1521-0111/105/3/131-143$35.00
MoLECULAR PHARMACOLOGY
U.S. Government work not protected by U.S. copyright

dx.doi.org/10.1124/molpharm.123.000788
Mol Pharmacol 105:131-143, March 2024

Special Section on Therapeutic Implications for Sphingolipids in Health

and Disease

Expression of Ceramide Synthases in Mice and Their Roles in
Regulating Acyl-Chain Sphingolipids: A Framework for Baseline
Levels and Future Implications in Aging and Disease

Whitney J. Richardson,' Sophia B. Humphrey,' Sophia M. Sears, Nicholas A. Hoffman,
Andrew J. Orwick, Mark A. Doll, Chelsea L. Doll, Catherine Xia, Maria Hernandez-Corbacho,

Justin M. Snider, Lina M. Obeid, Yusuf A. Hannun,

Ashley J. Snider, and @Leah J. Siskind

Department of Medicine, Division of Medical Oncology and Hematology, University of Louisville School of Medicine, Louisville,
Kentucky W.J.R., S.B.H., SM.S., N.A.H., A.J.O., M.A.D., L.J.S.); Department of Medicine and Stony Brook Cancer Center,
Stony Brook University, Stony Brook, New York (M.H.-C., L.M.O., Y.A.H.); Northport Veteran Affairs Medical Center, Northport,
New York (L.M.O., Y.A.H.); School of Nutritional Sciences, College of Agriculture, Life and Environmental Sciences, and
University of Arizona Cancer Center, University of Arizona, Tucson, Arizona (C.L.D., C.X., J.M.S., A.J.S.); and Brown Cancer

Center, University of Louisville, Louisville, Kentucky (L.J.S.)
Received August 23, 2023; accepted November 28, 2023

ABSTRACT

Sphingolipids are an important class of lipids present in all eu-
karyotic cells that regulate critical cellular processes. Distur-
bances in sphingolipid homeostasis have been linked to several
diseases in humans. Ceramides are central in sphingolipid me-
tabolism and are largely synthesized by six ceramide synthase
(CerS) isoforms (CerS1-6), each with a preference for different
fatty acyl chain lengths. Although the tissue distribution of CerS
mMRNA expression in humans and the roles of CerS isoforms in
synthesizing ceramides with different acyl chain lengths are
known, it is unknown how CerS expression dictates ceramides
and downstream metabolites within tissues. In this study, we
analyzed sphingolipid levels and CerS mRNA expression in 3-
month-old C57BL/6J mouse brain, heart, kidney, liver, lung,
and skeletal muscle. The results showed that CerS expression
and sphingolipid species abundance varied by tissue and that
CerS expression was a predictor of ceramide species within tis-
sues. Interestingly, although CerS expression was not predictive

of complex sphingolipid species within all tissues, composite
scores for CerSs contributions to total sphingolipids measured
in each tissue correlated to CerS expression. Lastly, we deter-
mined that the most abundant ceramide species in mouse tis-
sues aligned with CerS mRNA expression in corresponding
human tissues (based on chain length preference), suggesting
that mice are relevant preclinical models for ceramide and
sphingolipid research.
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Introduction
Sphingolipids, a major class of lipids present in all eukaryotic
cells, are bioactive molecules that regulate critical cellular pro-
cesses, such as cell cycle, apoptosis, differentiation, migration,
proliferation, and senescence (Hannun and Obeid, 2018; Trays-
sac et al., 2018). Disturbances in sphingolipid homeostasis man-
ifest in human pathologies, including type 2 diabetes—induced
insulin resistance, cardiovascular disease, Alzheimer disease,
and cancer. Previous studies have implicated sphingolipids as
key regulators of cell biology. However, it is not fully understood
how individual sphingolipid enzymes and their sphingolipid

products impact physiology and disease.
Ceramides are central in sphingolipid metabolism and can
be incorporated into various complex sphingolipids. Generation
of ceramide occurs via one of six ceramide synthase (CerS)
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isoforms (CerS1-6). Each of the six CerSs preferentially incor-
porates specific fatty acyl-CoAs via N-acylation of sphingosine
or dihydrosphingosine (Levy and Futerman, 2010). Moreover,
these CerS are expressed in specific tissues, which can contrib-
ute to the unique roles of CerS isoforms in physiologic and
pathophysiological states. CerS1 synthesizes C18- and C18:1-
dihydroceramide [(dh)ceramide] and is mainly expressed in the
brain and at low levels in skeletal muscle and testis (Levy and
Futerman, 2010). CerS2, which is ubiquitously expressed, with
highest expression in the kidney and liver (Cai et al., 2003),
synthesizes long-chain and very-long-chain (VLC) (dh)cera-
mides (C20-C26). CerS3 synthesizes very-long-chain (dh)cera-
mides (C22-C26), primarily in skin and testis, with the
highest expression in keratinocytes (Mizutani et al., 2006; Ra-
bionet et al., 2008). CerS4, which exhibits the lowest expres-
sion of the CerSs, is expressed in skin, leukocytes, and liver
(Laviad et al., 2008) and synthesizes C18- and C20-(dh)cera-
mide. CerS5 and C6 generate Cl4- and C16-(dh)ceramide
(Levy and Futerman, 2010), with CerS5 being predominantly
expressed in lung epithelial cells; however, the tissue distribu-
tion of CerS6 is less well studied. Ceramides with different N-
acyl chains play distinct roles in biologic processes and may
play different roles in disease states, therefore serving as prog-
nostic markers (Zelnik et al., 2020).

