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Ceramides are necessary and sufficient for diet-
induced impairment of thermogenic adipocytes
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ABSTRACT

Objective: Aging and weight gain lead to a decline in brown and beige adipocyte functionality that exacerbates obesity and insulin resistance. We
sought to determine whether sphingolipids, such as ceramides, a class of lipid metabolites that accumulate in aging and overnutrition, are
sufficient or necessary for the metabolic impairment of these thermogenic adipocytes.

Methods: We generated new mouse models allowing for the conditional ablation of genes required for ceramide synthesis (i.e., serine pal-
mitoyltransferase subunit 2, Sptic2) or degradation (i.e., acid ceramidase 1, Asah1) from mature, thermogenic adipocytes (i.e., from cells
expressing uncoupling protein-1). Mice underwent a comprehensive suite of phenotyping protocols to assess energy expenditure and glucose and
lipid homeostasis. Complementary studies were conducted in primary brown adipocytes to dissect the mechanisms controlling ceramide
synthesis or action.

Results: Depletion of Sptlc2 increased energy expenditure, improved glucose homeostasis, and prevented diet-induced obesity. Conversely,
depletion of Asah? led to ceramide accumulation, diminution of energy expenditure, and exacerbation of insulin resistance and obesity.
Mechanistically, ceramides slowed lipolysis, inhibited glucose uptake, and decreased mitochondrial respiration. Moreover, [3-adrenergic receptor
agonists, which activate thermogenesis in brown adipocytes, decreased transcription of enzymes required for ceramide synthesis.
Conclusions: These studies support our hypothesis that ceramides are necessary and sufficient for the impairment in thermogenic adipocyte
function that accompanies obesity. Moreover, they suggest that implementation of therapeutic strategies to block ceramide synthesis in ther-

mogenic adipocytes may serve as a means of improving adipose health and combating obesity and cardiometabolic disease.
© 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Brown adipose tissue (BAT) is a highly active metabolic organ that
has a profound impact on body habitus and risk for diabetes and
cardiovascular disease. BAT contains an extensive blood supply
that delivers nutrients to brown adipocytes enriched in mito-
chondria and small, labile lipid droplets [1—4]. These unique
adipocytes dissipate energy by generating heat through uncoupled
respiration, a process mediated by uncoupling protein-1 (UCP1)
[5]. Thermogenic adipocytes that conditionally express UCP1 (i.e.,
beige adipocytes) can also be found in white adipose tissue depots
[6,7]. The quantity and activity of these thermogenic, UCP1™ ad-
ipocytes inversely correlate with age and adiposity in humans and
rodents [8—12], leading investigators to speculate that their
disruption may contribute to the obesity epidemic. Motivated by
these observations, researchers have sought to identify strategies
to activate thermogenic adipocytes to treat obesity and its meta-
bolic comorbidities.

Obesity occurs when fuel consumption exceeds fuel use, with the
excess nutritional energy stored primarily in fatty acids. Newly syn-
thesized or absorbed free fatty acids are immediately coupled to
coenzyme A and then incorporated into macromolecules, such as
glycerolipids and sphingolipids. The glycerolipids, which include the
triglycerides that are the major energy reservoir in the body and the
glycerophospholipids that form the bulk of cell membranes (e.g.,
phosphatidylcholine, phosphatidylethanolamine, etc.), are produced
through a biosynthetic pathway involving the sequential addition of
acyl-CoAs to a glycerol backbone. The less abundant sphingolipids
are generated by the addition of acyl-CoAs to an alternative, sphin-
goid scaffold derived from amino acids (e.g., serine). Herein, we
demonstrate that intermediates in the sphingolipid biosynthesis
pathway, particularly the ceramides, are cues of nutritional excess
that regulate thermogenic adipocytes to influence energy utilization
and expenditure.

The sphingolipid biosynthesis pathway starts with the condensation of
an amino acid and fatty acid, most typically serine and palmitate [13].
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This reaction is catalyzed by the enzyme serine palmitoyltransferase,
which has three essential subunits (SPTLC1, 2, and 3) and several
other regulatory proteins that control substrate specificity. In a sub-
sequent step of this enzymatic cascade, ceramide synthases (CERS1-
6) add variable fatty acids to this scaffold, producing a diverse family of
dihydroceramides. Dihydroceramide desaturases then insert an
essential double bond to produce the ceramides, which are the first
sphingolipid to accrue in substantial quantities and fundamental
building blocks of complex sphingolipids, such as sphingomyelins,
ceramide-1-phosphate, and gangliosides. Ceramides are deacylated
by a family of ceramidases, including the acid ceramidase, that we
manipulated herein.

Numerous studies have shown that ceramides increase in people with
obesity or metabolic disease [14—19]. Moreover, inhibiting serine
palmitoyltransferase or dihydroceramide desaturase-1 in rodents
lowers ceramides and ameliorates most of the comorbidities of
obesity, including insulin resistance, diabetes, atherosclerosis, and
non-alcoholic fatty liver disease [20—27]. We have previously spec-
ulated that some of these beneficial attributes of ceramide depletion
result from autonomous effects within the adipocyte. For example, we
demonstrated that depleting Sptic2 from adipocytes (i.e., using an
adiponectin-Cre transgenic mouse from Philipp Scherer at UT South-
western) increases glucose uptake and energy expenditure) [14]. In
opposition to our study, two other groups found that depleting Sptlc2 or
Sptlc1 from adipose tissue, using a different adiponectin-Cre trans-
genic mouse line (generated by Evan Rosen and sold by Jackson
Laboratories), induced lipodystrophy [28,29]. We speculated that the
discrepancy might be due to differences in the adiponectin promoter
fragment used to induce Cre-recombinase and perhaps the timing of
gene depletion in relation to adipocyte development. We and others
have shown that SPT inhibitors inhibit adipocyte differentiation of pre-
adipocytes studied in vitro [14]. Nonetheless, the role of ceramides in
terminally differentiated adipocytes in vivo has remained unclear and
controversial.

To bypass sphingolipid actions on adipocyte differentiation, we
modulated Spt/c2 using a transgenic mouse expressing Ucp7-driven
Cre, which allowed us to determine whether sphingolipids, such as
ceramides, were necessary for diet-induced impairment of terminally
differentiated thermogenic adipocytes. We also tested whether
increasing ceramide levels in thermogenic adipocytes (i.e., by
depleting acid ceramidase from Ucp7-expressing cells) in mice was
sufficient to induce metabolic dysfunction. Lastly, we evaluated the
effects of overexpressing a gene that produces ceramides (i.e.,
ceramide synthase-6, CERS6) in differentiated brown adipocytes. The
data obtained using these models clearly reveal that sphingolipids,
such as ceramides, are both sufficient and necessary for diet-
induced impairment of tissue function and disruption of organismal
glucose and lipid metabolism. These findings support the possibility
that inhibiting sphingolipid biosynthesis in thermogenic adipocytes
could serve as an attractive therapeutic strategy to improve metabolic
health.

