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SUMMARY

Skeletal muscle accumulates ceramides in obesity,
which contribute to the development of obesity-
associated insulin resistance. However, it remained
unclear which distinct ceramide species in this
organ contributes to instatement of systemic
insulin resistance. Here, ceramide profiling of high-
fat diet (HFD)-fed animals revealed increased skel-
etal muscle C18:0 ceramide content, concomitant
with increased expression of ceramide synthase
(CerS)1. Mice lacking CerS1, either globally or
specifically in skeletal muscle (CerS1DSkM), exhibit
reduced muscle C18:0 ceramide content and signifi-
cant improvements in systemic glucose homeosta-
sis. CerS1DSkM mice exhibit improved insulin-stimu-
lated suppression of hepatic glucose production,
and lack of CerS1 in skeletal muscle improves sys-
temic glucose homeostasis via increased release of
Fgf21 from skeletal muscle. In contrast, muscle-spe-
cific deficiency of C16:0 ceramide-producing CerS5
and CerS6 failed to protect mice from obesity-
induced insulin resistance. Collectively, these results
reveal the tissue-specific function of distinct cer-
amide species during the development of obesity-
associated insulin resistance.

INTRODUCTION

Ceramide accumulation in different tissues has been identified

as a negative regulator of glucose tolerance and lipid meta-

bolism (Holland et al., 2007, 2013; Raichur et al., 2014; Turpin

et al., 2014). Individual (dihydro-) ceramide synthases (CerSs)

produce ceramides of different acyl-chain lengths (C14:0–

C30:0), which are central to sphingolipid metabolism. Only

recently, through the generation and characterization of

different CerS knockout mice, the specific roles of distinct
This is an open access article under the CC BY-N
CerSs and their ceramide products have begun to be elucidated

(Ebel et al., 2013, 2014; Gosejacob et al., 2016; Imgrund et al.,

2009; Jennemann et al., 2012; Turpin et al., 2014; Zhao et al.,

2011). We have previously demonstrated that, in obesity,

CerS6-derived C16:0 ceramide is responsible for the inhibition

of mitochondrial b-oxidation in liver and brown adipose tissue

(Turpin et al., 2014).

Skeletal muscle is an important regulator of whole-body insu-

lin-stimulated glucose disposal (DeFronzo et al., 1981). During

obesity, skeletal muscle exhibits excess storage of different

bioactive lipids, such as diacylglycerols and ceramides, which

can induce insulin resistance (Adams et al., 2004; Holland

et al., 2007; Roden et al., 1996; Turinsky et al., 1990). Currently,

it has not yet been clearly defined which ceramide species are

responsible for lipid-induced insulin resistance in skeletal mus-

cle, due to conflicting results obtained from in vitro cell culture

and in vivo models of lipid excess. Although previous in vitro

data have demonstrated that palmitate induces the greatest in-

crease in C16:0 ceramide to induce insulin resistance in cultured

myocytes (Chavez et al., 2003; Park et al., 2016; Schmitz-Peiffer

et al., 1999; Turpin et al., 2006), more recent evidence has been

provided that C18:0 ceramide is linked to the establishment of in-

sulin resistance in human skeletal muscle (Bergman et al., 2016;

Tonks et al., 2016). Therefore, through the use of conventional

and conditional CerS-deficient mouse models, we aimed to

identify which CerSs and their specific ceramide products in

skeletal muscle contribute to the development of obesity-asso-

ciated insulin resistance in vivo, thus enabling the identification

of novel therapeutic strategies for this common disease.

RESULTS AND DISCUSSION

C18:0 Ceramide Is the Predominant Ceramide Species in
Skeletal Muscle and Is Elevated in Obese Mice
To investigate which specific ceramide species contribute to the

development of insulin resistance in skeletal muscle, we first

determined which CerSs and the respective ceramide products

were altered in skeletal muscle of diet-induced obese mice.

Here, we assessed the mRNA expression of different CerSs in
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Figure 1. C18:0 Ceramide Is Elevated in Skel-

etal Muscle of Diet-Induced Obese Mice

(A) CerS mRNA expression levels in quadriceps

(Quad) muscle of male C57BL/6N mice fed a

normal chow (control diet) or a high-fat diet for

24 weeks relative to CerS1 mRNA expression in

quadriceps muscle of control-diet-fed animals

(8v8).

(B–D) Content of (B) ceramide (6v8), (C) dihy-

droceramide (6v8), and (D) sphingomyelin species

(8v8) in quadricepsmuscle of control-diet- or high-

fat-diet-fed male C57BL/6N mice.

Data are represented as mean ± SEM. Statistical

analyses were performed by unpaired Student’s

t test. *p < 0.05 versus control-diet-fed mice.
skeletal muscle of high-fat diet (HFD)-fed and control normal

chow diet (NCD)-fed mice. Concurrently, we performed lipido-

mic analyses of distinct ceramides in the skeletal muscle of these

animals. We observed that C18:0 ceramide represents the pre-

dominant ceramide species in skeletal muscle. This is consistent

with the prominent expression of CerS1, which catalyzes C18:0

ceramide synthesis (Figures 1A and 1B). In fact, HFD feeding

increasedCerS1mRNA expression in skeletal muscle accompa-

nied by an increase of skeletal muscle C18:0 ceramide content

(Figures 1A and 1B). Additionally, there was a trend toward an in-

crease in C18:0 dihydroceramide, which is the direct product of

CerS1 and the precursor of C18:0 ceramide species (Figure 1C),

and C18:0 sphingomyelin remained unaltered in skeletal muscle

upon HFD feeding (Figure 1D). Notably, diet-induced obesity

did not cause major changes in other acyl-length sphingolipid

species inmuscle, specifically not of the low-abundant C16:0 cer-

amide (Figures 1B–1D).

CerS1 Deficiency Protects from Diet-Induced Obesity
and Insulin Resistance
Given our observation that C18:0 ceramide constitutes the pre-

dominant ceramide species in skeletal muscle and increases in

this tissue upon diet-induced obesity, we aimed to elucidate

the specific role of CerS1-dependent ceramide synthesis during

the development of obesity and insulin resistance. Therefore, we

generated conditional CerS1 knockout mice, in which exon 2

was flanked by loxP sites (CerS1flox/flox mice; Figure S1A). Cre-

mediated deletion of exon 2 in the CerS1 gene induces a

frameshift to prevent translation of the critical catalytic longevity

assurance (LAG1) domain (Figure S1A). To abrogate CerS1

expression throughout the organism, CerS1flox/flox animals

were crossed tomice that express Cre in their germline, resulting

in CerS1D/+ mice, i.e., heterozygous CerS1 knockout mice

(Schwenk et al., 1995). Intercrossing of these mice yielded

CerS1D/D and CerS1+/+ control littermates.
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Analysis of CerS1 mRNA expression

revealed successful abrogation of CerS1

expression in skeletal muscle, heart, and

adipose tissue of CerS1D/D mice (Fig-

ure 2A). CerS1 mRNA expression was

not detectable (n.d.) in the liver of both

control and CerS1D/D animals (Figure 2A).
To investigate whether the expression of other CerS genes were

regulated in response to loss of CerS1 in these animals, we

measured the mRNA expression of different CerSs in skeletal

muscle. However, we did not observe any differences in the

expression of CerS2, CerS4, CerS5, or CerS6 in CerS1D/D mice

compared to littermate controls (Figure 2B). Following CerS1

deletion and HFD feeding, C18:0 ceramide content was evidently

reduced in quadriceps muscle, accompanied by an increase in

C16:0, C22:0, C22:1, C24:0, and C24:1 ceramide species (Figure 2C).

A similar pattern was observed in other sphingolipid species,

which include dihydroceramide and sphingomyelin in skeletal

muscle ofCerS1-deficient mice (Figures S1B and S1C). Notably,

CerS1 deficiency did not affect the sphingolipid content in heart,

liver, and white adipose tissue (Figures 2D–2F and S1D–S1I).

Here, only a minor increase of hepatic C22:1 and C26:0 sphingo-

myelin was detectable in CerS1D/D mice compared to controls

(Figure S1G).