Although the tissue distribution of CerS in humans and
their roles in synthesizing specific ceramides are known, the
mechanisms by which CerS expression regulates steady-state
levels of tissue-specific ceramide species and other major
sphingolipids are not completely understood. Therefore, in
this study, we set out to determine expression levels of CerS,
as well as other sphingolipid enzymes, in specific tissues in
C57BL/6J mice. Expression of these enzymes was evaluated
alongside lipidomics data from the same tissue types. This
publication aims to serve as a resource to fill knowledge gaps
in sphingolipid research and inspire future work in the field.

Materials and Methods

Animal Experiments and Lipidomics. Tissue samples were
collected from 3-month-old male C57BL/6J mice purchased from
Jackson Laboratory (Bar Harbor, ME). C57BL/6J mice were selected
in part due to the fact that many sphingolipid enzyme-deficient
mouse models were generated or backcrossed onto this strain. All
mice were maintained on a 12:12-hour light/dark cycle and provided
ad libitum access to standard chow food and water. All animal proce-
dures were approved by the Institutional Animal Care and Use Com-
mittee of at the Medical University of South Carolina (and were
conducted while L.J.S. and A.J.S. were employed at the Medical
University of South Carolina) and followed the guidelines of the
American Veterinary Medical Association. Tissue samples were col-
lected immediately after euthanasia, snap frozen in liquid nitrogen,
and maintained at —80 C.

Lipidomics were measured by liquid chromatograpy tandem mass
spectrometry (LC-MS/MS) at the Medical University of South Carolina
Lipidomics Facility in 1 mg of tissue and data were normalized to total
protein (Bielawski et al., 2010). Briefly, previously snap-frozen tissues
were isolated on ice and homogenized using a rotor homogenizer in
buffer containing 20 mM Tris-HCl, pH 7.4, and complete protease in-
hibitors. After brief sonication and determination of protein concentra-
tion, 1 mg of protein homogenate was used, and lipids were extracted

by the Lipidomics Core at the Medical University of South Carolina
and analyzed on a Thermo Quantum Ultra triple quadrupole mass
spectrometer tandem Thermo Accela HPLC (Thermo Finnegan, Wal-
tham, MA). The analysis of all sphingolipids was performed in multiple
reaction monitoring mode utilizing mass transitions from Bielawski
et al. (2010) for all sphingolipids. The instrument was operated in posi-
tive ionization mode, with electrospray ionization (ESI) source operat-
ing at 400°C vaporizer temperature, heated capillary at 300°C, and
spray voltage of 3500 V. Source gasses were maintained at 5, 10, and
40 for ion sweep, auxiliary, and Sheath gasses, respectively. Chromato-
graphic separation was accomplished using a Thermo Accela HPLC
system (Thermo Fisher Scientific, Waltham, MA). Chromatography
employed a Peek Scientific C-8 column (4.6 mm x 150 mm x 3 pm). To
enhance the reproducibility of analytes while maintaining a clear sepa-
ration, the column temperature was set at 45°C. The mobile phases
consisted of the following: Mobile phase A was composed of high-perfor-
mance liquid chromatography—grade water containing 0.2% formic
acid and 1 mM ammonium formate (pH 5.6), whereas mobile phase B
(MPB) was composed of high-performance liquid chromatography—
grade methanol with 0.2% formic acid and 1 mM ammonium formate
(pH 5.6). The chromatographic conditions followed this gradient: Ini-
tially, upon sample injection, the mobile phase consisted of 82% MPB
and remained constant for 2 minutes. It was then increased to 90%
MPB by 4 minutes, further increased to 98% MPB by 10 minutes, and
maintained at 98% MPB until 28 minutes. At this point, the mobile
phase was reduced to 82% by 30 minutes and allowed to re-equilibrate
for 5 minutes, resulting in a total gradient time of 35 minutes.

Prior to the analysis of sphingomyelin (SM), base hydrolysis was
performed on an extraction aliquot. For the analysis of SM, a shorter
gradient was employed. Briefly, after sample injection, the gradient
increased from 90% MPB to 99% MPB within the first 7 minutes and
was maintained at 99% MPB until 17 minutes into the gradient.
Subsequently, the gradient was reverted to 90% MPB within 1 mi-
nute and allowed to equilibrate until 21 minutes.

A composite sphingolipid profile for each of the CerS was gener-
ated as follows. Due to the vastly different abundance of sphingolipid
classes, sphingolipid data were first transformed to compositional
data by summing all N-acyl chain lengths for a given species in a
given sample. Then, each molecular species in that class and sample
were divided by the sum to generate the percentage of total data.
Next, the percentage totals of for potential downstream metabolic
products of CerS activity (SMs and hexosylceramides) were averaged
to generate a single representative value reflecting the CerS’ contri-
bution to total sphingolipids measured in each tissue.

