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SUMMARY

Adipocytes package incoming fatty acids into tri-
glycerides and other glycerolipids, with only a frac-
tion spilling into a parallel biosynthetic pathway
that produces sphingolipids. Herein, we demon-
strate that subcutaneous adipose tissue of type 2
diabetics contains considerably more sphingoli-
pids than non-diabetic, BMI-matched counterparts.
Whole-body and adipose tissue-specific inhibition/
deletion of serine palmitoyltransferase (Sptlc), the
first enzyme in the sphingolipid biosynthesis
cascade, in mice markedly altered adipose
morphology and metabolism, particularly in subcu-
taneous adipose tissue. The reduction in adipose
sphingolipids increased brown and beige/brite
adipocyte numbers, mitochondrial activity, and insu-
lin sensitivity. The manipulation also increased
numbers of anti-inflammatory M2 macrophages in
the adipose bed and induced secretion of insulin-
sensitizing adipokines. By comparison, deletion of
serine palmitoyltransferase from macrophages had
no discernible effects on metabolic homeostasis or
adipose function. These data indicate that newly
synthesized adipocyte sphingolipids are nutrient
signals that drive changes in the adipose phenotype
820 Cell Metabolism 24, 820–834, December 13, 2016 ª 2016 Elsevi
to influence whole-body energy expenditure and
nutrient metabolism.

INTRODUCTION

Adipocytes have an enormous capacity to store energy in the

form of triglyceride. In addition, unique features of these cells

permit them to serve as centers for sensing and communicating

nutritional status (Rutkowski et al., 2015). In relation to their size

and/or metabolic activity, adipocytes secrete lipids, peptides,

cytokines, and hormones (adipokines) that communicate the or-

ganism’s energetic status to the CNS, liver, muscle, heart, etc.

The existence of various adipocyte types (white, brown, beige,

etc.) that differ in the nature of the lipid droplet, mitochondrial ca-

pacity, and thermogenic potential underscores the complexity of

the tissue. Impairments in this energy storing system is a critical

feature of metabolic disease pathology, as the inability of adipo-

cytes to sequester nutrients results in their aberrant delivery to

peripheral tissues (Virtue and Vidal-Puig, 2010). The resulting

accumulation of byproducts of cellularmetabolism (e.g., reactive

oxygen species [ROS], ceramides, diacylglycerols, etc.) impairs

function of peripheral tissues (e.g., heart, vasculature, etc.), giv-

ing rise to the panoply of defects that underlie diabetes and heart

disease (Chavez and Summers, 2010). Despite the relevance of

these responses to numerous physiological and disease pro-

cesses, the molecular events accounting for nutrient sensing in

the adipocyte are not well understood.
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Figure 1. Sphingolipids Accrue in sWAT of Obese-TDM Patients

Blocking their global synthesis in mice improves glucose homeostasis and increases energy expenditure. Mass spectrometer analysis of sWAT revealed that

sphingolipids (A), dihydroceramide species (B), and ceramide species (C) were induced in obese type 2 diabetes mellitus (T2DM) patients compared to non-

diabetic, BMI-matched controls (n = 7–9). To determine the role of these adipose sphingolipids in adipose function, we treated mice fed either a normal chow diet

(legend continued on next page)
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As fatty acids enter the adipocyte, most are coupled to a

glycerol backbone derived from glucose. Through a series of

sequential reactions, additional fatty acids are incorporated

into this scaffold, with the preponderance of energy stored as tri-

glycerides (e.g., a well-fed 70 kg person stores 135,000 kcal of

energy as triglycerides as opposed to 1,600 kcal as glycogen

or 24,000 kcal as mobilizable proteins) (Cahill, 1976). Intermedi-

ates in this biosynthetic pathway (e.g., diacylglycerol) have been

identified as nutrient signals that modulate insulin sensitivity, but

their precise role has been elusive (Zhang et al., 2013).

An alternative biosynthetic pathway couples saturated fatty

acids (preferentially palmitate) to amino acids (preferentially

serine) to generate sphinganine (Merrill, 2002). The sphingoid

backbone subsequently acquires additional fatty acids, and

the pathway produces the cellular cadre of sphingolipids that

includes ceramides and its more complex end products (e.g.,

sphingomyelin, gangliosides, 1-O-acylceramides, etc.) (Merrill,

2002). In small, healthy adipocytes, this is a minor route, as

most are preferentially sequestered as triglycerides (Chavez

and Summers, 2003). However, overnutrition, inflammatory cy-

tokines, glucocorticoids, and other stress stimuli enhance the

rate of synthesis of this class of molecules (Chaurasia and

Summers, 2015). Herein, we assessed the role of this spillover

sphingolipid synthesis pathway in adipose function.

RESULTS

Diabetic Patients Have Increased Adipose Sphingolipids
Compared to Non-diabetic, BMI-Matched Individuals
Prior studies have shown that adipose sphingolipids increase

in human obesity and correlate with insulin resistance and

hepatic steatosis (B1achnio-Zabielska et al., 2012; Kolak et al.,

2007, 2012). Herein, we additionally asked whether adipose

sphingolipids differed in obese diabetic versus obese non-

diabetic patients, independent of body weight. All patients had

a body mass index (BMI) of R35 kg/m2. The patients with

type 2 diabetes were classified as those with fasting blood

glucose R7 mmol/L, on medication for hyperglycemia, or with

a history of diagnosis. Table S1 shows the baseline clinical char-

acteristics of recruited patients. Though BMIs were comparable,

subcutaneous (Figures 1A–1C), but not visceral (Figure S1A),

adipose tissue from diabetic individuals contained elevated

concentrations of numerous sphingolipids.

Pharmacological Inhibition of Sphingolipid Biosynthesis
Alters Adipose Morphology and Bioenergetics in Mice
Serine palmitoyltransferase (Sptlc) is a trimeric enzyme that cou-

ples palmitoyl-CoA and serine to produce 3-ketosphinganine,
(NCD) or high-fat diet (HFD) for 12 weeks with the Spt inhibitor myriocin for an addi

mass (D) and fat mass and lean mass (E), HFD-fed organ weight (F), serum

concentration (H), serum insulin concentration (I), GTT and ITT (J and K), represen

treated mice (L) (n = 3 per group), energy expenditure (M), VO2 consumption (N), V

of H&E staining of sWAT, eWAT, and BAT isolated from vehicle- andmyriocin-trea

in vehicle- and myriocin-treated animals (R) (n = 3 mice per group and a total of 4

***p < 0.001 indicate significant differences between groups as determined by eith
#p < 0.05, ###p < 0.001 indicate significant treatment main effects (i.e., an effect of

stated otherwise. Abbreviations: dhCer, dihydroceramides; Cer, ceramide; DHC,

sphingomyelin; and THC, trihexosylceramide.
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the scaffold for all sphingolipids (Merrill, 2002). Myriocin, a

potent, high-affinity inhibitor of this enzyme, blocks the synthesis

of sphingolipids and prevents the development of insulin resis-

tance and diabetes in obese mice and rats (Holland et al.,

2007; Ussher et al., 2010; Yang et al., 2009). Herein, we explored

the impact of myriocin on metabolism in greater detail, uncover-

ing new roles for sphingolipids in adipose metabolism and re-

modeling. Moreover, the work revealed that myriocin can elicit

this broad spectrum of changes in the adipose bed after the an-

imals had become obese, as opposed to the more common

experimental paradigm where the drug is given concurrently

with the high-fat diet (HFD).