Strikingly, CerS1D/D mice displayed decreased body weight

upon HFD exposure compared to control mice, similar to what

we had previously observed in CerS6D/D mice (Figure 2G;

Turpin et al., 2014). The reduced body weight upon CerS1

deletion was primarily due to decreased adiposity as evi-

denced by reduced mass of subcutaneous and perigonadal

fat depots, as well as reduced body fat content as assessed

by nuclear magnetic resonance spectroscopy (NMR) (Fig-

ure 2H). This protection from diet-induced obesity resulted

from increased energy expenditure, despite increased dark-

phase food intake, which presumably occurred as a compen-

satory response to the increased energy utilization (Figures 2I

and 2J).

Consistent with a prominent protection from diet-induced

obesity, CerS1D/D mice also exhibited a marked improvement

of systemic insulin sensitivity and glucose tolerance, as as-

sessed via insulin tolerance tests (ITTs) and glucose tolerance

tests (GTTs) (Figures 2K and 2L). Thesemetabolic improvements
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Figure 2. CerS1 Deficiency Reduces C18:0 Ceramide Content and Improves Glucose Metabolism

(A–L) Analysis of control mice (white) and CerS1D/D littermates (black) fed a normal chow diet (A and B) or a high-fat diet (C–L).

(A) Relative CerS1 mRNA expression in quadriceps (Quad) muscle, heart, liver, and perigonadal white adipose tissue (PGAT) (5-6v6).

(B) Relative mRNA expression levels of CerS2, CerS4, CerS5, and CerS6 in quadriceps muscle (6v6).

(C–F) Content of ceramide species in (C) quadriceps muscle (5v8), (D) heart (4v8), (E) liver (5v8), and (F) white adipose tissue (6v7).

(G) Body weight curves from 4 to 14 weeks of age (6v8).

(H) Total body fat mass relative to body weight (10v11) and relative fat pad masses of PGAT (10v11), subcutaneous white adipose tissue (SCAT) (10v11), and

brown adipose tissue (BAT) (6v8).

(I) Energy expenditure corrected for lean mass (8v8). Grey background: dark phase; white background: light phase.

(J) Total food intake over 24 hr (7v8).

(K) Insulin tolerance test in random-fed mice (11v11).

(L) Glucose tolerance test in mice fasted for 6 hr (8v11).

Data are represented as mean ± SEM. Statistical analyses were performed by unpaired Student’s t test (A–F, H, and J) or by two-way ANOVA followed by

Bonferroni’s multiple comparison test (G, I, K, and L). *p < 0.05; **p < 0.01; ***p < 0.001 versus control mice. See also Figure S1.
were also observed in NCD-fed CerS1D/D mice, which, however,

displayed only a slight reduction in body weight compared

to control animals (Figures S1J–S1M). Collectively, organism-
wide deficiency of the C18:0 ceramide-generating enzyme

CerS1 improves systemic glucose metabolism and protects

from diet-induced obesity and insulin resistance.
Cell Reports 26, 1–10, January 2, 2019 3
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Figure 3. Muscle-Specific CerS1 Deficiency Reduces Skeletal Muscle C18:0 Ceramide and Improves Glucose Metabolism

(A–M) Analysis of control mice (white) and CerS1DSkM littermates (black) fed a high-fat diet.

(A) Relative CerS1 mRNA expression in quadriceps (Quad) muscle, heart, liver, and PGAT (6–9v6–8).

(B) Relative mRNA expression levels of CerS2, CerS4, CerS5, and CerS6 in quadriceps muscle (9v8).

(C–F) Content of ceramide species in (C) quadriceps muscle (10v9), (D) heart (6v6), (E) liver (6v7), and (F) white adipose tissue (5v5).

(G) Total diacylglycerol (DAG) (7v5) and total triacylglycerol (TAG) (6v6) lipid content in skeletal muscle as determined via thin-layer chromatography.

(H) Body weight curves from 5 to 14 weeks of age (12v12).

(I) Total body fat mass relative to body weight (7v11) and relative fat pad masses of PGAT (8v11), SCAT (8v11), and BAT (7v10).

(J) Energy expenditure corrected for lean mass (7v11). Grey background: dark phase; white background: light phase.

(K) Total food intake over 24 hr (5v8).

(legend continued on next page)
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Skeletal Muscle CerS1-Derived C18:0 Ceramide
Promotes Insulin Resistance
In a previous study, the phenotypical analysis of whole-body

CerS1-deficient mice revealed that these animals suffer from

cerebellar ataxia and Purkinje cell degeneration (Zhao et al.,

2011). Likewise, our CerS1D/D mice developed tremor due to

cerebral ataxia, and therefore, we could not rule out that the

improved metabolic effects observed in CerS1D/D mice could

have occurred secondary to this abnormality in physical activity

(Figure S1N). Therefore, we specifically targeted CerS1 in skel-

etal muscle to not only circumvent the development of cerebral

ataxia but also to specifically investigate the role of CerS1-

derived C18:0 ceramide in skeletal muscle during diet-induced

obesity and insulin resistance. To this end, we generated

conditional, skeletal-muscle-specific CerS1 knockout mice

(CerS1DSkM) by crossing CerS1flox/flox mice to mice that express

the Cre-recombinase under the control of the muscle creatine

kinase promoter (MCK-Cre).

Analysis ofCerS1mRNA expression in these animals revealed

an efficient reduction of CerS1 expression by 99% in skeletal

muscle, although expression ofCerS1 in heart andwhite adipose

tissue remained unaltered (Figure 3A). As before, CerS1 mRNA

expression was not detectable in the liver of both control and

CerS1DSkM mice (Figure 3A). Importantly, the mRNA expression

of other CerSs in skeletal muscle was not altered between con-

trols and CerS1DSkM mice (Figure 3B). CerS1DSkM animals dis-

played a distinct �95% reduction in C18:0 ceramide only in skel-

etal muscle compared to control animals, indicating that C18:0

ceramide generation in skeletal muscle almost exclusively de-

pends on CerS1 expression (Figures 3C–3F). Consistent with

our observations in CerS1D/D mice, C22:1, C24:0, and C24:1 cer-

amide were also increased in the skeletal muscle of CerS1DSkM

mice (Figure 3C). Likewise, C18:0 dihydroceramide and sphingo-

myelin species were only affected in skeletal muscle (Figures

S2A–S2H).

In light of the recent evidence demonstrating that CerSs can

directly interact with ACSL5 to promote triacylglycerol (TAG)

storage in the liver (Senkal et al., 2017), we investigated whether

abrogation of the major ceramide species in skeletal muscle

would also affect the TAG or diacylglycerol (DAG) content in

this tissue. However, we did not observemajor changes in global

or chain-length-specific skeletal muscle DAG and TAG levels in

the absence of CerS1 (Figure 3G; Tables S1 and S2).

To define the impact of abrogated C18:0 ceramide generation

in skeletal muscle on obesity and obesity-induced insulin resis-

tance, we exposed CerS1DSkM mice and their control littermates

to HFD feeding from 3 weeks of age. In contrast to what we had

observed in mice with body-wide CerS1 deficiency, CerS1DSkM

mice showed comparable weight gain and adiposity to control

littermates upon HFD feeding (Figures 3H and 3I). Similarly, en-

ergy expenditure and food intake remained unaltered in HFD-

fed CerS1DSkM mice (Figures 3J and 3K). However, systemic
(L) Insulin tolerance test in random-fed mice (12v9).

(M) Glucose tolerance test in mice fasted for 6 hr (14v11).

Data are represented as mean ± SEM. Statistical analyses were performed by

Bonferroni’s multiple comparison test (H, J, L, and M). *p < 0.05; **p < 0.01; ***p
insulin sensitivity and glucose tolerance were significantly

improved upon abrogation of skeletal muscle C18:0 ceramide

synthesis (Figures 3L and 3M).