Gene Expression. RNA was extracted and purified from eight tis-
sue types, including brain, heart, kidney, liver, lung, and skeletal mus-
cle. A total of 40 samples were used for RNA isolation, with five
samples used per tissue type. RNA was isolated from all tissues using
the E.Z.N.A. Total RNA Kit I from Omega Bio-tek, Inc. (Norcross,
Georgia). RNA was isolated from blood using the SurePrep TrueTotal
RNA Purification Kit from Thermo Fisher Scientific (Waltham,
Massachusetts). The manufacturer’s protocol was followed for each. To-
tal RNA was quantified using a NanoDrop spectrophotometer. cDNA
was synthesized using the High-Capacity cDNA Reverse Transcription
Kit from Thermo Fisher Scientific the per manufacturer’s protocol.
TagMan Real-Time PCR was then used to determine gene expression
of the six isoforms of CerS in each tissue type against one control gene,
p-2-microglobulin (B2M, Mm00437762_m1). The CerS experimental
genes included CerS1 (Mm03024093_mH), Cers2 (Mm01258345_g1),
CerS3 (Mm03990709_m1), CerS4 (Mm00482658_m1), CerS5
(Mm00510998_m1), and CerS6 (MmO00556165_m1). Four additional
experimental genes were evaluated with TagMan Real-Time PCR,
including dihydroceramide desaturase (Degs)-1 (Mm00492146_m]1),
Degs2 (MmO00510313_m1), Sgms2 (Mm00512327_m1), and Ugcg

ABBREVIATIONS: (dh)ceramide, dihydroceramide; Acer, alkaline ceramidase; aCDase, acid ceramidase (protein); Asah1, acid ceramidase
(gene); Asah2, neutral ceramidase; CerS, ceramide synthase; Degs, dihydroceramide desaturase; Gba, f-glucocerebrosidase 2; MPB, mobile
phase B; S1P, sphingosine-1-phosphate; SM, sphingomyelin; SMPD, sphingomyelin phosphodiesterase; VLC, very long chain.




TABLE 1
Primer sequences for real-time primers
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Gene Reverse Primer Forward Primer

Asahl GGTAACATCCATCAAGGTTGTGAA CTTTGCTACCATCTATGATGTCCTATCA
Asah2 CCACGCTCACAAATGCCAT GTGTCAGATATCAATTTGATGGGCTAT
Acerl TCTGGCATCTCATAC TTTGCATC ATTCACTTCTACTACCTGCACAGCAT
Acer2 ACGAAGCAAGGCAGATGAGAA GCGACCAAGCCTTCTGTGA

Acer3 GTATACAAATATGCAGCAGCTGTAAATCA CACATGACTCTGAAATATGAAATGCA
Gba ACACGGATGGAGAAGTCACAACT ACCTACTCAGAAGCTGCTACTCAGATC
Gba2 CTTCAGCTGTCCGGAAACCTT GCAGCCACCATGATCCAAG

Smpd2 TGATCAAATCGGACCTTTCCA GCTGTGACCCTCACAGTGACAA
Smpd3 TCTTTGGTCCTGAGGTGTGCTT CCTCTAAGGGAGCTCTGTTTCTCA
Smpd4 GTTGTGCAAAGGGCTTATTTATAGAGT CTCACCTACAACAGCCTAGTTTCCTT

(MmO00495925_m1). SYBR Real-Time PCR was used to determine
the gene expression of 10 additional genes (reverse and forward pri-
mers listed in Table 1). Primers for acid ceramidase (gene) (Asahl),
neutral ceramidase (Asah2), alkaline ceramidase (Acer)-1, Acer2,
and Acer3 were obtained from Thermo Fisher Scientific, Invitrogen.
Primers forf-glucocerebrosidase (Gba), Gba2, sphingomyelin phos-
phodiesterase (Smpd)-2, Smpd3, and Smpd4 were obtained from Inte-
grated DNA Technologies. Relative gene expression levels within each
tissue were calculated using the —delta delta CT (2424CT). Relative ex-
pression levels for CerS1-6 and genes involved in ceramide synthesis
(Degs1, Degs2, Gba, Gba2, Smpd2, Smpd3, and Smpd4) were normal-
ized to CerS2 as CerS2 mRNA is known to be ubiquitously expressed
and is highly abundant in many tissues (Levy and Futerman, 2010).
Relative expression levels for genes involved in ceramide breakdown
(Acerl, Acer2, Acer3, Asahl, Asah2, Ugcg, and Sgms2) were normal-
ized to Acer3 due to its ubiquitous expression. Statistical analysis was
performed using one-way or two-way ANOVA. *P < 0.05; **P < 0.01;
**xP < 0.001; ****P < 0.0001.