In this reversal study, we commenced the administration of

the drug after animals had been on an obesogenic, high-fat

diet for 12 weeks, when they typically display profound insulin

resistance and glucose intolerance. We maintained treatment

for 8 weeks (i.e., a total of 20 weeks on the HFD). Myriocin

reduced levels of numerous sphingolipid species in adipose tis-

sue, liver, muscle, and serum in both normal chow diet (NCD)

and HFD conditions (Figures S1B and S1C; Tables S2 and

S3). Though the myriocin effects were readily apparent, we

did not observe the HFD-induced increase in C16-ceramides

that has been described by others (Shah et al., 2008; Turpin

et al., 2014). We note that primary adipocytes maintain the

capacity to secrete ceramides (e.g., following stimulation with

tumor necrosis factor alpha; Table S5), which may account

for the discrepancy.

Although the impact of myriocin on body mass was relatively

small, the drug did decrease total fat mass, including the subcu-

taneous, visceral, and brown adipose depots (Figures 1D–1F).

The drug did not alter the weight of the liver (Figure 1F) or the

heart (data not shown), nor did it impact total lean mass (Fig-

ure 1E). The decreased adiposity in the animals fed the HFD

was associated with a diminution of circulating leptin levels (Fig-

ure 1G) and a concomitant elevation in circulating highmolecular

weight adiponectin (Figure 1H) and fibroblast growth factor 21

(FGF-21; Figure 1P). Mice treated with myriocin displayed (1)

improved insulin sensitivity and glucose homeostasis (Figures

1I–1K), (2) resolved hepatic steatosis (Figure 1L), and (3)

increased energy expenditure, oxygen consumption, and car-

bon dioxide (VCO2) production (Figures 1M–1O). We observed

no change in respiratory exchange ratios (RER), indicating that

myriocin did not induce a shift from carbohydrate to fat-based

fuels (Figure S1D). Notably, the changes in energy expenditure

were independent of food intake or locomotor activity (Figures

S1E–S1H). Myriocin did not elicit statistically significant changes

in rectal body temperature, though the data trended in an up-

ward direction (Figure S1I). Comparable results were obtained
tional 8 weeks as described in the text. The data obtained were as follows: body

leptin concentrations (G), serum high molecular weight (HMW) adiponectin

tative images of H&E staining of the livers from HFD-fed vehicle and myriocin-

CO2 production (O), serum FGF-21 concentrations (P), representative images

ted animals (n = 3mice per group) (Q), and sWAT and eWAT adipocyte cell size

images per mice). Values are expressed as mean ± SEM. *p < 0.05, **p < 0.01,

er Student’s t test or a significant interaction effect following two-way ANOVA.

myriocin) as determined by two-way ANOVA. n = 7–8 animals per group unless

dihexosylceramide; MHC, monohexosylceramide; GM3, GM3 ganglioside; SM,
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Figure 2. Inhibiting Whole-Body Sphingolipid Synthesis Induces Adipose Remodeling

Tissues were obtained from animals treated with myriocin as in Figure 1 for molecular and histological analysis. Transcriptional analysis revealed that myriocin

increased levels ofmRNAmarkers of thermogenic genes (A) and browning/beiging genes (B) in sWAT. Immunohistochemistry (C) confirmed induction of UCP-1 in

sWAT (n = 3 per group), and western blot analysis (D) revealed accumulation of UCP-1, TBX-1, and PGC-1a in sWAT (n = 5 per group). The subcutaneous adipose

tissue displayed increased numbers of macrophages evidenced by increased mRNAmarkers (E) of the macrophage genes Emr1 and Lgasl3 (n = 5–8 per group),

staining of Mac-2 protein (F) and increased numbers of crown-like structures (n = 3mice per group and a total of 4 images per mice). The infiltratingmacrophages

(legend continued on next page)
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on body composition and glucose tolerance in a second cohort

undergoing the same treatment regimen (data not shown).

We next completed histological and molecular analyses of the

effects of myriocin on the adipose beds. In the animals fed the

HFD, myriocin decreased (byz50%) adipocyte cross-sectional

area of visceral (epididymal white adipose tissue or eWAT), sub-

cutaneous (sWAT), and brown (BAT) adipocytes (Figures 1Q and

1R). The morphological changes were not driven by changes

in eWAT or sWAT apoptosis (Figure S2C) or replication (data

not shown). Reduced expression of Plin1 and Cav1 transcripts

(Table S4) was observed. In eWAT, myriocin substantially

reduced several general markers of differentiation, lipolysis,

and mitochondrial function compared to vehicle controls. By

contrast, this gene program was largely unaffected in sWAT

(Figures S2A and S2B).

Since we observed an increase in energy expenditure inde-

pendent of changes in physical activity or food intake, we

reasoned that myriocin might either promote the browning/beig-

ing of sWAT or increase BAT activity. Indeed, myriocin stimu-

lated a brown/beige fat thermogenic gene program of the subcu-

taneous depot, characterized by induction of Ucp1, Prdm16,

Pgc1b, Cpt1a, Cd137, Tbx1, and Tmem 26. Such alterations

were generally not observed in eWAT and BAT (Figures 2A and

2B; Figures S2B and S2D). We verified enhanced expression of

the uncoupling protein UCP-1, the beige cell maker TBX-1,

and the transcriptional co-activator PGC-1a by western blotting

(Figure 2D). Changes were again restricted to sWAT and not

apparent in eWAT and BAT (Figure S2E).