Skeletal Muscle CerS5 and CerS6 Are Dispensable for
Obesity-Associated Insulin Resistance
Given our previous findings that body-wide deletion of CerS6

protects against obesity and obesity-associated insulin resis-

tance (Turpin et al., 2014) and extensive studies identifying

C16:0 ceramide to induce insulin resistance in myocytes

in vitro (Chavez et al., 2003; Schmitz-Peiffer et al., 1999;

Turpin et al., 2006), we aimed to investigate whether C16:0 cer-

amide could also contribute to the development of obesity-

associated insulin resistance in skeletal muscle. Because

C16:0 ceramide can be synthesized by both CerS5 and

CerS6, we generated conditional, muscle-specific CerS5/6

double-knockout mice (CerS5/6DSkM). To this end, we crossed

mice carrying loxP sites flanking exon 4 of both CerS5 and

CerS6 to MCK-Cre mice, yielding CerS5flox/floxCerS6flox/flox

MCK-Cre mice, i.e., CerS5/6DSkM mice and their respective

Cre-negative control littermates. For both CerS5 and CerS6,

the deletion of exon 4 results in a frameshift in the down-

stream exons 5–8, to prevent translation of the catalytic

LAG1 domain.

Analysis of Cre-mediated DNA recombination revealed suc-

cessful recombination of both CerS5 and CerS6 genes in the

skeletal muscle and heart of CerS5/6DSkM mice (Figure S3A).

However, this resulted in only a minor �30% reduction of

CerS5 and a �45% reduction of CerS6 mRNA expression

specifically in skeletal muscle and no significant effect in other

tissues (Figure S3B). The mRNA expression of other CerSs re-

mained unaffected in skeletal muscle of CerS5/6DSkM mice

(Figure S3C). The reduction of CerS5 and CerS6 expression

in skeletal muscle did not translate into a detectable change

of the lowly abundant C16:0 ceramide, dihydroceramide, or

sphingomyelin content in this tissue (Figures S3D–S3F). Also

in heart, liver, and adipose tissue of CerS5/6DSkM mice, no

changes in C16:0 sphingolipid species were detectable (Fig-

ures S3G–S3O). Concomitant with the unaltered C16:0 cer-

amide content, CerS5/6DSkM mice exhibited no alterations in

adiposity, systemic insulin sensitivity, and glucose tolerance

upon exposure to a HFD (Figures S3P–S3S). This is in line

with our previous observations that body-wide deficiency

for CerS6 does not alter skeletal muscle C16:0 ceramide

content and insulin sensitivity in myocytes upon HFD feeding

(Turpin et al., 2014). Collectively, this indicates that C16:0

ceramide only constitutes a minor contribution to the overall

skeletal muscle ceramide pool in vivo; it is likely that myocytes

are not the major source of C16:0 ceramide in skeletal mus-

cle in vivo but rather non-myocyte cells are, in which the

MCK-Cre transgene does not delete expression of CerS5

and CerS6, and that the expression of CerS5 and CerS6 in
unpaired Student’s t test (A–G, I, and K) or by two-way ANOVA followed by

< 0.001 versus control mice. See also Figure S2.
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Figure 4. Reducing C18:0 Ceramide in Skeletal Muscle Alleviates Systemic Insulin Resistance in a Fgf21-Dependent Manner

(A–J) Analysis of control mice (white) and CerS1DSkM littermates (black) fed a high-fat diet.

(A) Glucose infusion rate during a hyperinsulinemic-euglycemic clamp (CLAMP) experiment (20v20).

(B) Glucose uptake into quadriceps (Quad) muscle, red and white gastrocnemius (Gast) muscles, heart, BAT, PGAT, and whole brain (14–19v16–20; CLAMP).

(C) Hepatic glucose production at basal and steady state (18v18; CLAMP).

(D) Immunoblot analysis and quantifications of phosphorylated AKT (pAKT), relative to total AKT levels, after intravenous saline treatment (n = 2) or insulin

stimulation (n = 4) in quadriceps muscle.

(E) Relative Il6, Il15, and Fgf21 mRNA expression levels in quadriceps muscle (8–9v14).

(F) Relative Fgf21 mRNA expression levels in liver (6v7).

(G andH) Immunoblot analysis and quantifications of Fgf21 protein levels normalized to the levels of calnexin in (G) quadricepsmuscle and (H) liver from overnight

fasted animals relative to controls (7v6).

(I) Circulating serum Fgf21 levels (8v14).

(J) Glucose tolerance test and respective areas under the curve (AUCs) in 6 hr fasted control and CerS1DSkM mice that had been treated with an IgG control

antibody (10v11) or an Fgf21 neutralizing antibody (anti-Fgf21) (16v9).

(legend continued on next page)
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myocytes is dispensable for the induction of obesity-associ-

ated insulin resistance.

Abrogation of CerS1 in Skeletal Muscle Improves
Glucose Metabolism in a Fgf21-Dependent Manner
To investigate how skeletal-muscle-restricted CerS1 defi-

ciency improved systemic insulin sensitivity during obesity, we

performed hyperinsulinemic-euglycemic clamp experiments

in HFD-fed CerS1DSkM mice and littermate controls. Here,

CerS1DSkM mice required a significantly higher rate of glucose

infusion during the steady state to maintain the same degree of

glycemia as compared to controls, further confirming a signifi-

cant improvement in systemic insulin sensitivity (Figures 4A

and S4A). Next, we assessed both tissue-specific glucose up-

take rates as well as hepatic glucose production in CerS1DSkM

mice and littermate controls. This analysis revealed a trend for

an increase in insulin-stimulated glucose uptake into the skeletal

muscle of CerS1DSkM mice compared to controls, although

glucose uptake into the heart, brown adipose tissue, perigonadal

white adipose tissue, and brain remained largely unaltered (Fig-

ure 4B). Surprisingly, CerS1DSkM mice exhibited an improved

ability of insulin to suppress hepatic glucose production (Fig-

ure 4C). Together, these experiments suggest that improved

systemic insulin sensitivity upon muscle-specific deletion of

CerS1 in diet-induced obesity predominantly results from

increased insulin sensitivity in the liver.

We also examined whether insulin-evoked receptor signaling

was improved in skeletal muscle of CerS1DSkM mice. To this

end, we compared the ability of insulin to stimulate phosphoryla-

tion of protein kinase B/AKT. We observed that insulin-stimu-

lated AKT phosphorylation occurred to a comparable extent in

the quadriceps muscle of both CerS1DSkM mice and control lit-

termates (Figure 4D). Because previous in vitro studies have

shown that ceramides can mediate inhibitory effects on insulin

action at least in part via increased activation of protein phos-

phatase PP2A (Dobrowsky et al., 1993), we compared PP2A ac-

tivity in skeletal muscle of CerS1DSkM mice with that of controls.

However, consistent with no alterations of insulin-stimulated

AKT phosphorylation, skeletal muscle PP2A activity remained

unaffected by loss of CerS1 (Figure S4B).

We then examined how reduced skeletal muscle C18:0

ceramide could increase insulin’s ability to suppress hepatic

glucose production. Recently, a correlation between skeletal

muscle ceramides and plasma ceramides has been identified in

insulin-resistant and obese human subjects (Tonks et al., 2016).

Thus, we sought to investigate whether C18:0 ceramide produced

in skeletal muscle might be released into the circulation to

communicate with the liver. However, assessment of serum

ceramide profiles revealed unaltered circulating C18:0 ceramide

levels in CerS1DSkM mice compared to controls (Figure S4C).

In order to investigate the regulation of other potential

secreted factors from skeletal muscle that are also known
Data in (A), (B), (C), (E), (F), (I), and (J) are represented as mean ± SEM. Whisker-a

were performed by unpaired Student’s t test (B, D, E, F, G, H, and I), one-way ANO

ANOVA followed by Bonferroni’s multiple comparison test (A [during steady state

indicate statistically significant difference of the CerS1DSkM group to all other gro

control mice. See also Figure S4.
to regulate systemic glucose homeostasis, we assessed the

mRNA expression of interleukin (Il)-6, Il-15, and Fgf-21 in skeletal

muscle of CerS1DSkM and control mice. Interestingly, although

the expression of the myokines Il-6 and Il-15 remained unaltered

in skeletal muscle of CerS1DSkM mice, there was a significant in-

crease in skeletal muscle Fgf21 mRNA expression (Figure 4E).