Results

Brain CerSs Expression and Sphingolipidomics.
CerS1 has been shown to be highly expressed in CNS tissues
(Ben-David and Futerman, 2010). Relative CerS expression lev-
els in the brain demonstrated CerS1 to have the highest expres-
sion, with CerS2 and CerS4 closely following (Fig. 1A). Of the
additional CerS enzymes, CerS5 and CerS6 displayed relatively
low expression levels. CerS3 was undetectable in brain tissue.
Several other enzymes also contribute to the generation and/or
degradation of ceramide. Degsl and f-glucocerebrosidase 2
(Gba2) were most abundant in the brain, with Degs2, GBA1,
and Smpd 2, 3, and 4 (Smpd2, Smpd3, Smpd4) having mark-
edly lower levels of relative expression (Fig. 1B). Of the cerami-
dases, Asahl exhibited the highest expression of enzymes that
deacylated ceramide, followed by Acer2 and Asah2 (Fig. 1C).
Lipidomic analyses in the brain indicated that the two most
abundant ceramide and dihydroceramide species contained 18-
carbons—unsaturated C18:1-ceramide, closely followed by satu-
rated C18-ceramide (Fig. 1, D and E). Similar to ceramides,
C18- and C18:1 SMs were the most abundant SM species, but
inversely to the ceramides, C18-SM was more abundant, with
~4.3-fold increase over C18:1-SM (9356 + 1042 pmol/mg protein
versus 2164 + 392.1 pmol/mg protein, respectively) (Fig. 1F).
VLC hexosylceramides (C22-C24:1) were more abundant
than either C18:1 or C18 hexosylceramides (Fig. 1G). In con-
trast to hexosylceramides, but consistent with CerS and SM,
long-chain C16 and C18 lactosylceramides were the most
abundant species. (Fig. 1H). Sphingosine and sphingosine-1-
phosphate (S1P) levels were the most abundant sphingoid
bases (Fig. 1I). In summary, CerS1 exhibited the highest

expression in the brain, and C18 ceramides and SMs were
the most abundant lipid species, demonstrating a correlation
between CerS expression and acyl-chain length sphingolipids
in the brain (Fig. 1, J and K). These data demonstrate the
importance of CerS1 in the brain.

Heart CerSs Expression and Sphingolipidomics.
CerS expression and ceramide generation have been implicated
in heart disease (Russo et al., 2012, 2013). Relative expression
levels for CerS1-6 in the heart revealed CerS4 to have the
highest expression (49%), followed by CerS2 (26%) and CerS5
(22%). The remaining isoforms were present at very small (3%
or less) or undetectable levels (Fig. 2A). Smpd2 and Smpd4, as
well as Gba and Gba2, were most abundant in the heart, with
Degs1, Degs2, and Smpd3 having very low levels of expression
(Fig. 2B). Of the enzymes that deacylated ceramides, Asahl,
Acer3, and Asah2 exhibited the highest levels of relative ex-
pression in the heart, with Acerl and Acer 2 expressed at
lower levels (Fig. 2C). Lipidomic analyses in the heart demon-
strated VLC C20 ceramide (187.6 + 106.4 pmol/mg protein)
and C22:1 dihydroceramide (8.27 + 2.68 pmol/mg protein) to be
the most abundant (Fig. 2, D and E). Contrary to the ceram-
ides, long-chain C16 SM was the predominant SM species in
the heart (Fig. 2F). Hexosyl- and lactosylceramides demon-
strated similar patterns in acyl chain length as the ceramides,
with VLC species having the highest abundance (Fig. 2, G and
H). Sphingosine and dihydrosphingosine levels were also high-
est among the sphingoid bases (Fig. 2I). CerS4 exhibited the
highest level of abundance in the heart, and, as predicted, this
correlated with C20-ceramide and C20-lactosylceramide spe-
cies (Fig. 2, J and K). However, unlike in the brain, C22
(C22:1)-dihydroceramides, C22-hexosylceramides, and C16-SM
were more abundant. These deviations from predicted CerS4
chain lengths could be a result of the relatively high levels of
expression in CerS2 and CerS5 in the heart.

Kidney CerSs Expression and Sphingolipidomics.
Generation of C16 ceramide by CerS5 and Cers6 has been
implicated in kidney disease (Wang et al., 2023). Relative
CerS expression levels in the kidney revealed CerS2 as the
most highly expressed isoform (56%). CerS5 (27%) and CerS6
(16%) expression followed, with the remaining isoforms ex-
pressed at very low (=2%) or undetectable levels (Fig. 3A).
Analysis of additional enzymes that generate ceramide re-
vealed the highest expression of Degsl, followed by Degs2,
Gba, and Smpd2 (Fig. 3B). Asahl displayed fivefold higher
expression than Acer3, and Asah2 expression is also high,
with a ~3.5-fold higher expression than Acer3 (Fig. 3C).
Similar to the heart, VLC ceramides and dihydroceramides
were the most abundant in the kidney, with C24:1-ceramide
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Fig. 3. CerS2 expression regulates sphingolipid acyl-chain length in the kidney. Relative mRNA expression of (A) CerS isoforms, (B) ceramide-

generating enzymes, and (C) ceramide-degrading

enzymes were analyzed using real-time reverse-transcription polymerase chain reaction.

(D-I) Sphingolipid levels were assessed using liquid chromatography tandem mass spectrometry (LC-MS/MS) and normalized to protein [(D) ceramides,
(E) dihydroceramides, (F) SMs, (G) hexosylceramides (HexCer), (H) lactosylceramides (LactCer), and (I) sphingoid bases]. (J) Table detailing CerS expres-
sion and most abundant sphingolipid species in the kidney. (K) Donut plots depicting CerS expression (left panel) and CerS contribution to ceramide spe-

cies (right panel).