In obesity, macrophages infiltrate adipose depots (Wellen and

Hotamisligil, 2003; Xu et al., 2003). Pharmacological and genetic

interventions that either reduce inflammation or shift macrophage

polarization (i.e., converting inflammatory M1 macrophages into

anti-inflammatory M2) increase energy expenditure, stimulate

browning, and improve insulin action (Nguyen et al., 2011; Ode-

gaard and Chawla, 2011). Hence, we investigated the effect of

myriocin on macrophages within the adipose beds. Transcrip-

tional analysis revealed that myriocin increased expression of

macrophage-specific genes, such as F4/80 (Emr1) and Mac-2

(lgasl3), in both sWAT (Figure 2E; Figure S2F) and eWAT (Fig-

ure S2G). Moreover, immunohistochemistry revealed that

myriocin significantly increased numbers of macrophage-laden

crown-like structures compared to vehicle controls (Figures 2F;

Figure S2H). Such changes in macrophage content were promi-

nent in both WAT depots (i.e., sWAT and eWAT). Transcriptional

profiling revealed that this was primarily due to an increase in

M2 macrophages, with the effect being more prominent in

sWAT (Figure2G; FiguresS2I andS2J). These increasednumbers

of M2 macrophages were associated with a small increase in

serum levels of the key anti-inflammatory cytokine IL-10 and a

concomitant reduction in levels of the pro-inflammatory cytokines

IL-6, MCP-1, and TNF-a (Figure 2H; Figures S2K and S2L).
were predominantly of the M2 phenotype as evidenced by the profile of M1 an

treatment (n = 5–8 per group). The transcriptional analysis revealed that myrio

catecholamine synthesis in sWAT.

Prevention study: another cohort of animals was pre-treated with myriocin th

redistribution of adipose tissue, with the preponderance accumulation in the sub

sentative images (J) and calculated volumes (K) of total sWAT and vWAT (visceral a

are expressed as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001 versus vehicle
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Catecholamine production by alternatively activated macro-

phages has been shown to be important for the induction of

thermogenic genes in WAT of cold-exposed mice (Nguyen

et al., 2011). Consistent with this, myriocin increased the

mRNA expression of tyrosine hydroxylase (Th), the rate-limiting

enzyme in catecholamine synthesis, in sWAT (Figure 2I; Fig-

ure S2M). By contrast, myriocin did not alter Th levels in eWAT

or BAT (Figure S2M).

Pharmacological Inhibition of Sphingolipid Biosynthesis
Alters Adipose Morphology and Distribution
We completed this same battery of experiments described

above in cohorts of animals given myriocin in concurrence with

the HFD. In this ‘‘prevention’’ study, pre-treating with myriocin

elicited a comparable spectrum of metabolic benefits, including

improved glucose tolerance, increased insulin sensitivity,

amelioration of hepatic steatosis, reduction in adipocyte size,

differences in M1/M2 macrophage ratios or associated gene

expression, elevated energy expenditure, and the appearance

of subcutaneous beige/brown adipocytes (Figures S1–S3;

Tables S2 and S3). One of the interesting differences between

the reversal/prevention studies in animals fed an HFD was

related to the distribution of adipose stores. When given from

the outset, myriocin led to preferential deposition of fat in subcu-

taneous, but not visceral, body spaces (Figures 2J–2L). This

alteration in fat distribution occurred without changes in total

adiposity or BMI (Figures S2N–S2P).

Adipocyte-Selective Depletion of Sptlc2 Alters Adipose
Morphology, Inflammation, and Bioenergetics
To further address whether adipocyte sphingolipids were

intrinsic mediators of adipose function, we crossed mice con-

taining a floxed Sptlc2 (Sptlc2fl/fl) allele with ones expressing

Cre-recombinase under the control of the adiponectin (AdipoQ)

promoter. Of note, AdipoQmice express the recombinase in ad-

ipocytes at a developmental time point after the classical brown

fat/muscle developmental decision has been made (Wang

et al., 2010). Breeding Sptlc2fl/fl-AdipoQ-Cre�/� with Sptlc2fl/fl-

AdipoQ-Cre�/+ mice produced mice with adipose tissue-spe-

cific deletion of Sptlc2 (denoted as Sptlc2dAdipo). For compari-

son, we used littermates that retained the gene (denoted as

controls). PCR analysis confirmed excision of the targeted exons

selectively in adipose depots (Figure 3A). Analysis of mRNA

expression in primary adipocytes isolated from these mice

confirmed deletion of the Sptlc2, but not Sptlc1 or Sptlc3 genes.

Quantification of mRNA from various other tissues verified that

the Sptlc2 deletion was specific to white and brown adipose

tissue (Figures 3B and 3C). Depletion of the gene from adipose

tissue led to an unexpected increase in Sptlc2 transcripts

in the liver (Figure 3C), suggesting the existence of sphingoli-

pid-dependent crosstalk between liver and adipose tissue.
d M2 mRNA markers (G). Serum cytokines (H) were also altered by myriocin

cin increased mRNA expression (I) of the Th gene, which is rate limiting for

roughout the dietary regimen. This concurrent treatment induced a marked

cutaneous depots. These are evidenced by Dixon MRI data, including repre-

dipose tissue) and by differences in organweight (L) (n = 7–8 per group). Values

and n = 7–8 animals per group unless stated otherwise.
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Sphingolipidomic assessment by mass spectroscopy confirmed

that Sptlc2 ablation reduced levels of numerous ceramide and

dihydroceramide species in primary adipocytes (Figure 3D) or

tissue samples (Figures 3E and 3F) taken from epididymal, sub-

cutaneous and brown adipose depots. Sptlc2 ablation did not

consistently reduce more complex sphingolipids (i.e., monohex-

osylceramides [MHC], dihexosylceramides [DHC], GM3 ganglio-

sides [GM3], or sphingomyelins [SM]) in these cells, tissues, and

serum (Figures 3D–3F; Figures S4J–S4L). Adipose tissue-spe-

cificSptlc2 ablation did not alter levels of ceramides in liver, mus-

cle, or serum (Figures 3E–3G).

4-week-oldSptlc2dAdipo andSptlc2fl/fl (control) micewere fed a

normal chow diet or high-fat diet for up to 16 weeks. Following

HFD, the Sptlc2dAdipo animals displayed altered lean/fat mass ra-

tios, thus recapitulating the phenotype observed with myriocin

(Figures 4A and 4B). Moreover, we observed similar reductions

in theweight of the fat pads of theSptlc2dAdipo animals compared

to controls (Figure 4C). The reduction in visceral adiposity was

further confirmed by Dixon MRI (Figures 4D and 4E). Moreover,

the Sptlc2dAdipo animals had lower circulating levels of the adipo-

kine leptin (Figure 4F) andhigher levels of FGF-21 (Figure 4G). The

Sptlc2dAdipo animals exhibited increased oxygen consumption,

carbon dioxide production, and energy expenditure (Figures

4H–4J). Rectal body temperaturewas elevated in theSptlc2dAdipo

on the HFD (Figure 4K). As in the studies with myriocin, adipose-

specific Sptlc2 ablation had no impact on the respiratory ex-

change ratio (Figure S4M), food intake (Figure S4N), or locomotor

activity (Figure S4O–S4Q).

Compared to myriocin, the adipose-specific ablation of

Sptlc2 produced a comparable spectrum of effects on adipocyte

morphology, as the cells were again smaller and more metabol-

ically active. Indeed, histological analyses revealed that eWAT

and sWAT adipocytes of Sptlc2dAdipomice were smaller than ad-

ipocytes in control mice even on an NCD (Figure S4I), despite the

fact that the animals displayed no differences in body composi-

tion or energy expenditure (Figure 4A; Figures S4A–S4H).