However, hepatic Fgf21 expression did not differ between

CerS1DSkM mice and controls (Figure 4F). This also translated

into increased Fgf21 protein expression in skeletal muscle, but

not in the liver (Figures 4G and 4H). Increased mRNA and protein

expression of Fgf21 in skeletal muscle was accompanied

by increased Fgf21 serum concentrations in CerS1DSkM mice

compared to controls (Figure 4I).

It has been described that Fgf21 expression in skeletal muscle

can be modulated by mitochondrial dysfunction through induc-

tion of activating transcription factor 4 (Atf4) (Kim et al., 2013;

Pereira et al., 2017; Tyynismaa et al., 2010). To test whether

increased skeletal muscle Fgf21 expression in CerS1DSkM mice

was the consequence of impaired mitochondrial function in

this tissue, we first examined mitochondrial morphology in

quadriceps and gastrocnemius subsarcolemma via transmis-

sion electron microscopy (TEM)-based imaging. However, we

did not observe major changes in mitochondrial morphology

(i.e., unaltered surface area and aspect ratio of individual mito-

chondria; Figures S4D–S4I). Moreover, also mitochondrial respi-

ratory activity remained unaffected in the skeletal muscle of

HFD-fed CerS1DSkM mice compared to littermate controls, as

indicated by similar rates of ADP-stimulated (state 3) respiration

and maximal respiration of isolated skeletal muscle mitochon-

dria of both groups of mice (Figures S4J and S4K). Concomi-

tantly, Atf4 expression was similar between CerS1DSkM mice

and control littermates (Figure S4L). Taken together, muscle-

specific CerS1 deficiency results in increased expression of

Fgf21 in skeletal muscle and increased circulating concentra-

tions of Fgf21 independent of overt changes in mitochondrial

morphology and function.

Notably, Fgf21 has been demonstrated to exert glucose-

metabolism-regulatory functions in multiple tissues (for review,

see Fisher and Maratos-Flier, 2016). Therefore, we sought to

investigate the possible contribution of elevated Fgf21 levels

to the metabolic improvements observed in obese CerS1DSkM

mice. To this end, we treated HFD-fed CerS1DSkM mice and

littermate controls with a Fgf21 neutralizing antibody or an

immunoglobulin G (IgG) control antibody prior to performing a

GTT. As expected, CerS1DSkM mice treated with an IgG control

antibody continued to show improved glucose tolerance

compared to IgG control-antibody-treated littermate controls

(Figure 4J). Interestingly, Fgf21 neutralization in CerS1DSkM

mice abolished the improved glucose clearance phenotype in

these animals, although Fgf21 neutralization had no significant

effect on glucose tolerance in obese littermate control mice

(Figure 4J).
nd-box plots in (D), (G), and (H) show min. to max. values. Statistical analyses

VA followed by Tukey’s multiple comparison test (for AUCs in J) or by two-way

only], C, and for longitudinal studies in J). Asterisks in (J) at 30 min and 60 min

ups as determined by Bonferroni’s post hoc test. *p < 0.05; **p < 0.01 versus
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Conclusions
Herein, we identified CerS1 and its primary product, C18:0 cer-

amide, as the predominant CerS and ceramide species in skel-

etal muscle. We demonstrate that specifically CerS1 mRNA

expression and C18:0 ceramide synthesis are increased in the

skeletal muscle of HFD-fed obese mice. This is in agreement

with studies that found increased C18:0 ceramide content in skel-

etal muscles of obese humans and HFD-fed rodents (Bergman

et al., 2016; Blachnio-Zabielska et al., 2016; Frangioudakis

et al., 2010; Park et al., 2016).

Generation and characterization of CerS1-deficient mice that

were challenged with a HFD further demonstrated the global

importance of CerS1 and C18:0 ceramide in the pathogenesis

of obesity and insulin resistance. CerS1-deficient animals

showed increased energy expenditure upon HFD feeding,

reduced adiposity, and improved insulin and glucose tolerance

similar to HFD-fed CerS6-deficient animals (Turpin et al.,

2014). However, the direct contribution of skeletal muscle C18:0

ceramide to lipid and glucose metabolism could not be evalu-

ated due to the ataxic-tremor observed in CerS1-deficient

animals.

We then identified that skeletal muscle CerS1-derived C18:0

ceramide promoted insulin resistance, but not adiposity, in

HFD-fed, muscle-specific, CerS1-deficient animals. These find-

ings are in line with a study that identified C18:0 ceramide as a

determinant of human skeletal muscle insulin resistance, irre-

spective of excess adiposity (Tonks et al., 2016). Recent studies

have also identified correlations between insulin resistance and

skeletal muscle C18:0 ceramide rather than CerS5- or CerS6-

derived C16:0 ceramide (Bergman et al., 2016; Frangioudakis

et al., 2010; Turner et al., 2013). Consequently, we found

that CerS5 and CerS6 in skeletal muscle are dispensable for

obesity-induced insulin resistance in mice.

Finally, we determined that the ablation of CerS1 in skeletal

muscle improves glucose metabolism predominantly in liver

and via increased circulating levels of the myokine Fgf21, which

has recently been identified as a key participant in the regulation

of systemic glucose metabolism through its action on multiple

tissues (for review, see Fisher and Maratos-Flier, 2016).

In conclusion, we have demonstrated that skeletal muscle

CerS1-derived C18:0 ceramide modulates glucose homeostasis

in obesity. Although the data presented here clearly support a

role for CerS1 in skeletal muscle in control of glucose meta-

bolism, a recent study revealed that a selective CerS1 inhibitor

promotes fat oxidation inmuscle without improving insulin sensi-

tivity (Turner et al., 2018). Nevertheless, the animals exposed to

HFD feeding in their study gained less weight than the animals in

the present experiment, and C18:0 ceramide levels were reduced

by 50% upon pharmacological CerS1 inhibition compared to

a >90% reduction upon genetic ablation of CerS1 in skeletal

muscle. Thus, future studies have to further define the differ-

ences between a partial pharmacologic inhibition versus a

more complete genetic inactivation of CerS1.
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Rabbit polyclonal anti-phospho-AKTSer473 Cell Signaling Technology Cat# 9271; RRID: AB_329825

Rabbit polyclonal anti-phospho-AKTThr308 Cell Signaling Technology Cat# 4056; RRID: AB_331163

Rabbit polyclonal anti-panAKT Cell Signaling Technology Cat# 9272; RRID: AB_329827

Rabbit polyclonal anti-calnexin Merck Millipore Cat# 208880; RRID: AB_2069031

Goat polyclonal anti-mouse-FGF-21 R&D Systems Cat# AF3057; RRID:AB_2104611

Goat polyclonal IgG control-antibody R&D Systems Cat# AB-108-C; RRID:AB_354267

Goat polyclonal anti-rabbit IgG Sigma Cat# A0545; RRID:AB_257896

Mouse monoclonal anti-goat/sheep IgG Sigma Cat# A9452; RRID:AB_258449

Chemicals, Peptides, and Recombinant Proteins

Insulin Novo Nordisk A/S Actrapid

20% Glucose Infusion Solution DeltaSelect (Deltamedica) PZN: 02349480

D-[3-3H]-glucose PerkinElmer Cat# NET331

2-deoxy-D-[1-14C]-glucose American Radiolabeled Chemicals Cat# ARC 0114

peqGOLD Trifast Peqlab Cat# 30-2010

Cell-Tak Cell and Tissue Adhesive Corning Cat# 354240

Halt Protease and Phosphatase

Inhibitor Cocktail

Thermo Scientific Cat# 78446

4x Laemmli Sample Buffer Bio-Rad Cat# 161-0747

10x TGS Tris/Glycine Running Buffer Bio-Rad Cat# 161-0732

SuperSignal West Dura Extended

Duration Substrate

Thermo Scientific Cat# 34076

TaqMan Master Mix Thermo Scientific Cat# 436906

SYBR Select Master Mix Thermo Scientific Cat# 4472908

DreamTaq DNA Polymerase Thermo Scientific Cat# EP0702

Critical Commercial Assays

Mouse/Rat FGF-21 Quantikine ELISA Kit R&D Systems Cat# MF2100

PP2A Immunoprecipitation

Phosphatase Assay Kit

Merck Millipore Cat# 17-313

RNeasy Mini Kit QIAGEN Cat# 74104

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat# 4368814

Pierce BCA Protein Assay Kit Thermo Scientific Cat# 23225

CyQUANT Cell Proliferation Assay Thermo Scientific Cat# C7026

Experimental Models: Organisms/Strains

Mouse: C57BL/6N Charles River Laboratories,

Germany

Strain code: 027

Mouse: CerS1flox/flox This paper; TaconicArtemis,

Germany

N/A

Mouse: CerS5flox/flox This paper; TaconicArtemis,

Germany

N/A

Mouse: CerS6flox/flox Turpin et al., 2014 N/A

Mouse: MCK-Cre JAX:006475

Mouse: CMV-Cre JAX:003465
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Oligonucleotides