(275.6 + 46.5 pmol/mg protein; Fig. 3E) and C20 dihydrocera-
mide (18.9 £ 11.7 pmol/mg protein; Fig. 3E) having the highest
levels. C16 was the predominant species for all complex sphin-
golipid species analyzed (Figs. 3, F-H). Sphingosine levels
were the highest of the sphingoid bases (21.6 + 17.9 pmol/mg
protein; Fig. 3I). Overall, CerS2 had the highest relative
mRNA expression, and C24:1-ceramide had the highest total
concentration among ceramide species (Fig. 3, J and K).
CerS2 preferentially synthesizes long-chain and VLC ceram-
ides, with chain lengths ranging from C20-C26. However,
higher levels of C16 acyl-chains in complex sphingolipids are
likely due to expression of CerS5 and CerS6 (Fig. 3K). These
data support a correlation between CerS expression and cer-
amide species in the kidney.

Liver CerSs Expression and Sphingolipidomics.
Loss of CerS2 in a murine model resulted in significant pa-
thology with age (Pewzner-Jung et al., 2010). Relative CerS
expression levels in the liver demonstrated that ~96% of
CerS in the liver was CerS2, with all other isoforms having
negligible expression (Fig. 4A). Among genes involved in cer-
amide synthesis, Degsl demonstrated similar levels of ex-
pression to that of CerS2 (Fig. 4B). Among genes involved
in ceramide breakdown, Asahl expression was highest
(Fig. 4C). VLC ceramides and dihydroceramides, C20, 22,
C24, and C24:1, were the most abundant species measured in
the liver (Fig. 4, D and E). Similar trends in VLC SM, hexosyl-
ceramide, and lactosylceramide were determined, with C22 be-
ing the predominant species in all complex sphingolipids (Figs.
4, F—H). Similar to measurements in other organ systems,
sphingosine was the most abundant sphingoid base measured
(Fig. 4I). Overall, CerS2 had the highest relative mRNA ex-
pression, and C24:1-ceramide was the most abundant cer-
amide species (Fig. 4, J and K). Similar to the kidney, complex
sphingolipids all exhibited the same acyl-chain (C22) as the
predominant species. These data demonstrate the significance
of CerS2 expression and the coupling of VLC sphingolipids in
the liver.

Lung CerSs Expression and Sphingolipidomics. Ce-
ramides in the lung have been implicated in several diseases,
including asthma (Choi et al., 2020). Examination of CerS ex-
pression in lung tissues demonstrated that CerS2 (40%) and
CerS5 (39%) were highly expressed, followed by CerS4 (16%)
and CerS6 (6%) (Fig. 5A). Gba and Gba2, which also generate
ceramide, also exhibited relatively high expression levels in
the lung (Fig. 5B). Acer2 and Acerl had high relative expres-
sion in the lung, with levels ninefold and fourfold, respec-
tively, higher than CerS2 (Fig. 5C). As anticipated based on
CerS expression, C24:1 (171.8 + 18.9 pmol/mg protein), C24
(159.5 + 32.3 pmol/mg protein), and C16 (106.3 + 25.2 pmol/mg
protein) ceramides were the most abundant in the lungs
(Fig. 5D). Similar to ceramides, C24-dihydroceramide had
the highest concentration for dihydroceramide species. Un-
like the ceramides, dihydroceramides with C20 chain length
were also a major species and were almost as abundant as
the C24-dihydroceramides (Fig. 5E). Similar to the kidney,
C16 was the most abundant species for complex sphingoli-
pids, including SM, hexosylceramide, and lactosylceramide
(Fig. 5, F-H), and sphingosine levels were highest of the
sphingoid bases (Fig. 5I). CerS2 had the highest relative
mRNA expression, and C24:1-ceramide had the highest total
concentration among ceramide species (Fig. 5K). However,
CerS5 also exhibited high expression, and C16 species were
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the predominant acyl-chain for complex sphingolipids. These
data suggest that CerS2 may generate the N-acyl profiles for
ceramides and dihydroceramides, whereas CerS5-generated
ceramides are preferentially used for complex sphingolipids.

Skeletal Muscle CerSs Expression and Sphingolipi-
domics. CerS and specific ceramide species have been impli-
cated in metabolic disease in skeletal muscle and in sarcopenia
(Gosejacob et al., 2016; Turpin-Nolan et al., 2019; Tosetti et al.,
2020). Interestingly CerS1 (37%) was the most highly ex-
pressed CerS, with CerS2 (30%) and CerS5 (26%) also ex-
pressed at relatively high levels (Fig. 6A). Gba was also highly
expressed in skeletal muscle (Fig. 6B). Acerl, Asahl, and
Asah2 were highly expressed relative to expression of both
Acer2 and Acer3 (Fig. 6C). Lipidomics revealed C18 as the
most abundant acyl chain length for all sphingolipids except
hexosylceramide (Fig. 6, D-H; C18 ceramide 1229 + 44.3
pmol/mg protein, C18:1 dihydroceramide 2.73 + 1.7 pmol/mg
protein, C18-SM 758.1 + 214.4 pmol/mg protein, and C18 lacto-
sylceramide 18.45 + 5.1 pmol/mg protein). Interestingly, C24
was the most abundant species for hexosylceramide (Fig. 6G).
Sphingosine displayed the greatest concentration among the
sphingoid bases (Fig. 6I). CerS1 exhibited the highest relative
mRNA expression, and C18 was the predominant species for
all sphingolipids measured (Fig. 6, J and K). These data dem-
onstrate a significant contribution of CerS1 in skeletal muscle
for the generation of sphingolipids C18.