The cross-sectional area of adipocytes from the Sptlc2dAdipo-

HFD animals were �30% and �50% lower in sWAT and

eWAT, respectively, compared to cells from the control-HFD

mice (Figures 4L and 4M). Transcripts of the general markers

of adipose differentiation and lipolysis were largely unaltered

in white adipose depots, while being significantly reduced in

BAT (Figures S5A–S5C). In contrast, adipose-specific Sptlc2

depletion increased transcripts of several thermogenic genes

(e.g., Ucp1, Cidea, Dio2, and Tmem26), particularly in sWAT

(Figures 5A and 5B). UCP-1 protein levels were also elevated

in sWAT (Figures 5C and 5D).

The induction of a thermogenic program in adipocytes was

further suggested by studies profiling mitochondrial activity

in the tissues. WAT-specific ablation of Spltlc2 increased un-

coupled respiration and mitochondrial complex activity (Figures

5E and 5F) in sWAT, but not eWAT (Figures S5D–S5F and S5J).
Figure 3. Generation of Mice Lacking Sptlc2 in Adipose Tissue

Depletion of Sptlc2 in adipose tissue in the Sptlc2dAdipo versus littermate contro

excised, or wild-type genes and determination of the transcript levels for each of

Sphingolipid levels were determined bymass spectroscopy in primary adipocytes

mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001 versus control. Abbreviation

monohexosylceramide; and GM3, GM3 ganglioside.
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Though BAT from the HFD-fed Sptlc2dAdipo mice expressed

fewer thermogenic and mitochondrial transcripts, they exhibited

increased basal respiration and complex II and IV activity (Fig-

ures S5F, S5G, and S5K). Similar reduction in thermogenic tran-

scripts was also observed in muscle (Figure S5H). By contrast,

such changes in thermogenic genes were not observed in liver

(Figure S5I). Sptlc2 depletion also led to an increase in lipid

oxidation in both sWAT and BAT (Figure 5G; Figures S5J and

S5K). These data suggest that adipocyte sphingolipids are

intrinsic regulators of adipose tissue that decrease the thermo-

genic and metabolic properties of the sWAT and BAT depots.

As we observed with myriocin, adipocyte-specific deletion

of Sptlc2 altered the macrophage population in the adipose

depots. Sptlc2 depletion increased levels of transcriptional

markers of macrophages (F4/80 [Emr1] and Mac-2 [lgasl3]) (Fig-

ure 5H). Moreover, immunohistochemical analysis identified

twice as many crown-like structures in the sWAT of HFD-fed

Sptlc2dAdipo mice when compared to control mice retaining the

enzyme (Figure 5I). Transcriptional profiling revealed that adi-

pose-specific ablation of Sptlc2 increased expression of alterna-

tive macrophages in the adipose bed, indicative of alternative

M2 macrophage activation (Figures 5J and 5K). Such changes

were not observed in eWAT and BAT (Figures S5L–S5P).

Sptlc2dAdipo depletion also increased the expression of tyrosine

hydroxylase in sWAT (Figure 5L).

Depletion of adipose sphingolipids prevented HFD-induced

increases in fed and fasting glucose (Figure 6A). Their reduction

did not alter the homeostatic model of insulin resistance (HOMA-

IR; Figure 6B). The intervention modestly, but significantly,

improved glucose tolerance (Figure 6C) following both NCD

and HFD feeding. We further assessed the improvements in

glucose homeostasis in HFD-fed animals using hyperinsuline-

mic-euglycemic clamps. Plasma glucose levels were matched

between the two genotypes at approximately 120 mg/dL (Fig-

ure S4R), and both strains displayed similar increases in blood

insulin levels and total glucose flux during the procedure (Figures

S4S and S4T). Sptlc2dAdipo mice displayed markedly improved

whole-body insulin action, as evidenced by the increased

glucose infusion rate throughout the experimental time frame

(Figure 6D). The increase was attributable partially to increased

glucose uptake in sWAT with no changes observed in muscle,

heart, or the brain (Figure 6E). We did not observe changes in

hepatic glucose production in Sptlc2dAdipo mice but did observe

resolution of hepatic steatosis (Figures 6F and 6G). The liver from

Sptlc2dAdipo mice also showed reduction in the transcriptional

regulators of lipid storage, Pparg and Srebp1c (Figure 6H).

Myeloid-Selective Depletion of Sptlc2 Does Not Alter
Adipose Morphology, Inflammation, and Bioenergetics
The increase in M2 macrophages in the sWAT tissue depots oc-

curs following adipocyte-specific Sptlc2 depletion, suggesting

that the adipocyte sphingolipids themselves were involved in
ls was confirmed by PCR analysis (A) of genomic DNA to detect the lox/lox,

the Sptlc subunits in primary adipocytes (B) and tissues (C) (n = 4 per group).

(D), tissue (E and F), and serum (G) (n = 3–5 per group). Values are expressed as

s: dhCer, dihydroceramide; Cer, ceramide; DHC, dihexosylceramide; MHC,
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Figure 4. Adipocyte-Specific Ablation of Sptlc2 Induces Adipose Tissue Remodeling and Increases Energy Expenditure
Sptlc2dAdipomice and littermate controls were fed NCD (n = 17 versus 11, respectively) or HFD (n = 17 versus 23, respectively) as described in the text. Shown are

the effect of the interventions on body weight (A) (all animals), fat versus lean mass (B) (n = 6 versus 9), or organ weight (C) (n = 8 versus 11). A subset of animals

was analyzed by Dixon MRI and representative images are shown (D), and calculated volumes of total sWAT (subcutaneous adipose tissue) and vWAT (visceral

adipose tissue) from the HFD mice are shown (E) (n = 6 versus 8). Serum leptin (F) and FGF-21 (G) were determined for HFD animals (n = 6 versus 7). Indirect

calorimetry was performed to quantify VO2 consumption (H), VCO2 production (I), and energy expenditure (J) (n = 6 animals per group). Rectal temperature was

determined in Sptlc2dAdipo versus control mice fed HFD (K) (n = 6 versus 7). Following euthanasia, tissues were excised, and adipose tissue was evaluated using