Primers used to test for exon4 specific

deletion of CerS5 and CerS6

Table S3 Custom Primers, purchased from Eurogentec

(Cologne, Germany) https://secure.

eurogentec.com/life-science.html

qPCR Taqman probes and SYBR green primers

used for gene expression analyses

Table S3 Purchased from Thermo Scientific

Software and Algorithms

GraphPad Prism 7 GraphPad https://www.graphpad.com/scientific-

software/prism

Fiji (ImageJ) Software ImageJ https://imagej.net

IVIS LivingImage Software V4.3.1 Caliper Life Science,

Perkin Elmer, USA

http://www.perkinelmer.com:80/category/

in-vivo-imaging-software

LaTheta Software V2.10 Hitachi Aloka Medical, Japan N/A

DigitalMicrograph Software Gatan http://www.gatan.com/products/tem-analysis/

gatan-microscopy-suite-software

AxioVision 4.2 Zeiss https://www.zeiss.de/mikroskopie/downloads/

axiovision-downloads.html

SoftMax Pro 6.3 Molecular Devices https://www.moleculardevices.com/products/

microplate-readers/acquisition-and-

analysis-software/softmax-pro-software

FusionCapt Advance Vilber http://www.vilber.de/produkte/analysesoftware/

capt-softwares/

QuantStudio Real-Time PCR Software v1.3 Applied Biosystems,

Thermo Scientific

https://www.thermofisher.com/us/en/home/

technical-resources/software-downloads/

quantstudio-flex-real-time-pcr-system.html

Vinci Software Package 4.61.0 Cı́zek et al., 2004 www.nf.mpg.de/vinci3

Other

High-fat diet Altromin Cat# C1057

Normal-chow diet Harlan Teklad Global Rodent Cat# T.2018.R12

Criterion TGX Precast Gels 4-15% Bio-Rad Cat# 5671024

HPTLC Silica gel 60 plates Merck Millipore Cat# 105641

Ion-exchange chromatography columns,

Poly-Prep Columns, AG 1-X8

BioRad Cat# 7316221

PotterS Homogenizer Braun N/A

Homogenization Cylinder (borosilicate glass)

(for PotterS)

Sartorius Cat# BBI-8542309

PTFE-Plunger (for PotterS) Sartorius Cat# BBI-8542708

Seahorse XFe96 Analyzer Agilent https://www.agilent.com/en/products/cell-analysis/

seahorse-analyzers/seahorse-xfe96-analyzer

IVIS Spectrum CT-Scanner Calpier LifeScience,

Perkin Elmer, USA

Cat# 128201

LaTheta LCT-100 CT-Scanner Hitachi Aloka Medical, Japan http://www.echomri.com/LaTheta_Micro_CT.aspx

NMR Analyzer Minispeq mq7.5 Bruker Optik, Germany https://www.bruker.com/products/mr/td-nmr/

minispec-mq-series.html

FUSION Solo Vilber http://www.vilber.de/produkte/chemilumineszenz/

FilterMax F5 Multi-Mode Microplate

Reader

Molecular Devices Cat# F5

QuantStudio 7 Flex Real-Time PCR System Applied Biosystems,

Thermo Scientific

Cat# 4485701
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Perfect-Blue ‘Semi-Dry’ Blotter Peqlab Cat# 700-0423

Indirect Calorimetry System ‘‘PhenoMaster’’ TSE systems, Chesterfield, USA https://www.tse-systems.com/product-details/

phenomaster

JEM-2100 Plus Electron Microscope JEOL https://www.jeol.co.jp/en/products/detail/

JEM-2100.html

Camera OneView 4K Gatan http://www.gatan.com/products/tem-imaging-

spectroscopy/oneview-camera
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jens C.

Br€uning, (bruening@sf.mpg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C57BL/6N mice
C57BL/6N mice were obtained from Charles River Laboratories (Sulzfeld, Germany) at 6 weeks of age and were fed a normal chow

diet or a high-fat diet (as indicated) for an additional 24 weeks before tissue harvest.

Genetic mouse models
Generation of CerSflox/flox mice

CerS1flox/flox, CerS5flox/flox, and CerS6flox/flox mice were generated according to standard protocols by TaconicArtemis (Köln, Ger-

many). More specifically, exon 2 of CerS1 was flanked by loxP sites (CerS1flox/flox, Figure S1A) and exon 4 of CerS5 and CerS6

were flanked by loxP sites (CerS5flox/flox and CerS6flox/flox) (Turpin et al., 2014). Mouse genomic fragments were sub-cloned using

the RP23 BAC library and re-cloned into the basic targeting vector harboring necessary selection features. 30 mg of linearized

DNA vector was electroporated into C57BL/6N ES cells. Puromycin selection (1 mg/ml) and G418 selection (200 mg/ml) started on

d2, and counter-selection with Gancyclovir (2 mM) started on d5 after electroporation. Correctly targeted ES clones were isolated

on d8 and injected into blastocysts isolated from superovulated BALB/c mice at dpc 3.5. Highly chimeric mice were bred to

C57BL/6N females. CerS5flox/flox and CerS6flox/flox mice were crossbred resulting in double-floxed CerS5flox/floxCerS6flox/flox mice

(CerS5/6flox/flox).

Generation of CerS1D/D mice

CerS1flox/flox mice were bred with mice expressing the Cre-recombinase under the control of a human cytomegalovirus minimal pro-

moter (CMV-Cre) (Schwenk et al., 1995). Arising heterozygous mice (CerS1D/+) were then intercrossed to generate CerS1-deficient

mice (CerS1D/D) and CerS1+/+ littermate controls (Control).

Generation of CerS1DSkM and CerS5/6DSkM mice

Mice with a specific deletion of CerS1 or of CerS5 and CerS6 (CerS5/6) in skeletal muscle were generated by interbreeding

CerS1flox/flox or CerS5flox/floxCerS6flox/flox mice with mice expressing the Cre-recombinase under the control of the muscle creatine

kinase (MCK)-promoter (MCKCre+/�). Muscle-specific Cre-recombinase mediated deletion of the CerS enzymes are presented as

CerS1DSkM and CerS5/6DSkM respectively.

Animal care
All animal procedures were performed in accordance with the Directive 2010/63/EU of the European Parliament and of the

Council of the European Union (issued 22 September 2010). The German Federal Ministry of Food and Agriculture issued the

regulation for implementation of the Directive 2010/63/EU into German law on 1 August 2013. In accordance with these rules, our

protocol was approved by the North Rhine-Westphalia State Agency for Nature, Environment and Consumer Protection

(84-02.04.2014.A042, 84-02.04.2014.A037); an animal welfare committee assisted them. Permission to maintain and breed mice

was issued by the Department for Environment and Consumer Protection–Veterinary Section, Cologne, North Rhine-Westphalia,

Germany. All animal procedures were performed in accordance with National Institutes of Health guidelines. Mice were allowed

ad libitum access to food and water and maintained in a facility with a 12 h light/dark cycle at 22-24�C. Food was only withdrawn

if required for an experiment.
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METHOD DETAILS

Diets
Mice were allowed ad libitum access to either a normal chow diet (NCD) (#T.2018.R12, Harlan Teklad Global Rodent) containing

53.5% carbohydrates, 18.5% protein and 5.5% fat (12% calories from fat) or a high-fat diet (HFD) (#C1057, Altromin) containing

32.7% carbohydrates, 20% protein and 35.5% fat (55.2% calories from fat), if not stated otherwise from weaning at 3 weeks of

age until 20 weeks of age.