Discussion

In this study, we analyzed relative mRNA expression levels
of CerS1-6 enzymes and their N-acyl chain ceramide products
in six major tissues of C57BL6 mice. We determined correla-
tions between expression of CerS isoforms and the acyl-chain
composition for ceramides and dihydroceramides in the tissues
analyzed. However, CerS expression and N-acyl chain distribu-
tion across complex sphingolipids did not always correlate.
This incongruence suggests that availability of specific cer-
amide species does not singularly determine species generation
of complex sphingolipids and that the mechanism of complex
sphingolipid species formation is not purely substrate driven.
This could result from either substrate preference of SM syn-
thases and glucosylceramide synthase and/or access of these
enzymes to specific substrates based on fine tuning of subcellu-
lar location of specific ceramides.

In kidney tissue, CerS2 displayed the highest relative
mRNA expression. Given that CerS2 preferentially synthe-
sizes ceramides with carbon chain lengths ranging from
C20-C26, we expected to see higher amounts of these chain
lengths in other complex sphingolipids within the kidney as
well, but we only found this to be true for ceramide (C24:1)
and dihydroceramide (C20). These data may indicate that lip-
ids produced in the kidney via CerS2 are responsible for the
lower levels of circulating VLC ceramide previous observed
in diabetic kidney disease by Klein et al. (2014). Though, C16
was found to be the most abundant species for hexosylcera-
mide, lactosylceramide, and SM in the kidney. Interestingly,
another report found correlation between chronic kidney dis-
ease and C16 SM in circulation (Liu et al., 2016), further in-
dicating that the sphingolipid N-acyl profile of the kidneys
may play a larger role in remodeling circulation bioactive lip-
ids in kidney disease states. We suspect that C16-ceramide is
being preferentially used to synthesize complex sphingolipids
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Fig. 4. CerS2 expression regulates sphingolipid acyl-chain length in the liver. Relative mRNA expression of (A) CerS isoforms, (B) ceramide-
generating enzymes, and (C) ceramide-degrading enzymes were analyzed using real-time reverse-transcription polymerase chain reaction. (D-I)
Sphingolipid levels were assessed using liquid chromatography tandem mass spectrometry (LC-MS/MS) and normalized to protein [(D) ceramides, (E) di-
hydroceramides, (F) SMs, (G) hexosylceramides (HexCer), (H) lactosylceramides (LactCer), and (I) sphingoid bases]. (J) Table detailing CerS expression
and most abundant sphingolipid species in the liver. (K) Donut plots depicting CerS expression (left panel) and CerS contribution to ceramide species

(right panel).
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Fig. 5. CerS2 and CerS5 expression regulate sphingolipid acyl-chain length in the lung. Relative mRNA expression of (A) CerS isoforms, (B) cer-
amide-generating enzymes, and (C) ceramide-degrading enzymes were analyzed using real-time reverse-transcription polymerase chain reaction.
(D-I) Sphingolipid levels were assessed using liquid chromatography tandem mass spectrometry (LC-MS/MS) and normalized to protein [(D) ce-
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ing CerS expression and most abundant sphingolipid species in the lung. (K) Donut plots depicting CerS expression (left panel) and CerS

contribution to
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Fig. 6. CerS1 and CerS2 expression regulate sphingolipid acyl-chain length in the skeletal muscle. Relative mRNA expression of (A) CerS iso-
forms, (B) ceramide-generating enzymes, and (C) ceramide-degrading enzymes were analyzed using real-time reverse-transcription polymerase
chain reaction. (D-I) Sphingolipid levels were assessed using liquid chromatography tandem mass spectrometry (LC-MS/MS) and normalized to
protein [(D) ceramides, (E) dihydroceramides, (F) SMs, (G) hexosylceramides (HexCer), (H) lactosylceramides (LactCer), and (I) sphingoid bases].
(J) Table detailing CerS expression and most abundant sphingolipid species in the skeletal muscle. (K) Donut plots depicting CerS expression
(left panel) and CerS contribution to ceramide species (right panel).



in the kidney rather than the predominant ceramide species
with 24-carbon chains. C20-dihydroceramide is also the most
abundant of the dihydroceramide species but not for the
ceramides or complex sphingolipid species; as dihydroceramides
are generated by CerS in the de novo synthesis pathway, this
suggests that Degs could have an acyl chain length specificity
and that the C20-dihydroceramides are not being metabolized
to the corresponding ceramides and complex sphingolipids. The
lung displayed similar patterns to the kidney. Functions of the
lung and kidney are known to be intimately related in health
and disease (Visconti et al., 2016). The similarities in lung and
kidney sphingolipid profiles in our study suggests the potential
for CerS2 as a potential enzyme of interest in pulmonary-renal
crosstalk in health and disease.

Notably, the liver demonstrated congruence of ceramide N-
acyl chain distribution and CerS mRNA expression. The most
abundant species for each complex sphingolipid in liver
aligned with the chain lengths synthesized by CerS2, with
VLC sphingolipids predominant in liver. Unlike other tissues,
the predominant CerS isoform in liver constituted 96% of
CerS expression. The kidney, the tissue with the next highest
single isoform expression, only demonstrated CerS2 constitut-
ing 55% of CerS expression. This could suggest a positive cor-
relation between CerS expression and relative abundance of
individual species across sphingolipid classes. Despite this
consistency in liver tissue, the most abundant ceramide chain
length (C24) was not the most abundant across other classes
of sphingolipids. Instead, complex sphingolipids with 22-car-
bon chains were highest, further supporting the idea that spe-
cies other than the most abundant are preferentially used to
synthesize complex sphingolipids.