2. MATERIAL AND METHODS

2.1. Animal care

Animal procedures were conducted in compliance with protocols
approved by the Institutional Animal Care and Use Committee (IACUC)
at the University of Utah. Mice were housed in groups of 3—5 at 22—
24 °(C or at thermoneutrality (30 °C) using a 12-hour light/12-hour dark

cycle. Animals had ad libitum access to water at all times. Animals
were fed a normal chow diet (NCD) or high-fat diet (HFD) (D12492;
Research Diets Inc., New Brunswick, NJ) from the age of 4 weeks as
indicated.

2.2. Generation of Sptic2’Y'mice

To delete Sptlc2 from brown adipocytes, Sptic2' ™™™ mice [14] were
crossed with mice expressing Cre-recombinase under the control of
the uncoupling protein1 gene (Ucp?) promoter [30]. Breeding
Sptic2™P1® jen1-Cre '~ mice with Sptic2 ™" yep1-Cret’ pro-
duced mice with brown adipocyte-specific Sptlc2 deletion and litter-
mate controls (denoted as Spt/c?uc’” mice and Control, respectively).
2.3. Generation of Asah?°U" mice

To delete Asah? from brown adipocytes, Asah ™" mice [31] were
backcrossed onto a C57BI6/J background using speed congenic ser-
vices from Jackson Labs and then further crossed with mice
expressing Cre-recombinase under the control of the uncoupling
protein-1 gene (Ucp7) promoter [30]. Breeding Asah?®*'*Pycp1-
Cre '~ mice with Asah7™""*® ycp1-Cret/ produced mice with brown
adipocyte specific Asah1 deletion and littermate controls (denoted as
Asah1°Y?" mice and Control, respectively).

2.4. Glucose and insulin tolerance tests

Glucose tolerance tests were performed in 16-week-old mice after an
overnight fast. Glucose was injected (intraperitoneal injection of a 20%
solution, 10 mL/kg body weight), and blood glucose concentrations
were measured after 0, 15, 30, 60, and 120 min with a glucometer.
Insulin tolerance tests were performed in 14-week-old mice fed ad
libitum. After determination of basal blood glucose concentrations,
each mouse received an intraperitoneal injection of insulin (0.75 IU per
kg body weight; Actrapid; Novo Nordisk) and blood glucose concen-
trations were measured after 15, 30, 45, and 60 min.

2.5. Analysis of body composition
Lean and fat mass were determined via NMR™ (Bruker, Germany) in
live, 12- to 18-week-old mice.

2.6. Indirect calorimetry

Metabolic measurements were obtained using the CLAMS (Columbus
Instruments) open-circuit indirect calorimetry system. Food and water
were provided ad /ibitum in the appropriate devices and measured by
the built-in automated instruments. Animals were allowed to accli-
matize to the cages for at least 12 h before data acquisition for an
additional 24 h.

2.7. BAT surface temperature

BAT surface temperature was measured using an infrared camera (C2;
FLIR; West Malling, Kent, UK) and FLIR-Tools-Software (FLIR; West
Malling, Kent, UK).

2.8. Analytical procedure

Blood glucose levels were determined from whole venous blood using
an automatic glucose monitor (Bayer Contour, Bayer, Germany). Blood
glucose levels were determined from whole venous blood using an
automatic glucose monitor (Bayer Contour, Bayer, Germany). Insulin
levels in serum were measured by Alpco insulin enzyme-linked
immunosorbent assay (ELISA) assay using mouse standards accord-
ing to the manufacturer’s guidelines (Alpco).
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2.9. Stromal vascular culture (SV) and primary brown adipocyte
differentiation

Interscapular brown fat pads from 2 or 3 mice (4—6 fat pads total, 5-
to 6-week-old male mice) were dissected, washed, minced, and then
pooled and digested for 30—45 min at 37°C in phosphate-buffered
saline (PBS) containing 10 mM of CaCl,, 3 mg/mL collagenase
(Sigma). Digested tissues were filtered through a 100-pm-cell strainer
to remove undigested tissues. The flow-through was then centrifuged
at 1,200 rpm for 5 min to pellet the SV cells. Following further
centrifugation at the above-mentioned speed, the SV cells were re-
suspended in complete SV culture medium (Dulbecco’s modified Ea-
gle’s medium (DMEM)/F12 [1:1; Invitrogen] plus Glutamax, pen/strep,
and 10% fetal bovine serum (FBS)) and then further filtered through a
40-pum cell strainer to remove clumps and large adipocytes. The SV's
were further treated with red cell lysis buffer (Sigma) to remove the red
blood cells. Following further centrifugation as mentioned above, SV
cells were then re-suspended in SV culture medium and plated onto a
6-cm tissue culture dish. For brown adipocyte differentiation assays,
SV cells were plated and grown to confluence in SV culture medium. At
confluence (day 0), cells were exposed to a differentiation cocktail
containing 5 puM of dexamethasone (Sigma), 0.05 puM of insulin
(Gibco), 0.5 mM of isobutylmethylxanthine (Sigma), 1 nM of T3,
125 nM of indomethacin (Sigma) and 1 uM rosiglitazone (Sigma) in the
culture medium. Forty-eight hours after induction, cells were main-
tained in SV culture medium containing 0.05 pM of insulin (Gibco) and
1 nM of T3 (Sigma). At day 8 of the differentiation, 10 uM of myriocin
(Sigma) was also supplemented for the next 6 h. For isoproterenol
treatments, cells were treated with 1 uM or 5 uM of isoproterenol for
indicated times. For forskolin treatments, cells were treated with
10 uM or 20 pM of forskolin (Sigma) for the indicated times. For
seahorse experiments, the cells were trypsinized on day 8 and plated
into the 24-well seahorse plates as described above. After 24 h, the
media containing Cp-ceramides (25 and 50 M) was added. After 6 h,
the oxygen consumption rates were determined.

2.10. Adenovirus infection in primary brown adipocytes

Brown adipocytes were differentiated in a 6-well plate, and recombi-
nant adenovirus expressing either green fluorescent protein (GFP) or
mouse CerS6 (6 x 10*8 PFUs) were added to each well. All analyses
were performed 48 h post adenovirus infection. Adenoviruses were
procured from Viraquest, Inc., USA.

2.11. Adipose tissue respiration, mitochondrial complex activity,
and B-oxidation

Tissue respiration was performed using an 02K high-resolution
respirometer (Oroboros, Austria). Freshly isolated tissues were
rapidly weighed (BAT 2—5 mg), minced, and homogenized using a
PBI-shredder PBI set (Oroboros, Austria). Homogenized tissue was
further re-suspended in 2 mL of MiR0O5 medium (0.5 mM of EGTA,
3 mM of MgCl2, 60 mM of K-lactobionate, 20 mM of Taurine, 10 mM of
KH,P04, 20 mM of HEPES, 110 mM of Sucrose, and 1 g/L of BSA
(essentially fatty acid free)). Respiratory oxygen flux was measured in
real time and expressed as picomoles of O, per second per mg of
tissue. 5 mM of pyruvate (Sigma), 2 mM of malate (Sigma), and 1 mM
of ADP (Sigma) were added to stimulate complex | respiration. 1 uM of
rotenone (Sigma) and 5 mM of succinate (Sigma) were added to test
complex Il respiration. 2 mM of ascorbate and 0.5 mM of N, N, N, N-
tetramethyl-p-phenylenediamine (TMPD) (Sigma) were used to test
complex IV respiration. To measure uncoupled respiration, succinate
(Sigma) was used as the substrate, and 1 M of oligomycin (Sigma)
was added to determine the coupled respiration. Uncoupled respiration
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was calculated using the respiration rate after oligomycin deducted by
respiration rate after antimycin A (1 uM) (Sigma) inhibition. To measure
mitochondrial B-oxidation, palmitoyl-carnitine (5 pM) (Sigma) was
added to the chamber.