H&E staining of sWAT, eWAT, and BAT (L) (representative images, n = 3–4). Cell size was determined in each of the depots (M) (n = 3–4). Values are expressed as

mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001 versus control.
the recruitment or retention of myeloid cells. Given the potential

importance of macrophages in the browning/beiging of fat cells,

aswell as other processes relevant to disease onset, we opted to

also examine the role of macrophage sphingolipids on adipose

metabolism.
Chronic HFD feeding markedly increased the sphingolipid

content of Cd11b+ macrophages isolated from the adipose

tissues of the C57Bl6/J animals (Figures S6A–S6E). We thus

crossed the mice harboring the Sptlc2fl/fl with those expressing

LysM-Cre, which express Cre recombinase under the control
Cell Metabolism 24, 820–834, December 13, 2016 827
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Figure 5. Adipocyte-SpecificSptlc2Ablation Induces Thermogenic Gene Expression, Brown/Beige Adipocyte Accumulation, andM2Macro-

phage Recruitment and Activation

Subcutaneous adipose tissue from the aforementioned HFD-fed Sptlc2dAdipo mice displayed increased numbers of beige and brown adipocytes as compared

to littermate controls. This was evidenced by increased mRNA expression of thermogenic genes (A) (n = 4–5 per group) and brown/beige adipocyte markers (B)

(n = 4–5 per group). Immunohistochemistry (C) (n = 3–4 per group) and western blotting (D) confirmed the increase in UCP-1 (n = 5 per group). Tissues from the

HFD mice were then analyzed for uncoupled respiration (E), mitochondrial complex activity (F), and mitochondrial b-oxidation (G) (n = 4 per group). Macrophage

recruitment in theSptlc2dAdipomice (as compared to littermate controls) was evidenced by increasedmRNA expression ofmacrophagemarkers in sWAT (H) (n = 5

per group), enhanced Mac-2 staining and numbers of crown-like structure (CLS; I) (n = 4 mice per group and a total of 4 images per mouse). Tissues were further

characterized for expression ofM1 versusM2macrophagemarkers (J), serum cytokine levels (K) (n = 5–7 per group), and tyrosine hydroxylase protein expression

(L) (n = 5 per group). Values are expressed as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001 versus control.
of the lysozyme 2 gene (lyz2) promoter/enhancer elements (LysM

Cre�/+) (Clausen et al., 1999). Breeding Sptlc2fl/fl LysM-Cre�/�

with Sptlc2fl/fl LysM-Cre�/+ mice produced mice with myeloid-

specific deletion of Sptlc2, as well as littermate controls retaining
828 Cell Metabolism 24, 820–834, December 13, 2016
the gene (denoted as Sptlc2dMyel and Control, respectively).

The intervention selectively reduced Sptlc2 expression and

decreased myeloid sphingolipids but did not influence body

composition, energy expenditure, or glucose homeostasis
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Figure 6. Adipocyte-Specific Sptlc2 Ablation Increases Adipose Glucose Disposal and Resolves Hepatic Steatosis

Sptlc2dAdipomice and littermate controls were fed NCD or HFD as described in the text. Shown are the effect of the interventions on the following: serum glucose

concentrations (A), HOMA-IR (B), and glucose tolerance (C) in control and Sptlc2dAdipo mice fed NCD (n = 11 versus 9) and HFD (n = 11 versus 12). HFD-fed

animals were then subjected to euglycemic clamps to determine insulin sensitivity. Displayed is the glucose infusion rate (GIR) (D), glucose uptake in tissues (E),

and hepatic glucose production (F) during the clamp (n = 9 versus 6). Also shown are representative images (G) from the H&E staining of the liver isolated from

HFD-fed control and Sptlc2dAdipo mice (n = 2 per group) and mRNA expression of genes (H) essential for lipogenesis in liver isolated from HFD-fed control and

Sptlc2dAdipo mice (n = 5 per group). Values are expressed as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001 indicate significant differences between groups as

determined by either Student’s t test or a significant interaction effect following two-way ANOVA versus control.
(Figures S6F–S6O and S7A–S7N). Moreover, altering macro-

phage sphingolipid levels did not influence their appearance in

the adipose tissue beds (Figure S7C). Thus, macrophage sphin-

golipids do not contribute to the adipose phenotype resulting

from global inhibition of Sptlc2.

Exposure to Cold and b-adrenergic Agonist CL316,243
Lowers Adipose Ceramide Levels In Vivo
Exposure to the cold increases numbers of brown/beige

adipocytes in subcutaneous adipose tissue, stimulates mito-

chondrial oxidation and energy expenditure, and enhances

alternate macrophage activation. Since these alterations were

recapitulated with sphingolipid depletion, we evaluated the

effect of cold exposure on the adipose sphingolipid profile.

Exposing mice to cold temperatures for 5 days reduced levels

of the sphingolipid biosynthetic intermediates ceramide, dihy-

droceramide, and sphinganine in sWAT and eWAT (Figures

7A–7C). By comparison, abundant lipids, such as phosphatidyl-

choline and sphingomyelin, were unaffected (Figures 7D and

7E). Cold exposure also decreased expression of the biosyn-

thetic genes Sptlc2 and ceramide synthase-6 (Cers6) (Fig-
ure 7F). Cold exposure did not alter sphingolipid content or

the expression of these genes in BAT (Figures 7A–7E; data

not shown). The b-adrenergic activator CL316,243, another

activator of adipose browning, also reduced sWAT and eWAT

ceramide, dihydroceramide, sphinganine, and sphingomyelin

levels without altering BAT sphingolipids (Figures 7G–7K).

These data suggest that sphingolipid depletion may be an

important means of increasing the thermogenic properties of

white adipose depots.

Adipocyte-Selective Depletion of Sptlc2 Enhances
b-adrenergic Agonist CL316,243-Induced O2

Production, CO2 Production, and Energy Expenditure
In Vivo
To test the ability of adipocyte ceramides to modulate thermo-

genic responses to b-adrenergic stimulation in vivo, we injected

control and Sptlc2dAdipo mice with the b-adrenergic agonist

CL316,243. Followingasingle injectionofCL316,243,Sptlc2dAdipo

mice exhibited increased O2 consumption, CO2 production, and

energy expenditure (Figures 7L–7N). These effects were apparent

in the night when the animals are active.
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Ceramide Depletion Increases Beige Adipocyte
Mitochondrial Function In Vitro
We speculated that sphingolipid depletion might alter the

differentiation pattern of adipocytes, but this hypothesis

proved incorrect. Treating the stromal vascular fraction (SVF)

of eWAT and sWAT with myriocin did not induce formation

of brown or beige adipocytes during differentiation in vitro.

Instead, the compound blocked differentiation. The inhibitor

reduced mRNA expression of the thermogenic genes and

compromised mitochondrial function (Figures S6P–S6U).

Similar changes were observed with sphingolipid reduction

interventions in immortalized, murine BAT cell lines (Figures

S6V–S6Y). These data suggest that the broad spectrum of

adipose-specific effects resulting from sphingolipid deple-

tion likely occurs after cells are differentiated into mature

adipocytes.