Other enzymes included in our study are also known to
demonstrate higher affinity for sphingolipid species of distinct
chain lengths. Acid ceramidase (protein) (aCDase), the en-
zyme responsible for the hydrolysis of ceramide to sphingo-
sine at acidic pH, preferentially binds unsaturated ceramides
with N-acyl chain lengths ranging from C6 to C16 (Parveen
et al., 2019). Notably, Asahl, the gene encoding aCDase, was
consistently highly expressed in all tissues. High expression
of Asahl suggests that high levels of aCDase likely contribute
to the consistently high levels of sphingosine within tissues.
C14- and C16-ceramide displayed low concentrations through-
out most tissues (<20 pmol/mg protein), apart from the lung
and kidney (>100 pmol/mg protein). This could be due to spe-
cific ceramide species’ consumption by aCDase in specific tis-
sues to replenish sphingosine. Additional enzymes involved in
sphingosine generation, including Acerl and Acer2, were also
found to be highly expressed in multiple tissues. Acerl enco-
des alkaline ceramidase 1, which preferentially utilizes ce-
ramides with acyl chain lengths of C24 (Sun et al., 2008).
Acer2 encodes alkaline ceramidase 2 and demonstrated higher
affinity for C16-C24:1 ceramides (Sun et al., 2010). Regenera-
tion of sphingosine from ceramide may be critical within or-
gans, especially in skeletal muscle and kidney. Notably,
sphingosine is subsequently phosphorylated by sphingosine
kinases to S1P. S1P plays a role in a variety of diseases. One
limitation of the current study is that blood levels of sphingoli-
pids were not examined. This is particularly relevant to S1P
as it is secreted and has extracellular roles.

The influence of CerS expression on N-acyl chain sphingoli-
pids has been previously examined in the brain, kidney, liver,
skeletal muscle, and testis (Laviad et al., 2008). This work
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demonstrated the importance of CerS2 in several tissues, in-
cluding kidney and liver. Similar to our studies, CerS2 was
the most abundant CerS in both the kidney and liver. There
were differences between N-acyl chain abundance across
sphingolipid classes in these studies; however, both studies
demonstrated that high levels of CerS2 and CerS5 generated
sphingolipids. CerS1 expression in our studies and by Laviad
et al. (2008) was the most abundant isoform in skeletal mus-
cle tissues, with high levels of C18 ceramide and SM. Inter-
estingly, both studies also showed that VLC (C24 or C24:1)
hexosylceramides were the most abundant. CerS1 was also
found to be the most abundant isoform in the brain in both
studies, with very similar trends in N-acyl chain lengths of
sphingolipids. Studies by Laviad et al. (2008) were conducted
in 6-8-week-old female mice, whereas our studies were con-
ducted in 12-week-old (3 month) male mice. Together, these
studies highlight the importance of CerS in specific tissues,
with some of the differences noted between the studies as po-
tentially being sex based.

CerS expression and ceramide generation were not uni-
form across tissues, suggesting physiologic importance for
specific CerS in specific tissues. Petrache et al. (2013) re-
ported high expression of CerS2 and CerS5, and the respec-
tive C24 and Cl6-ceramides, in the lungs of both mice and
humans, similar to our measurements of CerS2 and VLC ce-
ramides in lungs. Global knockout of CerS2 not only resulted
in a concomitant decrease in C24-ceramide but increased in-
flammation and reduced lung function, suggesting a crucial
role for CerS2 in lung health (Petrache et al., 2013). CerS2
expression and VLC sphingolipid levels are also high in liver
and kidney tissues [Figs. 3 and 4; (Pewzner-Jung et al.,
2010)]. Indeed, mice lacking CerS2 exhibited significant de-
creases in VLC ceramides, hexosylceramides, and SMs. In
addition, these mice developed hepatocarcinomas beginning
at 7 months of age (Imgrund et al., 2009). Similar to the liver,
kidney tissues in these mice also demonstrated significantly
decreased VLC sphingolipids and a concomitant increased
C16 sphingolipids, demonstrating increased CerS5(6) activity
in these tissues in the absence of CerS2. Alterations in these
lipids in the murine kidney were also suggested to alter kid-
ney architecture with age. In humans, a genetic variant in
CerS2 has been linked to increased albuminuria in diabetic
patients (Shiffman et al., 2014). These studies further sug-
gest that CerS expression and sphingolipid levels in specific
tissues play a significant role in health and disease.