2.12. Cellular oxygen consumption

Cellular oxygen consumption rates were measured using the Seahorse
XF24 analyzer. Differentiated adipocytes were seeded into coated
Seahorse XF24 cell culture plates at a density of 40,000 cells/well and
incubated overnight. Cells were then washed and changed to assay
running media (unbuffered RPMI 1640 buffer with 11 mM of glucose)
before being incubated in a non-CO» incubator at 37 °C for 60 min. The
basal oxygen consumption rate was measured using the fixed delta
technique over 3 measurement periods, each comprised of a 4-minute
mix, 2-minute wait, and 2-minute measurement. Test compounds
were obtained from Seahorse Bioscience and injected during the
assay, including the following: 1 pg/pL of oligomycin, 0.3 uM of FCCP
(carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone), 1 pM of
rotenone, and 10 pM of antimycin A. At the end of the assay, cells
were washed twice with PBS and lysed for protein quantification.
Oxygen consumption values were then normalized to protein con-
centration. The basal and percentage of oxygen consumption rate as
well as area under the curve value were obtained using XF24 Analyzer
software.

2.13. Lipidomics

Lipid extracts were separated as we described previously [20] on an
Acquity UPLC CSH C18 1.7 um 2.1 x 50 mm column maintained at
60 °C connected to an Agilent HiP 1290 Sampler, Agilent 1290 Infinity
pump, equipped with an Agilent 1290 Flex Cube, and Agilent 6490 triple
quadrupole (QqQ) mass spectrometer. Sphingolipids were detected
using dynamic multiple reaction monitoring ((IMRM) in the positive ion
mode. Source gas temperature was set to 210 °C, with a gas (Ny) flow
of 11 L/min and a nebulizer pressure of 30 psi. Sheath gas temperature
was 400 °C, sheath gas (No) flow of 12 L/min, capillary voltage was
4000 V, nozzle voltage 500 V, high pressure RF 190 V, and low-
pressure RF was 120 V. Injection volume was 2 L, and the samples
were analyzed in a randomized order with the pooled QC sample in-
jection 8 times throughout the sample queue. Mobile phase A consisted
of ACN: H20 (60:40 v/v) in 10 mM of ammonium formate and 0.1%
formic acid, and mobile phase B consists of IPA: ACN:H,0 (90:9:1 v/v) in
10 mM of ammonium formate and 0.1% formic acid. The chroma-
tography gradient started at 15% mobile phase B, increased to 30% B
over 1 min, increased to 60% B from 1 to 2 min, increased to 80% B
from 2 to 10 min, and increased to 99% B from 10 to 10.2 min, where it
was held until 14 min. Post-time was 5 min, and the flow rate was
0.35 mL/min throughout. Collision energies and cell accelerator volt-
ages were optimized using sphingolipid standards with dMRM transi-
tions as [M+H"—[mZz = 2843] for dihydroceramides,
[M++H]t — [m/z = 287.3] for isotope-labeled dihydroceramides, [M-
Hy0 + HI" —[m/z = 264.2] for ceramides, [M-H,0 + H™ —[m/
z = 267.2] for isotope-labeled ceramides and [M-H]T— [M-
H,0 + H]+ for all targets. Sphingolipids without available standards
were identified based on high-resolution liquid chromatography mass
spectrometry (HR-LG/MS), quasi-molecular ion and characteristic
product ions. Their retention times were either taken from HR-LC/MS
data or inferred from the available sphingolipid standards. Results
from LC-MS experiments were collected using an Agilent Mass Hunter
Workstation and analyzed using the software package Agilent Mass
Hunter Quant B.07.00. Sphingolipids were quantitated based on peak
area ratios to the standards added to the extracts.
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2.14. Quantitative reverse transcription polymerase chain reaction
(RT-PCR)

Total RNA was extracted from respective tissues and cells using the
RNeasy Mini Isolation Kits with DNA digestion (QIAGEN) according to
the manufacturer’s instructions. Isolated total RNA was reverse-
transcribed into cDNA using commercially available kits (Biorad). All
subsequent qRT-PCR reactions were performed on a QuantStudio 12K
Flex Real-Time PCR system (Thermo Fisher Scientific) using the Qiagen
QuantiFast SYBR Green PCR kit. For normalization, threshold cycles
(Ci-values) of all replicate analyses were normalized to Hprt or Actb
within each sample to obtain sample-specific AC; values (= C; gene of
interest - C; Hprt, Actin). To compare the effect of various treatments
with untreated controls, 2—AACt yaues were calculated to obtain fold
expression levels, where AAC; = (AGC; treatment - AC; control).

2.15. Mouse qRT-PCR primer sequences and Tagman probes

The following primer sequences, which were validated previously,
were used in this study [14,20]:

Acth: Fwd: 5'-GAT GTA TGA AGG CTT TGG TC-3/, Rev: 5'-TGT GCA
CTT TTATTG GTC TC-3', Asaht: Fwd: 5’ TAA CCG CAG AAC ACC GGC
C-3', Rev: 5’- TTG ACC TTT GGT AAC ATC CAT C-3',Hprt: Fwd: 5'-AGG
GAT TTG AAT CAC GTT TG-3’, Rev: 5’-TTT ACT GGC AAC ATC AAC AG-
3/, Sptlc1: Fwd: 5'-AGG GTT CTA TGG CAC ATT TGA TG-3', Rev: 5'-
TGG CTT CTT CGG TCT TCA TAA AC-3/, Sptlc2: Fwd: 5’- CAA AGA GCT
TCG GTG CTT CAG-3’, Rev: 5’-GAA TGT GTG CGC AGG TAG TCT ATC-
3/, Uep1: Fwd: 5'-ACT GCC ACA CCT CCA GTC ATT-3/, Rev: 5’-CTT
TGC CTC ACT CAG GAT TGG-3', Dio2: Fwd: 5’-CAG TGT GGT GCA CGT
CTC CAA TC-3', Rev: 5-TGA ACC AAA GTT GAC CAC CAG-3/,
Pparge1a: Fwd: 5’-CCC TGC CAT TGT TAA GAC C-3’, Rev: 5’-TGC TGC
TGT TCC TGT TTT C-3', Cidea: Fwd: 5'-GCC GTG TTA AGG AAT CTG
CTG-3’, Rev: 5'-TGC TCT TCT GTA TCG CCC AGT-3’, Prdm16: Fwd: 5'-
CAG CAC GGT GAA GCC ATT C-3/, Rev: 5’-GCG TGC ATC CGC TTG TG-
3/, Pgc1a: Fwd: 5'-CCC TGC CAT TGT TAA GAC C-3/, Rev: 5'-TGC TGC
TGT TCC TGT TTT C-3', Pge1b: Fwd: 5'-TCC TGT AAA AGC CCG GAG
TAT-3’, Rev: 5'-GCT CTG GTA GGG GCA GTG A-3', Cox7a: Fwd: 5'-CAG
CGT CAT GGT CAG TCT GT-3’, Rev: 5’-AGA AAA CCG TGT GGC AGA GA-
3, Cox8b: Fwd: 5'-GAA CCA TGA AGC CAA CGA CT-3/, Rev: 5'-GCG
AAG TTC ACA GTG GTT CC-3/, Cptia: Fwd: 5'-ACG TTG GAC GAT CGG
AAC A-3’, Rev: 5’-GGT GGC CAT GAC ATA CTC CC-3/, Fasn: Fwd: 5'-
TGC TCC AGG GAT AAC AGC-3', Rev: 5'-CCA AAT CCA ACA TGG GAC A-
3/, Lipe: Fwd: 5'-GGA GCA CTA CAA ACG CAA CGA-3’, Rev: 5'-TCG
GCC ACC GGT AAA GAG-3', Srebp1c: Fwd: 5'-ATC GGC GCG GAA GCT
GTC GGG GTA GCG TC-3/, Rev: 5'-ACT GTC TTG GTT GTT GAT GAG CTG
GAG CAT-3/, Atgl: Fwd: 5’-AAC ACC AGC ATC CFG TTC AA-3’, Rev: 5'-
GGT TCA GTA GGC CAT TCC TC-3/, and other primer sequences can be
provided on request.

2.16. Histology and immunochemistry
For histology, tissues were fixed in 10% formalin for 48 h, embedded
in paraffin, sectioned at 5 pm, and stained with hematoxylin and eosin
or immunostained with antibodies directed against UCP1 (Abcam:
ab10983) as previously described [20]. Quantification of cell size was
performed with ImageJ software (NIH).

2.17. Transmission electron microscopy

Freshly dissected BATs were minced into small pieces and fixed in
primary fixation media (1% glutaraledehyde, 2.5% paraformaldehyde,
100 mM of cacodylate buffer, pH 7.4, 6 mM of CaCl, and 4.8% su-
crose) at 4 °C overnight. The next day, following washes with caco-
dylate buffer, 100 mM, pH 7.4, the tissues were fixed in secondary
fixation media (cacodylate buffer and 2% osmium tetroxide) at room

temperature for 1 h. The tissues were subsequently washed and then
pre-stained with saturated uranyl acetate for 1 h at room temperature,
followed by dehydration with graded and absolute acetone. The tissues
were then infiltrated with Epon epoxy resin and polymerized for 48 h at
60 °C. Tissue sections of 70 nm thickness were cut using Leica UC 6
ultratome and mounted on 200 mesh copper grids. The grids with the
sections were stained for 20 min with saturated uranyl acetate and
10 min with lead citrate. Sections were examined at an accelerating
voltage of 120 kV in a JEOL-1400 plus (JEOL, Japan) transmission
electron microscope equipped with a CCD Gatan camera.

2.18. Assessment of B-adrenergic signaling

Differentiated adipocytes were treated with 50 UM of Co-ceramide or
Cg-dihydroceramide for 4 h. The cells were then treated with 10 uM of
isoproterenol for 30 min, and cells were analyzed for B-adrenergic
signaling intermediates pHSL, HSL, and pPKA substrates by western
blot. To inhibit PP2A activity, following 4 h of treatment with 50 pM of
Co-ceramide, the cells were treated with 25 nM of microcystin-LR for
1 h. The cells were then treated with isoproterenol as mentioned
above. HSL phosphorylation was assessed via immunoblotting. The
following antibodies were used: phospho-HSL (Ser563), Cell Signaling,
catalog number: 4139, HSL, Cell Signaling, catalog number: 4107,
phospho-PKA: phospho-PKA Substrate (RRXS*/T*) (100G7E), Cell
Signaling, catalog number: 9624, B-actin: beta-actin (8H10D10), Cell
Signaling, catalog number: 3700S.

2.19. Insulin signaling

Differentiated primary brown adipocytes in 12-well plates were fasted
for 2 h in a DMEM media lacking FBS. Thereafter, cells were treated
with 50 puM of Co-ceramide for 4 h and then treated with 10 nM of
insulin for 30 min. Akt phosphorylation was determined via immuno-
blotting. The following antibodies were used: pAkt S473, Cell
Signaling, catalog number: 4051S, Akt, Cell Signaling, catalog number:
9272, B-Actin: Beta-Actin (8H10D10), Cell Signaling, catalog number:
37008S.

2.20. FFA uptake assay

Primary brown adipocytes were differentiated in a 96-well plate. Post-
differentiation, cells were serum starved for 1 h. Thirty minutes prior to
beginning the assay, cells were treated with vehicle or 1 UM of
isoproterenol (Thermo Fisher Scientific #41400045). Fatty acid uptake
was then measured using the Molecular Devices QBT Fatty Acid Up-
take Assay Kit according to manufacturer instructions.

2.21. Measurement of sphingolipid flux using stable isotopes

Fully differentiated primary brown adipocytes in a 12-well plate were
switched to minimum essential media (MEM) lacking serine for 2 h.
The cells were then switched to MEM containing 0.4 mM of L-ser-
ine-'3C3,"®N and variable concentrations of isoproterenol for the 3, 6,
12, and 24 h. The reaction was then washed with PBS, trypsinized, and
stored at —80 °C. Lipids were thereafter extracted and analyzed by
mass spectrometry at the University of Utah Metabolomics Core.

2.22. Western blot analysis

Proteins were extracted from tissues or cultured cells by homogenizing
or scraping in radioimmunoprecipitation assay (RIPA) buffer (0.5% NP-
40, 0.1% sodium deoxycholate, 150 mM of NaCl, 50 mM of Tris—HCI,
pH 7.5) containing protease inhibitors (Complete Mini, Roche). The
homogenate was cleared by centrifugation at 4 °C for 30 min at
15,000 g and the supernatant containing the protein fraction recov-
ered. Protein concentration in the supernatant was determined using
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the BCA Protein Assay Kit (Pierce). Twenty micrograms of protein was
resolved using precast Bolt or NUPAGE (4—12% Bis-Tris gels, Invi-
trogen) and transferred to nitrocellulose membranes (GE Healthcare).
Membranes were blocked with 5% BSA in Tris-buffered saline con-
taining 0.2% Tween-20 (tris-buffered saline with Tween, TBS-T) and
incubated with primary antibodies at 4 °C overnight.

2.23. Statistics

Data are generally plotted as the mean + SEM. Student #test or one-
way or two-way analysis of variance (ANOVA) were carried out using
Prism (GraphPad Prism), and statistical significance was considered
meaningful at p < 0.05.