Mouse analysis
All experimental procedures were conducted using male mice. Body weight was assessed weekly. For general metabolic character-

ization insulin tolerance tests (ITTs) were conducted at 11 weeks and glucose tolerance tests (GTTs) at 12 weeks of the animals age.

GTTs after Fgf21 neutralization were performed in animals at 15-16 weeks of age. Between 15-18 weeks of age, mice were placed in

metabolic chambers for calorimetric analysis. At 19 weeks of age, body composition was assessed prior to tissue harvest and serum

collection at 20 weeks of age.

Analysis of body composition
Lean and fat mass ofCerS1D/Dmice were determined via nuclear magnetic resonance (NMRAnalyzer minispeqmq7.5; Bruker Optik,

Ettlingen, Germany) in alive, 19 week old mice. Morphometric and body composition measurements of CerS1DSkM mice were deter-

mined by micro computed tomography (LaTheta LCT-100, Aloka Co. LTD., Tokyo, Japan). Briefly the X-ray source tube voltage was

set at 50 kV with a constant 1 mA current. A holder with inner diameter of 48 mm was used, resulting in pixel resolutions of 100 mm.

Pitch size was 0.5 mm and scan speed 4.5 s/image. LaTheta software V2.10 estimated the volumes of adipose tissue, bone, air, and

the remainder using differences in X-ray density. Body composition measurements of CerS5/6DSkM were performed as previously

described (Theurich et al., 2017). Briefly, body composition was analyzed bymicro computed tomography in isoflurane-anesthetized

mice (Dräger and Piramal Healthcare). Data acquisition was performed using an IVIS Spectrum CT scanner (Caliper LifeScience,

USA) and IVIS LivingImage Software V4.3.1. Quantification of lean and fat mass contents were determined with a modification of

the previously described Vinci software package 4.61.0 (Cı́zek et al., 2004) (Available at: http://www.nf.mpg.de/vinci3)

Indirect calorimetry and food intake
Metabolic measurements were obtained using the PhenoMaster System, i.e., an open circuit system for the determination of

respiration of mice and indirect estimation of energy metabolism (TSE systems, Bad Homburg, Germany). Mice were adapted to

the metabolic chambers (regular type II cages) 4 days prior to the analysis. Food and water were provided ad libitum in the appro-

priate devices, which were constantly monitored for weight over the experimental time course. Parameters of indirect calorimetry

were measured for a minimum of 48 hr. Data presented over 24 hr are representative of the total time within the chambers.

Insulin- and glucose tolerance tests
Glucose tolerance tests (GTTs) were performed following a 6 hr fasting period during the light phase or a 16 hr fasting period overnight

as specified in the figure legends. Insulin tolerance tests (ITTs) were conducted with random-fed animals or after a short 2 hr fasting

period as specified in the figure legends. Blood samples for measurement of blood glucose concentrations were collected from a tail

cut and measured using an automatic glucose monitor (Contour; Bayer). Following basal blood glucose measurements, mice were

injected intraperitoneally (i.p.) with 0.75 U/kg or 1 U/kg bodyweight of insulin (Actrapid; NovoNordisk A/S) for ITTs or with 2 g/kg body

weight of glucose (20% glucose, DeltaSelect) for GTTs. Blood glucose levels were recorded 15, 30 and 60min after injection for ITTs,

and also at 120 min for GTTs.

Hyperinsulinemic-euglycemic clamp studies in awake mice
Implantation of catheters into the jugular vein and the clamp procedure employed were performed as described previously (Könner

et al., 2007). Following 5-6 days of recovery, mice that had lost less than 10% of their preoperative weight were subjected to the hy-

perinsulinemic-euglycemic clamp experiment. On the day of experimentation, each animal was fasted for 4 hr and then placed in

restrainers for the duration of the experiment. D-[3-3H]-glucose (PerkinElmer) was administered as a bolus (5 mCi), and then infused

continuously (0.05 mCi/min). All solutions infused were prepared with 3% plasma added, obtained fromC57BL/6 donor mice that had

been fasted for 4 hr. Hyperinsulinemia was achieved by a bolus infusion of insulin (Actrapid; Novo Nordisk A/S) of 20 mU/g body

weight, and thereafter by infusing insulin at a fixed rate of 4 mU/g/min. Blood glucose concentrations were monitored regularly ac-

cording to a fixed scheme from tail vein bleedings (Hemocue�Glucose 201 RT), and maintained around 140 mg/dl by administering

20% glucose (DeltaSelect). An infusate/bolus of 2-deoxy-D-[1-14C]-glucose (10 mCi; American Radiolabeled Chemicals) was given

approx. 120 min before steady state for analysis of tissue-specific glucose uptake. Steady state was considered achieved, when a

fixed glucose-infusion rate maintained the glucose concentration in blood constant for 30 min. At the end of the experiment, mice

were killed by decapitation and organs collected for analysis. The [3H]-glucose content in serum during basal conditions and

at steady state was measured as described (Könner et al., 2007). Lysates of adipose tissue, heart, brain, quadriceps and gastroc-

nemius muscles were processed through ion-exchange chromatography columns (Poly-Prep Prefilled: resin format, 200–400
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mesh dry: BioRad Laboratories). The uptake of glucose in WAT, BAT, heart, brain and skeletal muscles in vivo (nmol3 g�1 3min�1)

was calculated on the basis of 2-deoxy-D-[1-14C]-glucose 6-phosphate accumulation and the disappearance rate of 2-deoxy-D-

[1-14C]-glucose from serum (Könner et al., 2007). Radioactivity was measured in a liquid scintillation counter.

Fgf21 neutralization
15-16 week old HFD-fed CerS1DSkM mice and littermate controls were subjected to a 6 hr fast. After the first hour of fasting, mice

received a single intraperitoneal injection of mouse neutralizing polyclonal goat antibody raised against Fgf21 (R&D systems,

AF3057) or an IgG control (R&D systems, AB-108-C) (10 mg/mouse). After a total fasting period of 6 hr, i.e., 5 hr after antibody treat-

ment, a glucose tolerance test (GTT) was performed. The treatment of neutralizing Fgf21 antibody did not impact on basal body

weight and blood glucose levels (data not shown). Animals were investigated in an intraindividual cross-over design between treat-

ments separated by one week, and according to randomization of treatment order.

Transmission electron microscopy (TEM)
HFD-fed CerS1DSkM mice and littermate controls were anesthetized and perfused with 0,5% (w/v) Procainhydrochlorid and 0,2%

(v/v) Heparin in phosphate-buffered saline (PBS) and fixed with 4% PFA, 2% glutaraldehyde and 0.2% (v/v) saturated Picric acid

in PBS. Left quadriceps and gastrocnemius muscles were dissected and fixed for 3 days in 2% (v/v) glutaraldehyde, 2.5% (w/v)

sucrose, 3 mM CaCl2, and 100 mM HEPES-KOH, pH7.4, at 4�C. Fixed tissues were washed with 0.1 M sodium cacodylate buffer,

incubated with 2% OsO4 in 0.1 M cacodylate buffer for 2 hr at 4�C, and washed three times with 0.1 M cacodylate buffer. Subse-

quently, tissues were dehydrated using ascending ethanol series for 15 min each at 4�C. Tissues were then transferred to propylene

oxide and finally to EPON (overnight at 4�C). Tissues were transferred to fresh EPON for 2 hr at RT and finally embedded for 72 hr at

62�C. Ultrathin sections of 70 nm were cut using an ultramicrotome (Leica, UC6) and stained with 1.5% uranyl acetate for 15 min at

37�C and lead nitrate solution for 4 min. Electron micrographs were taken with a JEM-2100 Plus Transmission Electron Microscope

(JEOL), cameraOneView 4K 16 bit (Gatan) and software DigitalMicrograph (Gatan). Imageswere analyzed using the ImageJ (Fiji) soft-

ware package. Mitochondria from images at 12,000x magnification were manually traced and measured for surface area and aspect

ratio with a pixel aspect ratio of 1.