CerS1 and C18-sphignolipids (ceramide and SM) have been
shown to be important in brain tissue. Studies in humans
have implicated that deficiency in CerS1 activity and C18
sphingolipids resulted in epilepsy and dementia (Vanni et al.,
2014). Loss of CerS1 in mice also resulted in neurodegenera-
tion due to Purkinje cell loss (Zhao et al., 2011; Ginkel et al.,
2012). Interestingly, C22-C24:1 hexosylceramides were more
abundant than either C18:1 or C18 in the brain in both our
studies and those conducted by Laviad et al. (2008), suggest-
ing a significant role for CerS2 in CNS. Indeed, mice with
global CerS2 deficiency developed encephalopathy with a re-
duction in VLC hexosylceramides in both total brain lysates
and purified myelin (Ben-David et al., 2011). These mice also
demonstrate progressive loss of myelin beginning in early
adulthood (Imgrund et al., 2009). Together, these studies and
others suggest that CerS2 and their associated complex sphin-
golipids may be important in maintaining brain longevity.
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CerS1 is also highly expressed in skeletal muscle (Fig. 6).
Mice with global or muscle-specific knockout of CerS1 ex-
hibited decreased levels of C18-ceramide, muscle atrophy,
and impaired strength (Tosetti et al., 2020). Further, CerS1
expression declined during aging in both mouse and human
skeletal muscle, which may have important implications in
age-related muscle wasting and sarcopenia (Tosetti et al.,
2020). Together, these studies reinforce the importance of
specific CerS and specific N-acyl chain sphingolipids in regu-
lating homeostasis and function in brain and skeletal muscle.

Untargeted metabolomic and lipidomic analyses have sig-
nificantly increased potential implications for many lipid spe-
cies, especially sphingolipids, in disease. A sphingolipid map
qualitatively and quantifying analyzing 114 sphingolipids in
21 different tissues in C57BL/6 mice was recently reported
(Muralidharan et al., 2021). Though this study did not exam-
ine enzyme expression, tissue lipid compositions were similar
in both studies. Similar to the ceramide measurements re-
ported here and by Laviad et al. (2008), Muralidharan et al.
reported C18 and C18:1 acyl-chain ceramides to be most
abundant in the brain and skeletal muscle as well as high
levels of VLC ceramides in liver and kidney tissues. Impor-
tantly, Muralidharan et al., examined sex-specific differences
and determined significant sex-based differences in several
species of hexosylceramides (as well as other sphingolipids)
in kidney, skin, liver, lung, and brown adipose tissues as well
as plasma. These studies also demonstrated significant in-
creases in many species of ceramides, SMs, and hexosylcera-
mides upon high-fat diet feeding. Though our studies only used
male mice, and Laviad et al. (2008) only used female mice, fu-
ture studies could be geared at defining sex-based differences
in basal sphingolipid enzymes and sphingolipid levels.

There are several important limitations of the current
study that point to the need for more in-depth future studies.
Several organs, including spleen, intestine, skin, and fat,
were not analyzed. As sphingolipids play an important role
in these organs, future studies should expand on the current
analysis to determine CerS-sphingolipid chain length correla-
tion across sphingolipid classes. Another limitation of the
current study is that total tissue homogenate was analyzed,
and thus the level of sphingolipids in specific cell types was
not determined. There is a paucity of cell type—specific CerS
expression and sphingolipid data in the literature, and this
will be important to focus on to gain mechanistic insight into
the role of specific CerS isoforms in development and disease.
Third, hexosylceramides were analyzed, which are a total of
glucosyl- and galactosylceramides. Future studies will need
to independently quantify glucosylceramides and galactosyl-
ceramides as well as their downstream complex metabolites
as they are important contributors to disease, and very little
is known with regard to the contribution of the various CerS
to complex glycosphingolipid chain lengths. In addition, our
study does not include data for chain lengths less than C14,
data for C14- and Cl16-unsaturated species, or data for incor-
poration of additional N-acyl chain lengths into the sphingoid
backbone or bases. CerS activity and acyl-chain composition
of ceramides have also been shown to reflect activity of fatty
acyl-CoA elongases. In addition, intracellular trafficking of
ceramide also contributes to the generation of SM and glyco-
sphingolipids. Though not measured in our studies, ceramide
transport protein has higher affinity for long-chain ceramides
(Kumagai et al., 2005) and could also contribute to species of

SM and glycosphingolipids in specific tissues. Comprehensive
lipidomics, expression of additional lipid-generating enzymes,
and their activities would add significant knowledge to com-
position of lipid species in future studies. Another limitation
is that our analyses were restricted to gene expression, which
does not always accurately reflect protein levels or post-
translation modifications that impact enzyme activity. This
is particularly relevant to the CerS that are known to form
heterodimers, which is important for their activity (Laviad
et al., 2012). Finally, the lipidomics herein are steady-state
measurements. Future studies are needed that perform
in vivo pulse-chase labeling and perhaps the contribution
of various metabolites or dietary fatty acids to sphingolipid
metabolism in particular tissues.

The current study is meant to serve as a reference for the
sphingolipid community. These data clearly demonstrate sig-
nificant correlations between CerS expression, even at the
mRNA level, and ceramide generation in specific tissues. As
detailed above, many of these CerS and ceramide species
have also been implicated in disease states in specific tissues.
CerS1 knockout mice exhibit significant Purkinje cell loss
and cerebellar ataxia (Zhao et al., 2011; Ginkel et al., 2012).
CerS2-deficient mice exhibit disease states in multiple organ
systems, including the brain (Imgrund et al., 2009; Ben-David
et al., 2011), liver (Pewzner-Jung et al., 2010), and lungs (Petr-
ache et al., 2013). CerS3, though not detected in the tissues ex-
amined in these studies, has critical implications in skin
barrier function (Jennemann et al., 2012). CerS5 and CerS6
knockout mice are protected from diet-induced obesity and
metabolic syndrome (Turpin et al., 2014; Gosejacob et al.,
2016). These studies demonstrate the potential for modulation
of specific CerSs as therapeutic interventions.
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