We next treated fully differentiated sWAT primary adipocytes

with myriocin, which decreased levels of several endogenous

ceramide species within 6 hr (Figure 7Q). As we observed in vivo,

myriocin increased basal and uncoupled mitochondrial respira-

tion (Figures 7O and 7P). To elevate endogenous ceramides,

we treated primary adipocytes with C2-ceramides, which can

be recycled through the salvage pathway to increase endoge-

nous sphingolipids. Treating with C2-ceramide for 6 hr increased

ceramide levels (Figure 7Q) without altering levels of sphingo-

myelin or monohexosylceramide (Figures 7R and 7S). In contrast

to myriocin, C2-ceramide inhibited basal and uncoupled respira-

tion (Figures 7O and 7P).

To further distinguish which sphingolipid species account

for the adipose effects observed, we treated fully differentiated

sWAT primary adipocytes with inhibitors that prevent the con-

version of ceramide into sphingomyelin (i.e., the sphingomyelin

synthase inhibitor D609) or glucosylceramides and gangliosides

(i.e., the glucosylceramide synthase inhibitor D-threo-et-P4) for

6 hr. As we have shown previously in cultured myotubes and

adipocytes (Park et al., 2016), D609 does not alter levels of

the abundant lipid SM but does induce a buildup of the SM

precursor ceramides (Figure 7Q). D609 recapitulated the C2-

ceramide effects on basal and uncoupled respiration (Figures

7O, 7P, and 7R). As we have shown previously in cultured

3T3-L1 adipocytes (Chavez et al., 2014), the glucosylceramide

synthase (GCS) inhibitor D-threo-et-P4 reduced glucosylcera-

mide levels without affecting mitochondrial respiration (Figures

7O, 7P, and 7S).

Ceramide Inhibits Forskolin-Induced Expression of
Thermogenic Genes in Differentiated Human
Adipocytes
To further investigate the impact of ceramide accumulation

in subcutaneous adipocytes, we differentiated human sWAT

precursors into mature adipocytes. We then treated them

with forskolin (FSK) as a means to mimic the b-adrenergic

response. Treatment with forskolin for 6 hr increases the

expression of Ucp1, Pgc1a, and Prdm16. Concomitant treat-

ment with C2-ceramide blocked induction of these key thermo-

genic genes (Figure 7T). We thus conclude that sphingolipids,

which are increased by overnutrition and decreased by

cold, are physiological modulators of b-adrenergic-induced

thermogenesis.
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DISCUSSION

Despite the wealth of data in rodents showing the efficacy of

‘‘ceramide reduction therapies’’ (Chaurasia and Summers,

2015), the mechanisms accounting for the broad spectrum of

health benefits of such interventions are unclear. Our laboratory

has sought to more precisely determine the tissue-specific roles

of newly synthesized sphingolipids as regulators of nutrient stor-

age and utilization. Our approach has been to use genetic engi-

neering approaches to ablate a critical subunit ofSpt (i.e.,Sptlc2)

in different body locales. Of the tissues tested thus far, adipo-

cytes seem particularly sensitive to ceramide depletion.

The data presented indicate that sphingolipids are important

nutrient modulators of the thermogenic and metabolic activity

of adipocytes, particularly in subcutaneous WAT. In this depot,

Sptlc2 ablation prevented HFD-induced adipocyte hypertro-

phy, altered the profile of infiltrating macrophages, increased

numbers of brown/beige adipocytes, enhanced mitochondrial

activity, accelerated glucose uptake, and induced the adipo-

kine FGF-21. The tissue-specific intervention was sufficient to

alter whole-body energy expenditure, resulting in decreased

adiposity. Remarkably, these whole-body changes were driven

exclusively by changes in the adipose lipidome, revealing roles

for sphingolipids in the nutrient-sensing mechanisms that alter

adipose function. Restated, the adipocyte sphingolipids them-

selves serve as nutritional determinants of adipose morphology

and activity, with intermediates, such as ceramides, directing the

adipocyte toward a storage (e.g., white), rather than thermogenic

(e.g., beige/brown), phenotype.

These newly identified roles for sphingolipids in adipose

beiging/browning are interesting to consider in relation to recent

findings by the Scherer lab. Specifically, Xia et al. (2015) found

that overexpression of a ceramidase in adipose tissue altered

cell morphology and improved whole-body glucose meta-

bolism. Though certain aspects of the adipose biology were

not discussed in that manuscript (e.g., the induction of beige ad-

ipocytes), there are interesting similarities, as well as some stark

differences. (1) Both studies described resolution of hepatic

steatosis following reduction of WAT ceramides. (2) Ceramidase

expression in WAT improved hepatic insulin action, but ablation

of Sptlc2 did not. (3) Ceramidase overexpression decreased

adipose macrophages and crown-like structures, while Sptlc2

ablation actually increased macrophage numbers. Sptlc2 abla-

tion instead altered the activation status of those macrophages,

such that they were predominantly anti-inflammatory M2s. (4)

Ceramidase overexpression affected both depots, while Sptcl2

ablation showed highly preferential effects in the subcutaneous

depot.

A number of possible explanations could account for the dif-

ferences. First, the Scherer group reduced ceramides by overex-

pressing a ceramidase, which depletes ceramides by increasing

its rate of conversion into sphingosine and sphingosine-1-phos-

phate. Sptlc2 ablation inhibits production of these bioactive mol-

ecules. Sphingosine is a potent regulator of the insulin-signaling

intermediate PDK1 in vitro, and sphingosine 1-phosphate has

been implicated in the modulation of glucose disposal (Fayyaz

et al., 2014) and as a modulator of macrophage activity (Weigert

et al., 2011). Second, we surprisingly found that WAT-specific

Sptlc2 ablation induced a compensatory upregulation of Sptlc2
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Figure 7. Ceramides Modulate Cold and b-adrenergic Stimulation of Energy Expenditure In Vivo and In Vitro

Control mice were exposed to either cold temperatures or a b-adrenergic agonist. Adipose tissues depots were then evaluated for ceramide (A), dihydroceramide

(B), sphinganine (C), sphingomyelin (D), and PC (E) content or the mRNA expression of genes essential for ceramide synthesis (F) (n = 4–5). We also analyzed

ceramide (G), dihydroceramide content (H), sphinganine (I), sphingomyelin (J), and PC (K) content in adipose tissue depots following administration of 1 mg/kg

Cl316,243 for 3 days (n = 5). VO2 consumption (L), VCO2 production (M), and energy expenditure (N) in Control and Sptlc2dAdipo mice following single injection of

Cl316,243 (vehicle treatment group: controls and Sptlc2dAdipo: n = 3 and Cl316,243 5 treatment group: controls and Sptlc2dAdipo: n = 5 versus 4). Effect of

pharmacological interventions to modulate sphingolipid content on mitochondrial cellular respiration: basal respiration (O), uncoupled respiration (P), ceramide

content (Q), sphingomyelin content (R), andmonohexosylceramide (MHC) (S) content in primary adipocytes. Three independent experiments in replicates of four

(legend continued on next page)
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transcripts in the liver, suggesting that ceramide biosynthesis

may be enhanced in this tissue. When considered in concert,

the studies suggest the existence of sphingolipid-dependent

crosstalk mechanisms, perhaps triggered by biosynthetic inter-

mediates. Future studies on this liver-fat regulatory axis could

have important implications in our understanding of both physi-

ological and pathogenic adaptations to nutritional load.