3. RESULTS

3.1. Reciprocal regulation of ceramides by obesogenic diets and [3-
adrenergic stimuli in brown adipocytes

Using mass spectrometry, we quantified levels of 38 sphingolipids in
BAT isolated from C57BI6/J mice fed an NCD or an obesogenic HFD for
12 weeks. Consumption of the obesogenic diet increased levels of the
C1g-ceramides (Figure 1A) that have been found to be key regulators of
metabolic homeostasis [32—36]. Other sphingolipids, sphingomyelins,
dihydroceramides, sphingosine, and sphinganine were unaffected
(Suppl. Figure 1A—D). More polar sphingolipids, such as sphingosine-
1-phosphate, ceramide-1-phosphate, and gangliosides, were not
measured by this method.

We next evaluated whether the ceramide pool might be modulated
acutely by factors known to influence activity of thermogenic brown
and beige adipocytes [37]. To quantify rapid changes in rates of cer-
amide biosynthesis, we used a flux assay that monitors the incorpo-
ration of Cy3Nq5-labeled serine into the sphingolipid backbone [20].
Treating primary brown adipocytes with isoproterenol, an agonist of
the B-adrenergic receptors, which increase thermogenesis, dramati-
cally slowed biosynthesis rates of many different ceramide species
(Figure 1B and Suppl. Figure 1E—I). This effect was due to iso-
proterenol’s  ability to reduce expression of  serine
palmitoyltransferase-2 (Sptic2) and ceramide synthase-6 (CerS6), but
not other enzymes in the pathway (i.e., dihydroceramide desaturase-1,
Degs1) (Figure 1C). Forskolin, which activates an essential interme-
diate in B-adrenergic signaling (i.e., adenylate cyclase), recapitulated
the effects on Sptlc2 and CerS6 (Figure 1D).

3.2. Inhibition of ceramide biosynthesis in UCP17-cells increases
energy expenditure in mice housed at ambient temperature

We crossed mice containing a floxed Sptic2 (Sptic2™™ allele [14] with
ones expressing Cre-recombinase under the control of the UCP1
promoter [30]. The resultant Sptic2’Y"” mice had small but signifi-
cantly reduced levels of Sptic2 transcripts, but not Sptic7, in BAT.
Under these conditions, Sptic2 levels in subcutaneous (SWAT) depots
were not significantly altered, although they trended in a downward
direction (Figure 1E). Despite these small changes in Sptlc2 tran-
scripts, ceramide content was reduced by 50—60% (Figure 1F) in both
BAT and sWAT depots. Remarkably, serum levels were also dimin-
ished. The changes in SWAT were expected due to the presence of
beige adipocytes that conditionally express UCP-1. The reduced serum
levels of ceramide suggest UCP1™" thermogenic adipocytes contribute
significantly to the pool of circulating ceramides, an idea that is
consistent with prior observation [14]. Ceramide levels were un-
changed in non-UCP-1-containing tissues such as epididymal WAT
(eWAT), liver, or skeletal muscle (Figure 1E, and 1F). Other sphingo-
lipids, including the more abundant sphingomyelins were not
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substantially diminished by Sptic2 depletion (Suppl. Figure 2A—D).
These data are consistent with our prior findings that the less-
abundant, intermediary sphingolipids, such as ceramides, are more
dynamically regulated by changes in flux and fatty acid availability than
more abundant complex sphingolipids, such as sphingomyelins [38].
Four-week-old Spt/czéucp’ and Spt/czf’/ﬂ (control) mice were fed
control (NCD) or obesogenic high-fat (HFD) diets for 12 weeks while
being housed under ambient temperature (22 °C). On an NCD, the
effects of Sptlc2 depletion were marginal; the Sptic2’U animals
contained slightly smaller BAT depots (Figure 11) than Sptic2™" litter-
mates, but otherwise had comparable body weights (Figure 1G), lean
and fat mass (Figure 1H), and eWAT/sWAT/liver weights (Figure 1I).
They had reduced locomotor activity, but otherwise displayed no al-
terations in oxygen consumption (VOo), carbon dioxide production
(VCO,), energy expenditure, respiratory exchange ratio (RER), and food
intake (Suppl. Figure 2E—K). Unlike the animals maintained on the
NCD, the Sptic2’“®" mice fed the HFD displayed a significant
phenotype. They were partially protected from obesity (Figure 1G)
showing less total fat mass (Figure 1H) and reduced BAT, sWAT, and
liver weights (Figure 11). The Sptch‘;U”p’ animals receiving the HFD
also exhibited increased V0,, VCO,, energy expenditure and food
intake compared to the Sptic2”" controls (Figure J—M). No changes
were observed for lean mass (Figure 1H), RER, or locomotor activity
(Suppl. Fig. 2M—0). Depletion of Sptic2 from UCP1-containing adi-
pocytes partially resolved the metabolic impairments caused by
obesity. The Spt/(,'z’w””7 knockout animals maintained on the obeso-
genic diet displayed improved glucose tolerance (Figure 2A), enhanced
glucose disposal during an insulin-tolerance test (Figure 2B), and
diminished insulin levels (Figure 2C), as compared to the Spt/czﬂ/ﬂ
controls.

Histological assessment revealed that ablation of Sptic2 from UCP-17-
cells produced a broad spectrum of morphological effects. The BAT and
SWAT depots were smaller (Figure 2D—E) and liver fat was reduced
(Figure 2D) in the Sptic2?U"" animals compared to Sptic2™" controls.
Moreover, Spt‘/c?wc"7 mice exhibited reductions in various liver tran-
scripts associated with steatosis (e.g., F4/80, Ccl2, Cd36, Cidea, and
Pparg) (Figure 2F). Collectively, these data indicate that sphingolipids in
UCP1"-cells, most likely ceramides, were required for diet impairment
of UCP1"-cell function and the development of obesity.

Housing mice at 22 °C results in chronic activation of BAT and ther-
mogenesis [39,40]. We thus assessed whether UCP1™" cell-specific
inhibition of ceramide synthesis could alter energy expenditure when
animals were housed at thermoneutrality such that BAT was not
activated. An independent cohort of control and Sptlczéuc” " mice were
maintained under thermoneutral (30 °C) conditions for 12 weeks.
Under these conditions, all of the effects of Sptlc2 ablation on energy
and glucose homeostasis were lost (Suppl. Figure 3A—N). These data
are consistent with our prior observations that ceramides work pri-
marily by modulating activation of BAT and SWAT by [B-adrenergic
stimuli [14]. In the absence of such stimuli, the effects of ceramide
depletion are negligible. In fact, we observed a slight decrease in BAT
weight (Suppl. Figure 3C,A slight worsening of glucose tolerance
(Suppl. Figure 3D—E), suggesting that sphingolipids may also play
essential roles under thermoneutral conditions.