Histology
Mice were deeply anesthetized and perfused transcardially with 0.9% saline followed by 4% paraformaldehyde (PFA). Brains were

removed, postfixed for 6 hr in 4% PFA and transferred to 20% sucrose in 0.1 M PBS (pH 7.4) overnight. Brains were then frozen with

tissue freezing medium (Leica) before being sectioned into 6 mm slices and underwent H&E staining according to standard protocols.

Representative images presented were obtained with AxioVision 4.2 (Carl Zeiss MicroImaging GmbH, Oberkochen, Germany).

TaqMan gene expression assays
RNA was isolated from tissues using peqGOLD TriFast (Peqlab Biotechnologie, Germany) or QIAGEN RNeasy Kit (QIAGEN, Ger-

many). RNA was reverse transcribed and amplified using TaqMan Gene Expression Master Mix with TaqMan Assay-on-demand

kits (Thermo Scientific) as previously described (Turpin et al., 2014). Ct-values for test- and housekeeping genes were determined

with the appropriate TaqMan gene expression assay in a QuantStudio 7 Flex Real-Time PCR System using the QuantStudio

Real-Time PCRSoftware v1.3 (Applied Biosystems, Thermo Scientific). The expression of each specificmRNA analyzedwas normal-

ized to the expression of Gapdh mRNA. Results were calculated by the DCt comparative method (as 2-DDCt). For specification of

qPCR probes see Table S3.

SYBR Green CerS1 gene expression assay
SYBR Green gene expression assays were performed with specific primers targeting exon 2 of CerS1 and SYBR-Select Master Mix

(Thermo Scientific) according to manufacturers instructions in white adipose tissue. Briefly, 10 ng cDNA was combined with SYBR-

Select Master Mix, forward and reverse primers and nuclease-free water then underwent the standard protocol according to SYBR

Select Master Mix User Guide. The following primers were used to detect CerS1 product CerS1_wt_fwd3 50-GCAGCCACCACACA

CAT-30 and CerS1_wt_rev2 50-ATGCCTGACCTCCAGTCATA-30, while CerS1_ko_fwd2 50-CACACATCTTTCGGACTGGA-30 and

CerS1_ko_rev2 50-GCATAGATGGAGTGGCAGTAG-30 detected product only if exon 2 of CerS1 was successfully deleted. All sam-

ples were corrected to Gapdh content with the primers Gapdh_fwd 50-AGGTCGGTGTGAACGGATTTG-30 and Gapdh_rev 50- GGG

GTCGTTGATGGCAACA-30.

CerS5 and CerS6 deletion PCR
DNA was extracted from gastrocnemius muscle, heart and liver from CerS5/6DSkM and littermate controls. General PCR was then

performed according to DreamTaq DNA Polymerase instructions (Thermo Scientific) with the following primer sequences.

CerS6 delta PCR;

L6.5, 50-GGATTGGTCACTACTTTCCAGTCTC-30

1823_13, 50-ATTCAGTATGGTGCCAGCAAAGC-30,
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CerS6 delta, 50-AGCAAACTCTGCTGGCAAGATTA-30

CerS5 delta PCR;

CerS5FWD, 50- CAACATGATTCCAGTCTGTTC C �30

C5Int4_6, 50- GGCACGAAGAAAGTCTGGAG �30,
CerS5floxREV, 50- CTCACTATGTAACCATGCTG-30

Insulin stimulation
Following a 16 hr fasting period, mice were deeply anesthetized and injected with 5mU of insulin diluted in 100 ml of saline or with only

saline into the vena cava. Quadriceps muscles were removed 5 min post injection and snap frozen in liquid nitrogen.

Immunoblot analysis
Proteins from snap-frozen skeletal muscle or liver tissues were extracted with ceramic beads in lysis buffer (50 mM Tris pH 7.4,

130mMNaCl, 5mMEDTA, 1% (v/v) NP-40, 1mMPMSF, 1mMNaF supplementedwith 1x protease and phosphatase inhibitor cock-

tail) using a FastPrep-24 benchtop homogenizer (MP Biomedicals). Protein concentrations were determined using the Pierce BCA

Protein Assay Kit (Thermo Scientific). Proteins were separated via SDS-Page and transferred to PVDF membranes using a Per-

fect-Blue ‘semi-dry’ Blotter (Peqlab) according tomanufacturers instructions. Membraneswere blockedwith 5% (w/v) milk dissolved

in Tris-buffered saline (TBS), and incubated with primary antibodies in 2.5% (w/v) milk dissolved in TBS containing 0.1% Tween-20

(TBST) at 4�C overnight. Secondary antibodies conjugated to horseradish peroxidase (HRP) were incubated for 1-2 hr at room tem-

perature. Membranes were incubated with SuperSignal chemiluminescent substrate (Thermo Scientific) for 1 min and luminescence

was detected with a Fusion Solo imaging system and FusionCapt Advance software (Vilber). For the analysis of pAKT/AKT ratios,

membranes, which have been used to detect immunoreactivity of phosphorylated AKT (pAKT) were stripped in Stripping Solution

(62.5 mM Tris pH 6.8, 2% (w/v) SDS, 0.7% (v/v) b-mercapotethanol) for 20 min at 56�C, washed twice in TBST for 10 min, blocked

in 5% (w/v) milk in TBST for 30 min at room temperature, and reprobed with an antibody raised against total AKT. Densitometric an-

alyses of immunoblots were performed with the ImageJ (Fiji)-software package and band intensities relative to control-levels were

calculated accordingly.

Antibodies were obtained from Cell Signaling Technology unless otherwise stated and were diluted in 2.5% (w/v) milk in TBST as

follows; pan-Akt (#9272, 1:1000), p-AktSer473 (#9271, 1:1000), p-AktThr308 (#4056, 1:1000), Fgf21 (#AF3057, R&D systems, 1:1000),

and Calnexin (#208880; Merck Millipore, 1:4000) served as the loading control. Secondary antibodies (Sigma) were diluted 1:2000.

Lipid analyses
Sphingolipid analysis

Sphingolipid levels were determined by Liquid Chromatography coupled to Electrospray Ionization TandemMass Spectrometry (LC-

ESI-MS/MS). Mouse tissue samples were homogenized in water (10 mg of tissue per 100 ml) using the Precellys 24 Homogenizator

(Peqlab, Erlangen, Germany). The protein content of the homogenate was routinely determined using bicinchoninic acid. 100 ml of

tissue homogenate or 50 ml of mouse serum were used for lipid extraction. Lipid extraction and LC-ESI-MS/MS analysis were per-

formed as previously described (Turpin et al., 2014).

Di- and triacylglycerol analysis

Thin Layer Chromatography (TLC) was used to analyze the bulk of di- and triacylglycerol in skeletal muscle. Lipids were extracted as

previously described (Belgardt et al., 2010). For the determination of the skeletal muscle triacylglycerol content, the lipid extract was

applied to 20 3 10 cm high performance thin layer chromatography (HPTLC) Silica Gel 60 plates (Merck Millipore), which were pre-

washed twicewith chloroform/methanol 1:1 (v/v) and air-dried for 30min. Each lane of the TLCplate was loadedwith the equivalent of

10 mg of protein. The TLC solvent system used was hexane/toluene 1:1 (v/v), followed by hexane/diethyl ether/glacial acetic acid

80:20:1 (v/v/v). For the quantification of diacylglycerols, the equivalent of 800 mg of protein was applied to 20 3 20 cm TLC plates,

which were developed in hexane/diethyl ether/formic acid 30:50:1 (v/v/v). Quantitative analytical TLC determination was performed

as previously described (Belgardt et al., 2010).