A distinct feature of our study is that it manipulates the first

enzyme in the de novo synthesis arm and thus influences the

‘‘decision’’ of the incoming fatty acid. As a result, the work pro-

vides considerable insight into the nutrient-sensing mechanisms

that are so very central to adipose tissue action. Along these

lines, Turpin et al. (2014) generated mice lacking the enzyme

involved in the third step in the pathway (i.e., one of the six

ceramide synthase isoforms, CerS6) in brown adipose tissue.

BAT-specific ablation of CerS6 resolved hepatic steatosis and

mildly improved glucose tolerance, mitochondrial lipid oxidation,

and energy expenditure. By comparison, ablation of Sptlc2 in

both WAT and BAT depots, as done herein, produced a stronger

phenotype than was observed with ablation of CerS6 in BAT.

This likely reveals the importance of adipose-beiging/browning

in the cadre of physiological adaptations that result from

ceramide depletion. Of note, CerS6 was the enzyme whose

transcripts were most markedly changed by cold exposure

(Figure 7F).

Jiang et al. (2015) recently demonstrated that ectopic ceram-

ides inhibit the browning of beige adipocytes, suggesting that

endogenous ceramides could be autonomous regulators of

adipocyte function. Using a similar system, we herein confirmed

the autonomous actions and distinguished which sphingolipid

species were likely to mediate the effect. As shown in Figure 7,

interventions to modulate endogenous ceramide levels in mouse

adipocytes recapitulated the effects of the exogenous ceramide

analogs on cellular respiration. Studies with pharmacological

inhibitors to block ceramide modification confirmed that the

ceramides themselves, rather than glucosylceramides or sphin-

gomyelins, were the likely drivers of these metabolic effects. In

a parallel series of experiments in human adipocytes, we found

that a ceramide analog inhibited induction of thermogenic genes

by forskolin.

The data presented herein raise the provocative idea that

adipose ‘‘sensors’’ detect sphingolipids, which serve as impor-

tant determinants of the metabolic activity of mature adipocytes.

Known signaling networks downstream of ceramide, including

its well-known ability to inhibit insulin and growth-factor stimula-

tion of the anabolic enzyme Akt/PKB, are unlikely to account

for the profound adipose remodeling observed. Independent

groups have found that ceramide depletion increases mitochon-

drial activity, particularly by affecting electron transport chain

complexes (Hla and Kolesnick, 2014; Raichur et al., 2014; Turpin

et al., 2014). While this effect of ceramide likely contributes to

the phenotype observed, it does not explain the changes in

expression of UCP-1 or FGF-21 or the increase in adipose mac-
(O–P) and one experiment in replicate of four (Q–S), thermogenic gene expression

8 and 14 (T). Values are expressed as mean ± SEM, *p < 0.05, **p < 0.01, ***p <

Student’s t test or a significant interaction effect following two-way ANOVA

Abbreviation: PC, phosphotidylcholine.
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rophages. The macrophage recruitment is particularly curious,

since M2 macrophages are known to potentiate cold-induced

thermogenesis (Nguyen et al., 2011). These outstanding ques-

tions offer fodder for more studies, and research deciphering

these nutrient sensing networks offers a great promise for iden-

tifying new therapeutic targets to combat metabolic disease.

EXPERIMENTAL PROCEDURES

Human Subjects

Adipose tissue samples were obtained from obese diabetic (n = 7) and obese

non-diabetic (n = 9) patients recruited from the National University Hospital

Centre for Obesity Management and Surgery in Singapore who opted for

bariatric surgery. Patients were aged between 21 and 65 years old with a

BMI of R35 kg/m2, and those with type 2 diabetes were classified as those

with fasting blood glucose R7 mmol/L, on medication for raised blood

glucose, or with a history of diagnosis of type 2 diabetes. Table S1 shows

the baseline clinical characteristics of recruited patients.

Human Adipose Stem Cells

White adipose tissue (WAT) was isolated from subcutaneous depot of abdom-

inal region from human volunteers (the volunteers underwent bariatric surgery

with approval by the National Healthcare Group Domain Specific Review

Board, Singapore). Subject S8 is identical to that described previously (Ong

et al., 2014) and S14 is a 26-year-old Malay female. Human adipose stem cells

(hASCs) were isolated from WAT and cultured, as previously described (Sugii

et al., 2011). The ASCs were used before the sixth passage.

Animal Care

All animal procedures were conducted in compliance with protocols approved

by the Institutional Animal Care and Use Committee (IACUC) at the Duke-NUS

Graduate Medical School or the Animal Ethics Committee (AEC) at the Baker

IDI Heart and Diabetes Institute. Mice were housed in groups of 3–5 at 22�C–
24�C using a 12 hr light/12 hr dark cycle. Animals had ad libitum access to wa-

ter at all times. Animals were fed a normal chow diet or high-fat diet (D12492;

Research Diets) from the age of 4 weeks as indicated.

C57BL/6J Mice

C57BL/6J mice were obtained from the Biological Resource Centre, A*Star, at

the age of 4 weeks and fed a normal chow diet or high-fat diet (as above) for an

additional 12–20 weeks.

Generation of Sptlc2dAdipo Mice

To delete Sptlc2 from adipocytes, we crossed Sptlc2loxP/loxP mice with mice

expressing Cre-recombinase under the control of the Adiponectin promoter

(AdipoQ-Cre). Breeding Sptlc2loxP/loxPAdipoQ-Cre�/� mice (Wang et al.,

2010) with Sptlc2loxP/loxPAdipoQ-Cre+/� produced mice with adipocyte spe-

cific Sptlc2 deletion and littermate controls (denoted as Sptlc2dAdipo mice

and Control, respectively).

Glucose and Insulin Tolerance Tests and HOMA-IR Calculation

Glucose tolerance tests (GTTs) were performed in 16-week-old mice after an

overnight fast. Glucose was injected (intraperitoneal [i.p.] injection of a 20%

solution, 10 mL/kg body weight), and blood glucose concentrations in blood

weremeasured after 0, 15, 30, 60, and 120min with a glucometer. Insulin toler-

ance tests (ITTs) 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/kg body weight; Actrapid; Novo

Nordisk) and glucose concentrations in blood were measured after 15, 30,

45, and 60 min.
in differentiated human adipocytes with the treatment indicated from subjects

0.001 indicate significant differences between groups as determined by either

versus control versus vehicle/control/ room temperature where applicable.



Analysis of Body Composition

Lean and fat mass were determined via EchoMRI (EchoMRI body composition

analyzer) in live, 12- to 18-week-old mice.