3.3. Inducing ceramide accumulation in UCP1™-cells decreases
energy expenditure

The vast majority of studies investigating the role of ceramides in
obesity and metabolic disorders in rodents have relied on loss-of-
ceramide interventions, much like those described in the preceding
paragraphs. While these studies invariably suggest roles for
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Figure 1: Mice lacking Sptic2in UCP1™ cells are resistant to diet-induced obesity and display increased energy expenditure . (A) Ceramide content in BAT isolated from
C57BI6/J mice fed normal chow (NCD) and high-fat diets (HFD) for 12 weeks (N = 4 per group). (B) Incorporation of L-serine-'3Cs,"N into ceramide in primary brown adipocytes
treated with isoproterenol (Iso) (N = 4 per group). (C) mRNA expression of Ucp1 or ceramide biosynthetic genes Sptic2, CerS6 and Degs1 in primary brown adipocytes treated with
isoproterenol (Iso) for 24 h (N = 4 per group). (D) mRNA expression of Ucp? or ceramide biosynthetic genes Sptic2 and CerS6 in immortalized brown adipocytes treated with
forskolin (Fsk) for 6-hrs (N = 6 per group). (E) Sptlc1 and 2 transcript levels were assessed by qPCR. (F) Ceramide (Cer) content was assessed in various tissues by mass
spectrometry (N = 5 per group). (G—M) Spt/cza”””’ mice and Sptic2™" controls were fed NCD or HFD for 12 weeks. (G) Body mass was determined weekly. (H) Fat and lean mass
were quantified by NMR, and (I) organ weight was determined following euthanasia (N = 10—15 animals per group). Two weeks prior to euthanasia, animals were placed in
metabolic cages (CLAMS) from Columbus Instruments. During the subsequent 3 days, (J) oxygen consumption (VO,), (K) carbon dioxide production (VCO,), (L) energy expenditure,
and (M) food intake was quantified (N = 10—11 animals per group). Abbreviations: eWAT: epididymal fat pad, Rel.: relative; SWAT: subcutaneous fat pad. Values are expressed as
mean + SEM, *p < 0.05, **p < 0.001, and ***p < 0.0001 vs control.

ceramides in cardiometabolic disease, they have not addressed
whether the increase in ceramides is sufficient to drive metabolic
dysfunction in the absence of other obesogenic insults. To fully
assess the consequences of ceramide accumulation in UCP1"-cells,
we generated mice lacking a key gene involved in ceramide degra-
dation (i.e., the acid ceramidase gene Asah7), which we presumed
would lead to a buildup of ceramides and other sphingolipids due to a
slowing of ceramide degradation. This approach has proven

efficacious in cultured cells, in which we showed that ASAH1 inhi-
bition increases ceramides and alters insulin signaling [41]. We
crossed mice carrying a loxP-flanked Asah? allele [31] with the
aforementioned mice expressing Cre- recomblnase under control of
the UCP1 promoter [30]. The resulting Asah1°Y"” mice had reduced
Asah1 mRNA expression (60% reduction in BAT and 20% in sSWAT,
but no change in other tissues) (Figure 3A). This intervention
significantly increased levels of several ceramide species, as well as
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Figure 2: Mice lacking Sptic2 in UCP1™ cells are resistant to diet-induced glucose intolerance and hepatic steatosis. (A) Glucose and (B) insulin tolerance tests were
performed on Sptlcz‘;””"’ and Sptic2™ (control) mice that had been fed NCD or HFD for 10 weeks (N = 10—15 animals per group) (Legends for Figure A are the same as those in
B). Following euthanasia, (C) serum insulin was quantified (N = 10 animals per group) and (D) adipose tissues and livers were evaluated histologically (H&E staining; N = 3—4
animals per group). (E) The images were evaluated to quantify adipocyte size. (F) Livers were assessed for transcripts associated with hepatic steatosis using gPCR (N = 4 animals
per group). Values are expressed as mean & SEM, *p < 0.05. *p < 0.05; **p < 0.01; ***p < 0.001.

total sphingomyelin in BAT (Figure 3B and Suppl. Fig. 4B). We also
observed decreases in SWAT and eWAT sphinganine (Suppl. Fig. 4C),
but not sphingosine (Suppl. Fig. 4D). Dihydroceramides were unaf-
fected (Suppl. Fig 4A).

Although the control and Asah?°U" mice had indistinguishable body
weights at the time of weaning, Asah1°YP" mice acquired more body
weight on both the NCD and HFD (Figure 3C) due to increases in fat and
liver mass (Figure 3D,E). The Asah?°“®’ mice had reduced oxygen
consumption, CO, production, and energy expenditure when fed HFD
(Figure 3F—H). They were not significant in the NCD cohort, though
they trended in a lower direction (Suppl. Figure 4E—G). Changes in
locomotor activity, RER, or food intake were either small or nonsig-
nificant (Suppl. Figure 4H—K, Suppl. Fig.4AN—R). Asahi depletion
impaired glucose and insulin tolerance, although this was only
apparent in the animals fed the HFD (Figure 31—K and Suppl. Fig.4L—
M). Histological evaluation of the adipose beds revealed that

Asah1°YP" mice accumulated more lipid in BAT under NCD conditions,
an effect that was exacerbated by HFD (Figure 3L). Asah7°%P" mice
also exhibited an increase in adipocyte size under NCD and HFD
feeding and accumulated more fat in the liver under both feeding
regimens (Figure 3L—M).

These data indicate that Asah? depletion from UCP1™-cells was suf-
ficient to induce weight gain, decrease energy expenditure, and impair
glucose and lipid metabolism, with the HFD regimen generally pro-
ducing a more exaggerated phenotype.

3.4. Ceramides alter mitochondrial structure and bioenergetics

We next sought to investigate the mechanisms through which
ceramides impair BAT thermogenesis and diminish organismal energy
expenditure. To gauge whether changing BAT ceramides influenced
heat production, we measured surface temperature above the intra-
scapular region of the various mouse lines using an infrared camera. In
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Figure 3: Mice lacking Asah in UCP1™ cells develop obesity and display reduced energy expenditure and impaired glucose metabolism. (A) Measurement of Asah?
transcripts in various tissues by qPCR analysis. (B) Quantification of ceramides (Cer) by mass spectrometry (N = 3—5 animals per group). (C—J) AsahIBUcp1 mice and Asah1™"
controls were fed normal chow (NCD) or obesogenic diets (HFD) for 12 weeks. (C) Body mass was determined weekly (N = 4—11 animals per group). (D) Fat and lean mass were
quantified by NMR (N = 4—7 animals per group). (E) Organ weight was determined following euthanasia (N = 4—7 animals per group). (F—H) Two weeks prior to euthanasia,
animals were placed in metabolic cages (CLAMS) from Columbus Instruments. During the subsequent 3 days, (F) oxygen consumption (VO,), (G) carbon dioxide production (VCO,),
and (H) energy expenditure were quantified (N = 5—8 animals per group). (I) Glucose and (J) insulin tolerance tests were performed when the animals had been fed on the diets for
10 weeks (N = 6—10 animals per group). (K) At the end of the studies, serum insulin was determined (N = 5—7 animals per group). (L) Adipose tissues and livers were assessed
histologically (H&E staining; N = 3—4 animals per group) were evaluated. (M) The images were evaluated to quantify adipocyte size. Values are expressed as mean + SEM,
*p < 0.05. *p < 0.05; **p < 0.01; ***p < 0.001.