Chain-length specific DAG and TAG species from skeletal muscle were quantified by nano-electrospray ionization tandem mass

spectrometry (Nano-ESI-MS/MS): Samples of mouse skeletal muscle (n = 3) were homogenized in Milli-Q water (1 mg / 10 ml) using

the Precellys 24 Homogenizer (Peqlab, Erlangen, Germany) at 6.500 rpm for 30 s. The protein content of the homogenate was

routinely determined using bicinchoninic acid. Muscle homogenate aliquots equivalent to 100 mg (for TAGs) or 1 mg (for DAGs)

of protein were diluted to 500 ml with Milli-Q water and mixed with 1.875 mL of chloroform/methanol/37% hydrochloric

acid 5:10:0.15 (v/v/v). 20 ml of 4 mM d5-TG Internal Standard Mixture I (for TAGs) or 50 ml each of 4 mM d5-DG Internal Standard

Mixtures I and II (for DAGs) (Avanti Polar Lipids) were added. Conditions of lipid extraction and Nano-ESI-MS/MS analysis have

been previously described (Kumar et al., 2015). The detection of TAG and DAG species was conducted by scanning for the neutral

losses of the ammonium adducts of distinct fatty acids: 245 (14:0), 271 (16:1), 273 (16:0), 295 (18:3), 297 (18:2), 299 (18:1), 301 (18:0),

321 (20:4), and 345 (22:6). For the analysis of TAGs a mass range of m/z 750-1100 Da was scanned with a collision energy (CE) of

40 eV, for DAGs the mass range was m/z 500-750 Da and the CE 25 eV. All scans were conducted in the positive ion mode at a scan

rate 200 D/s with a declustering potential of 100 V, an entrance potential of 7 V, and a cell exit potential of 14 V (Özbalci et al., 2013).

Processing of mass spectra and quantification of lipid species was done as previously described (Kumar et al., 2015).
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PP2A-C activity assay
PP2A activity was assessed by the dephosphorylation of the phosphopeptide K-R-p-T-I-R-R using the PP2A Immunoprecipitation

Phosphatase Assay Kit (MerckMillipore) as directed bymanufacturer. Briefly, 500 mg protein from quadricepsmuscle was combined

with 4 mg of anti-PP2A C subunit, clone 1D6, 40 ml of protein A agarose beads and made up to 500 ml total volume with pNPP Ser/Thr

assay buffer before incubation for 2 hr rotating at 4�C. Protein A agarose beads were washed three times with protein lysis buffer and

once with pNPP Ser/Thr assay buffer. 60 ml of 1 mM threonine phosphopeptide (or pNPP Ser/Thr assay buffer for negative control)

and 20 ml of pNPP Ser/Thr assay buffer were added to beads and incubated for 10 min shaking at 30�C. Samples were centrifuged

and 25 ml was transferred in duplicate to a half-volume 96 well microtiter plate. Following the addition of 100 ml of Malachite green

phosphate detection solution, color developed for 15 min and the absorbance was determined at 650 nm using a FilterMax F5

Multi-Mode microplate reader and SoftMax Pro 6.3 software (Molecular Devices). PP2A-C activity was calculated as the delta

change of lysates with no phosphopeptide compared to the same lysate with phosphopeptide.

FGF-21 ELISA
Mouse/Rat FGF-21 Quantikine ELISA Kit (R&D Systems) was performed to manufacturer’s instructions with minor modifications.

Briefly, serum samples were diluted 1:2 with Calibrator Diluent. 50 ml of diluted serum was combined with 50 ml of assay diluent in a

96-well polystyrenemicroplate coatedwith amonoclonal antibody specific for mouse/rat Fgf21 and incubated at 4�Cover night.Wells

were then washed five times with wash buffer and 100 ml of Mouse/Rat FGF-21 Conjugate was added and incubated for 2 h at room

temperature. Following an additional fivewashing steps, 100ml of Substrate Solutionwas addedand incubated for 30min at room tem-

perature upon protection from light irradiation. Reactionwas stoppedby the addition of 100ml StopSolution andoptical density of each

wellwasdeterminedusingaFilterMaxF5Multi-Modemicroplate readerandSoftMaxPro6.3 software (MolecularDevices).Readingsat

575nmwere subtracted from the readingsat 450nm tocorrect for optical imperfections in theplate. For quantificationa four-parameter

curve-fit standard curve was used and Fgf21 concentrations of unknown samples were calculated accordingly.

Skeletal muscle mitochondrial bioenergetics
Mitochondrial isolation procedure

Isolation of mitochondria from skeletal muscle was performed according to a published protocol (Boutagy et al., 2015) with some

modifications. Briefly, random-fed mice were sacrificed by cervical dislocation and both left and right leg quadriceps or gastrocne-

mius muscle were dissected into ice-cold IBM1 (67 mM sucrose, 50 mM Tris/HCl, pH 7.4, 50 mM KCL, 10 mM EDTA/Tris base pH 8,

0.2% essentially FA free BSA, 1x protease and phosphatase inhibitor cocktail) and minced. Collected tissue pieces were then incu-

bated in 0.05% trypsin solution for 30 min on ice. Following centrifugation for 3 min at 200xg and 4�C, the trypsin solution was

removed and tissue pieces were homogenized in IBM1 with a rotating glass/Teflon Potter homogenizer (Potter S, Braun) using 15

strokes at 1,000 rpm. The homogenate was centrifuged for 10 min at 700xg and 4�C. Afterward, the pellet was discarded and the

supernatant was centrifuged for 10 min at 10,000xg at 4�C to pellet mitochondria. The pellet was re-suspended in IBM2 (200 mM

D-Mannitol, 70 mM Sucrose, 5 mM EGTA/Tris base, 10 mM Tris-HCl pH 7.4) and centrifuged for 10 min at 8,000xg and 4�C. Mito-

chondrial pellets were finally re-suspended in IBM2 and subjected to measurements of mitochondrial bioenergetics.

Measurement of mitochondrial bioenergetics

Mitochondrial oxygen consumption was assessed using the Seahorse XFe96 Analyzer (Agilent), according to the protocol provided

by manufacturer (Application note on ‘Analyzing microgram quantities of isolated mitochondria in the Agilent Seahorse XFe/XF24

analyzer’). Isolated mitochondria were analyzed in mitochondrial assay solution (MAS), consisting of 70 mM sucrose, 220 mM

mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM EGTA and 0.2% (w/v) fatty acid-free BSA, pH 7.4 at 37�C. The mito-

chondrial assay solution was supplemented with 40 mM Palmitoyl-L-Carnitine and 1 mM Malate. 3 mg of mitochondrial protein was

loaded per well. To ensure consistent adherence, the Seahorse XF96 microplate was pretreated with Cell-Tak adhesive (11.2 mg/ml

per well, Corning). The coated microplate containing the mitochondrial suspension was spun at 2,000xg for 20 min at 4�C and

allowed to warm to 37�C for 20 min. Baseline oxygen consumption was monitored, followed by injections of ADP (4 mM final), Oli-

gomycin (2 mM final), FCCP (4 mM final) and Antimycin A/Rotenone (1 mM final). On completion of the assay, wells were normalized

using the CyQUANT Cell Proliferation Assay (Thermo Scientific). For representation of mitochondrial bioenergetics, ADP-stimulated

(state 3) respiration and maximal respiration after FCCP treatment are shown.

QUANTIFICATION AND STATISTICAL ANALYSIS

If not stated otherwise data are represented as mean ± SEM. In Tables S1 and S2 data are represented as mean ± SD. Data were

analyzed for statistical significance using Graphpad Prism 7 software. As specified in the figure legends either an unpaired Student’s

t test, a one-way ANOVA followed by Tukey’s multiple comparison test or a two-way ANOVA with or without repeated-measures,

followed by Bonferroni’s multiple comparison test where appropriate was conducted. In cases where a 2-way ANOVA has been per-

formed to test for differences between groups in longitudinal studies (i.e., for BW,GTT, ITT, EE, GIR curves), asterisks at the end of the

graph indicate overall statistically significant difference between genotypes. Asterisks above single data points indicate statistically

significant differences of groups at these specific points as determined via Bonferroni’s post hoc test. p values less than 0.05 were

considered statistically significant.
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