Cold Exposure, CL316,243, and Myriocin Treatment

For cold exposure, animals were housed individually in pre-cooled cages

at 6�C for 5 days. CL316,243 was injected intraperitoneally at a dose of

1 mg/kg/day for 3 days. For the Columbus Instruments Lab Animal Monitoring

System (CLAMS) studies with CL316,243, the drug was given with a single

1 mg/kg intraperitoneal injection. Myriocin was injected intraperitoneally at a

dose of 0.3 mg/kg every 2 days.

Indirect Calorimetry

Metabolic measurements were obtained using the CLAMS (Columbus

Instruments) open-circuit indirect calorimetry system. Food and water were

provided ad libitum in the appropriate devices and measured by the built-in

automated instruments. Animals were allowed to acclimatize to the cages

for at least 24 hr before data acquisition. Monitoring was for 4 days, except

in the case CL316,243 when the monitoring was for 24 hr.

Body Temperature

A mouse rectal probe (Kimo Instruments) was used to measure body temper-

ature. The body temperature was measured at 16 weeks of age in control and

Sptlc2dAdipo mice at zeitgeber time 2–3 (ZT2–ZT3).

MRI

MRI measurements were performed using a 7 Tesla Bruker ClinScan MRI/

MRS scanner with a 40-mm-volume transmit and receive coil. Prior to in vivo

experiments, mice were anesthetized with 3% isoflurane in a dedicated cham-

ber. During the imaging, anesthesia levels were optimized to 1.5%–2% in a

combination of medical air and medical oxygen. Mice were positioned in the

prone position and respiratory-gated images were acquired. Physiological

monitoring of the animals was performed using an ML880 16/30 Power lab

system (AD Instruments). The temperature probewas placed inside the rectum

of the mice, and body temperature was monitored and controlled with circu-

lating warm water. The imaging experiments were performed on all the

groups (vehicle and myriocin; control and Sptlc2dAdipo) at 16 weeks of age.

T2 weighted turbo spin echo-images in the coronal direction were obtained

to localize the lumbar I to lumbar V of the abdomen. Respiratory-gated Dixon

imaging was performed in the transverse plane by acquiring 20 slices (1 mm

thick); time of repetition, 8 ms; number of averages, 1; echo time (opposite

phase), 1 ms; echo time (in phase), 2.5 ms; flip angle, 6�; echo bandwidths,

1,090 and 1,500 Hz/pixel; matrix size, 200 3 256; and in-plane resolution,

0.20313 0.2031 mm. Segmentation of sWAT and vWAT was performed using

the hybrid algorithms level set (Lankton and Tannenbaum, 2008; Li et al., 2010)

and fuzzy c-means (FCM) (Bezdek et al., 1981) by an in-house developed

MATLAB program. Dixon-based fat images were first filtered using a bi-filter

to reduce the high-frequency noise and homogenize the regions with little

intensity variations and to preserve and sharpen the edges. The detailed

description of the methodology is described in our earlier work (Kn et al.,

2014). The volumes of vWAT and sWAT are provided in cubic millimeters.

Analytical Procedure

Blood glucose levels were determined fromwhole venous blood using an auto-

matic glucose monitor (Bayer Contour). Leptin, insulin, and cytokine levels in

serumwere measured by bioplex-diabetes assay and bioplex-cytokine assay,

respectively, using mouse standards according to manufacturer’s guidelines

(Bio-Rad). Serum FGF-21 and adiponectin levels were measured by ELISA

using mouse standards according to manufacturer’s guidelines (Mouse

FGF-21 ELISA, R&D/Mouse HMWand total adiponectin ELISA, Alpco). Plasma

non-esterified fatty acids (NEFAs) were determined through enzyme-linked

spectrophotometric assays (NEFA C kit, Wako).

Stromal Vascular Culture and Primary White Adipocyte

Differentiation

Inguinal or epididymal fat pads from two or threemice (four to six fat pads total,

5- to 6-week-old male mice) were dissected, washed, minced, and then di-

gested for 30–45 min at 37�C in PBS containing 10 mM CaCl2 and 3 mg/mL
collagenase (Sigma). Digested tissues were then filtered through a 100 mm

cell strainer to remove undigested tissues. The flow-through was then centri-

fuged at 1,200 rpm for 5 min to pellet the stromal vascular (SV) cells. Following

further centrifugation at the above-mentioned speed, the SV cells were re-sus-

pended in complete SV culture medium (DMEM/F12 [1:1; Invitrogen] plus glu-

tamax, pen/strep, and 10% fetal bovine serum [FBS]) and then further filtered

through a 40 mm cell strainer to remove clumps and large adipocytes. The SVs

were further treated with red cell lysis buffer 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.

Protocol (Myriocin, C2-Ceramides, D609, and D-threo-et-P4 treatment

post-differentiation): for 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 1 mM dexamethasone,

5 mg/mL insulin, 0.5 mM isobutylmethylxanthine, 1 nM T3, and 1 mM rosiglita-

zone in SV culture medium. 48 hr after induction, cells were maintained in SV

culture medium containing 5 mg/mL insulin and 1 mM rosiglitazone for 6 days.

Cells were fully differentiated on day 8. For seahorse experiments, the cells

were trypsinized on day 8 and plated into the 24-well seahorse plates as

described above. After 24 hr, the media containing myriocin (10 mM), C2-

Ceramides (50 mM), D609 (150 mM), and D-threo-et-P4 (100 nm) was added.

After 6 hr, the oxygen consumption rates were determined.

hASC Differentiation

hASCs were plated at high density (10,000 cells/cm2). The next day, differen-

tiation into adipocytes was induced using standard adipogenic cocktail

(0.5 mM isobutylmethylxanthine [IBMX], 1 mMdexamethasone, 172 nM insulin,

and 100 mM indomethacin) for 6 days and then maintained in 1 mM dexameth-

asone and 172 nM insulin-containing media for the next 6 days. On day 12, the

differentiated adipocytes were treated with 10 mM FSK and/or C2-Ceramide

(Sigma; either 25 or 50 mM) for 6 hr. Following treatment, the adipocytes

were collected for RNA extraction.

Statistics

When two groups were compared, data were analyzed for statistical signifi-

cance using a two-tailed unpaired Student’s t test as indicated in the figure

legends. For experiments with multiple comparison, data were analyzed for

statistical significance using either a two-way ANOVA or two-way repeated-

measures (RM) ANOVA followed by Student-Newman-Keuls (SNK) post hoc

procedures. Statistical significance was defined as p < 0.05. In the figures

and figure legends, an asterisk (*) denotes a significant difference between

two groups as determined by either Student’s t test or where indicated by

post hoc testing when a significant interaction effect was observed following

either two-way ANOVA or two-way RM ANOVA. In the figures and figure

legends, a hash (#) denotes a significant main effect as determined by either

two-way ANOVA or two-way RM ANOVA.
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