HFD-fed animals maintained at ambient temperature (22 °C), UCP1™
cell-specific Sptlc2 depletion increased surface temperature by 1 °C
(Figure 4A—B). By contrast, UCP1"cell-specific Asah1 depletion pro-
duced the opposite result, decreasing surface temperature by 1 °C
(Figure 4K—L). UCP1™-driven Sptic2 depletion increased (Figure 4C),

and UCP1"-driven Asah1 depletion decreased (Figure 4M), expression
of several genes implicated in thermogenesis, including Ucp1, Cidea,
Pgcia, Pgcib, Cox7a, Cox8b, and Adrb3. The interventions also
reciprocally altered UCP1 protein expression (Figure 4D and N). BAT
isolated from HFD-fed Sptic2’U?" mice increased uncoupled
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Figure 4: Asah1 and Sptlc2 ablation have opposing effects on BAT thermogenesis and mitochondrial structure and function. (A—B) BAT surface temperature was
assessed in Sptlc?Ucp1 mice and Sptic2”" controls fed HFD diets for 40 weeks using an infrared camera. Temperature across the indicated region was quantified using FLIR-
Tools-Software (N = 5—7 animals per group). (C) BAT genes related to mitochondrial biogenesis or thermogenesis were evaluated by qPCR (N = 5 animals per group). (D)
Following euthanasia, BAT depots obtained from Sptlchcm mice and Sptlczﬂ/” controls fed NCD and HFD diet for 12 weeks were evaluated by immunohistochemistry with
antibodies recognizing UCP1 (N = 4 animals per group). At study termination, tissues shown in (D) were assessed for (E) mitochondrial complex activity and (F) uncoupled
respiration (N = 4 animals per group), (G) gPCR measurement of mitochondrial biogenesis markers (N = 5 animals per group), and (H) transmission electron microscopy. (I)
Mitochondrial density and (J) size (N = 4 animals per group) were analyzed from the transmission electron micrographs. (K—L) BAT surface temperature was assessed in
Asah15Ucp1 mice and Asah7™ controls fed a HFD (N = 6—7 animals per group). (M) Genes related to mitochondrial biogenesis or thermogenesis were evaluated by gPCR (N = 4
animals per group). (N) Following euthanasia, BAT depots obtained from Asah15Ucp1 mice and Asah1™ controls fed NCD and HFD diets for 12 weeks were evaluated by
immunohistochemistry with antibodies recognizing UCP1 (N = 4 animals per group). At study termination, tissues in (N) were assessed for (0) mitochondrial complex activity and
(P) uncoupled respiration (N = 3 animals per group), (Q) gPCR measurement of mitochondrial biogenesis markers (N = 4 animals per group), and (R) transmission electron
microscopy. Transmission electron micrographs. (S) Mitochondrial density and (T) size (N = 4 animals per group) were analyzed from the transmission electron micrographs
(N = 3 animals per group) were analyzed in brown adipose tissue-isolated Sptlc?Ucp1 mice and Sptic2”" controls was determined following 12 weeks of HFD feeding. Values are
expressed as mean + SEM, *p < 0.05. *p < 0.05; **p < 0.01; ***p < 0.001.

respiration (Figure 4E—F) and enhanced activity of electron transport
(ETC) chain complexes |, Il, and IV. Conversely, BAT from HFD-fed
Asah1°YP™ mice diminished uncoupled respiration and ETC complex
I, I, and IV activity (Figure 40—P).

We also conducted an extensive analysis of mitochondrial health in the
BAT depots following either Sptlc2 or Asah1 deletion in UCP1™ cells.
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The interventions reciprocally altered mRNA expression of key mito-
chondrial biogenic markers Tfam and Mff (increased in BAT of
Sptic2’YP" mice and decreased in BAT of Asah1°U" mice) (Figure 4G
and 4Q). Transmission electron microscopy revealed that BAT from
HFD-fed Sptlcf“cm mice increased mitochondrial density and size
(Figure 4H—J), while BAT from HFD-fed Asah7°"® mice had reduced
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Figure 5: Ceramides have cell autonomous effects on fuel metabolism in primary brown adipocytes. Primary brown adipocytes were treated with (A) myriocin (10 M) or
(B—C) isoproterenol (1 uM) +/— C,-ceramide as described in Materials and Methods. (A—B) Thermogenic genes were assessed by qPCR and (C) respiration was assessed by
respirometry. Data are representative of 3 independent experiments completed with 4 replicates. Primary brown adipocytes were incubated with adenoviruses encoding for either
green fluorescent protein (Gfp) or mouse-CerS6 (D—G). Following 48 h of transfection (D) mRNA expression of CerS6 was quantified by qPCR, (E—F) Ceramide and triglyceride
content were determined by mass spectrometry and (G—I) respiration was assessed by respirometry. (J) Primary brown adipocytes were treated with vehicle or C,-ceramide (Cer)
for 2 h prior to stimulating with insulin (1 wM, 10 min). Lysates were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western blots were
performed using antibodies recognizing phosphorylated (P-Akt) or total Akt (N = 3 independent experiments). (K) Western blots and (L) quantification depicting isoproterenol (Iso)
induced phosphorylation of pHSL (S563 phosphorylation sites) following treatment with C,-ceramide (Cer, 50 uM) for 4 h followed by treatment with the PP2A inhibitor microcystin-
LR (MLR) for 1 h in primary brown adipocytes (N = 3 independent experiments). (M) FFA uptake in primary brown adipocytes isolated from control and SptlczaUcm mouse
(N = 5—7 per group). (N) Schematic summarizing the discrete mechanisms linking ceramides to changes in BAT metabolism. Values are expressed as mean + SEM, *p < 0.05.
*p < 0.05; **p < 0.01; ***p < 0.001.

mitochondrial density and a marked reduction in mitochondrial cristae  of genes involved in the thermogenic program (e.g., Ucp1, Pgcia, etc.)
density and morphology (Figure 45—T). (Figure 5A). By contrast, adding exogenous short-chain C,- ceramides
We next investigated whether the effects described above could be  blocked isoproterenol-driven induction of these genes (Figure 5B), as
recapitulated in brown adipocytes analyzed in vitro. Treating primary  well as its stimulation of basal, maximal, and uncoupled respiration
brown adipocytes with the SPT inhibitor myriocin increased expression  (Figure 5C). To further interrogate whether the effects could be
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mediated by endogenous Cig-ceramide species, which were previ-
ously identified as a potentially toxic ceramide metabolite [33,35], we
overexpressed CerS6 in primary brown adipocytes in vitro using re-
combinant adenovirus. This intervention elevated expression of CerS6
(Figure 5D) and Cyg-ceramides (Figure 5E). Other sphingolipids, such
as the sphingomyelins sphinganine and sphingosine, were unaffected
(Suppl. Fig. 1J-L). The increase in Cig-ceramides led to increased
accumulation of triglycerides (Figure 5F) and compromised mito-
chondrial respiration (Figure 5G—I).

