-related ceramides (d18:1/C16:0 ceramide, d18:1/
C18:0 ceramide, and d18:1/C24:1 ceramide) and their ra-
tios with d18:1/C24:0 ceramide, has emerged as potential
risk stratifications for CVD patients (29). The source of
these different ceramides and the route by which they are
released into plasma are not fully understood, and our
current data suggest that an additional factor needs to be
considered when considering the role of LC versus VLC
ceramides in CVD and other diseases, namely their distinct
rates of cellular turnover.

Data availability

The data supporting this study are available in the article
and are available from the corresponding author upon rea-
sonable request.Hll
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