3.5. Ceramides alter fuel availability

BAT uses fatty acids and glucose derived from intracellular stores
and/or peripheral tissues to fuel thermogenesis [42—45]. We iden-
tified several mechanisms by which intracellular ceramides influence
the availability of these substrates. (a) We previously demonstrated
that lowering ceramides increases glucose uptake into BAT [14].
Ceramides likely achieve this in BAT by inhibiting Akt/PKB, a serine/
threonine kinase that promotes glucose transporter translocation
(Figure 5J). (b) Ceramides block lipolysis by inhibiting activation of
hormone-sensitive lipase (HSL) by isoproterenol (Figure 5K—L), but
not by affecting expression of lipolytic genes Lipe and Atgl
(Suppl. Fig. 2P). Microcystine-LR (MLR), an inhibitor of the ceramide-
target protein phosphatase 2A (PP2A), negated this ceramide effect
(Figure 5K—L). (c) Lastly, ceramides may modulate isoproterenol-
stimulated fatty acid import, as primary brown adipocytes isolated
from Sptlcz‘w””7 mice displayed accelerated rates of lipid uptake
(Figure 5M).

4. DISCUSSION AND CONCLUSION

Blocking synthesis of sphingolipids, such as ceramides, ameliorates
insulin resistance, dyslipidemia, and hepatic steatosis and prevents
progression of diabetes, atherosclerosis, and cardiovascular disease
[46,47]. The data presented above suggest that a sizable fraction of
these disease-causing sphingolipid effects result from actions in
thermogenic adipocytes, which can exert a powerful influence on ro-
dent metabolism. In these cells, interventions that either increase or
decrease ceramides or other biosynthetic sphingolipid intermediates
alter mitochondrial morphology and bioenergetics and influence
glucose and lipid metabolism. In addition to showing the protective
effects of sphingolipid depletion, this study is one of the first to
demonstrate the consequence of selective induction of sphingolipid
synthesis intermediates in vivo. Remarkably, inhibiting ceramide
deacylation by acid ceramidase was sufficient to induce many features
of the metabolic syndrome and to greatly enhance the complications of
obesity.

These new findings clarify to the aforementioned controversy in the
literature regarding the consequences of SPT inactivation in adipo-
cytes. We surmise that the lipodystrophy observed by other groups
following adipose-specific depletion of Sptic2 or Sptic1 [28,29] is due
to impairments in adipocyte differentiation. Indeed, we have shown
that SPT inhibitors block adipocyte differentiation of pre-adipocytes
studied ex vivo [14]. Conversely, Gohlke et al. demonstrated that
ceramides inhibit brown adipocyte development and differentiation
[48]. Regardless, the studies described herein using UCP1-driven Cre
unequivocally reveal that ceramides are bioactive nutrient signals in
the mature, fully-differentiated thermogenic adipocyte.

One limitation of the manuscript relates to the challenge of determining
which ceramide—or whether a precursor or ceramide metabolite—is
the bioactive species that impairs BAT function. For example, depletion
of Sptic2 and Asaht are likely to affect other sphingolipid species,

I

MOLECULAR
METABOLISM

including dihydroceramides or ceramide-1-phosphate. We measured
the former, and it frequently tracks closely with ceramides. Nonethe-
less, the preponderance of literature indicates that ceramides, rather
than dihydroceramides, are the bioactive signaling lipids. Indeed, we
recently demonstrated that ablating the dihydroceramide desaturase-
1, which inserts the double-bond into ceramides, increases dihy-
droceramide/ceramide ratios while improving adipose function and
metabolic homeostasis [20]. Thus, we surmise that ceramides are
more likely to serve as the bioactive molecule. We acknowledge that
ceramide-1-phosphate., which is not measured by our sphingolipi-
domic platform, is a potential contributor to the pathogenic features of
the tissue.

Several mechanistic studies support the idea that ceramides are the
relevant bioactive sphingolipid that controls adipose function. In
particular, we and others have identified the following cellular pro-
cesses that were reciprocally regulated by either increases or de-
creases in ceramides in UCP1™-cells (summarized in Figure 5N).

(i) Ceramides impaired mitochondrial complex activity and [-oxida-
tion, altered mitochondrial morphology, and modulated expression
of markers of mitochondrial dynamics, including 7fam and Mff.
These data are consistent with prior studies showing that Cqg-
derived sphingolipids interact with MFF to promote mitochondrial
fragmentation [32].

(ii) Ceramides slow lipolysis by activating the PP2A-dependent
phosphorylation of HSL.

(i) Ceramides disrupt glucose uptake by impairing Akt/PKB. We have
reported previously that this results from two separable pathways
that are downstream of ceramide, one involving a PKCZ-dependent
phosphorylation on the enzyme’s pH domain and another through
the PP2A-dependent dephosphorylation of the enzyme’s catalytic
domain [49—51].

We speculate that these mechanisms are part of an evolutionarily-
conserved pathway originally intended to protect cells by lowering
levels of detergent-like fatty acids [46]. Specifically, the actions would
reduce mitochondrial efficiency, decrease availability of glucose—and
thus increase reliance on fatty acids—for energy production, and block
the release of fatty acids from lipid droplets. The remarkable fact that
these processes were changed in oppositional ways by Sptlc2 and
Asah1 depletion in vivo provides the most convincing data to date that
these are key ceramide-driven mechanisms accounting for ceramide-
driven cardiometabolic disease.

Although these data do not identify the precise ceramide species (i.e.,
which acyl-chain) mediates adipose function, Briining et al. have found
that CERS6-derived Cig-ceramides, rather than very long-chain
ceramides, are the key bioactive species that influence adipose
function [32,33,52]. Our studies supported this, as we found that
inhibiting production of very long-chain ceramides (e.g., Co4 and Co4.1)
led to compensatory increases in Cyg ceramides and a worsening of
metabolic control. Nonetheless, the data in this manuscript do not
provide further clarity. The sphingolipid changes we observed, which
were obtained under NCD conditions, revealed changes in multiple
ceramide species. Based on the data in this manuscript, we cannot
rule out roles for sphingolipids beyond Cyg ceramides.

Several labs, including ours, have previously shown that ceramides
induce CD36 translocation and stimulate fatty acid uptake into the liver
[20,53]. We were thus intrigued to evaluate whether ceramides would
alter fatty acid uptake in brown adipocytes, particularly in the presence
of stimuli, such as isoproterenol, which increase fatty acid uptake.
Interestingly, the Spt/cf”””’ animals displayed enhanced
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isoproterenol-induced fatty acid uptake into brown adipocytes. Future
studies on the regulation of fatty acid uptake by ceramides, in the
presence and absence of stimuli like isoproterenol, are warranted.
Collectively, these studies in the brown adipocyte reveal the impor-
tance of ceramides as metabolic regulators and provide new mecha-
nistic details about this important class of nutrient signals. Enzymes
controlling tissue ceramides are attractive therapeutic targets that hold
promise for a broad range of cardiometabolic disease conditions.
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