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Acid sphingomyelinase deficiency in Western
diet-fed mice protects against adipocyte
hypertrophy and diet-induced liver steatosis
Svenja Sydor 1,7, Jan-Peter Sowa 1,7, Dominik A. Megger 2,6, Martin Schlattjan 1, Sami Jafoui 1,
Lena Wingerter 1, Alexander Carpinteiro 3, Hideo A. Baba 4, Lars P. Bechmann 1, Barbara Sitek 2,
Guido Gerken 1, Erich Gulbins 3, Ali Canbay 1,5,*
ABSTRACT

Objective: Alterations in sphingolipid and ceramide metabolism have been associated with various diseases, including nonalcoholic fatty liver
disease (NAFLD). Acid sphingomyelinase (ASM) converts the membrane lipid sphingomyelin to ceramide, thereby affecting membrane
composition and domain formation. We investigated the ways in which the Asm knockout (Smpd1�/�) genotype affects diet-induced NAFLD.
Methods: Smpd1�/� mice and wild type controls were fed either a standard or Western diet (WD) for 6 weeks. Liver and adipose tissue
morphology and mRNA expression were assessed. Quantitative proteome analysis of liver tissue was performed. Expression of selected genes
was quantified in adipose and liver tissue of obese NAFLD patients.
Results: Although Smpd1�/� mice exhibited basal steatosis with normal chow, no aggravation of NAFLD-type injury was observed with a
Western diet. This protective effect was associated with the absence of adipocyte hypertrophy and the increased expression of genes associated
with brown adipocyte differentiation. In white adipose tissue from obese patients with NAFLD, no expression of these genes was detectable. To
further elucidate which pathways in liver tissue may be affected by Smpd1�/�, we performed an unbiased proteome analysis. Protein expression
in WD-fed Smpd1�/�mice indicated a reduction in Rictor (mTORC2) activity; this reduction was confirmed by diminished Akt phosphorylation and
altered mRNA expression of Rictor target genes.
Conclusion: These findings indicate that the protective effect of Asm deficiency on diet-induced steatosis is conferred by alterations in adipocyte
morphology and lipid metabolism and by reductions in Rictor activation.

� 2017 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Ceramide; NAFLD; Rictor; Western diet
1. INTRODUCTION

Western societies are experiencing an increase in the prevalence of
obesity, which leads to a parallel increase in the prevalence of related
diseases, such as the metabolic syndrome, type II diabetes, and
nonalcoholic fatty liver disease (NAFLD) [1]. NAFLD is primarily asso-
ciated with excessive accumulation of fat in the liver and ranges from
simple steatosis to nonalcoholic steatohepatitis (NASH), which is
accompanied by cell death, tissue inflammation, and a high risk of the
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development of fibrosis, with further progression to cirrhosis or he-
patocellular carcinoma [2]. Obesity is also associated with the devel-
opment of systemic inflammation and insulin resistance as part of the
metabolic syndrome, which promotes the progression of NAFLD. In
particular, cytokines derived from adipose tissue, also known as adi-
pokines, play an important role in this systemic disease [3].
Hypertrophy of adipose tissue alters adipokine secretion and enhances
the release of free fatty acids (FAAs) into the circulation [4,5]. This
effect seems to be caused specifically by visceral adipocyte
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hypertrophy, which is associated with serum inflammation markers
and altered adipokine secretion, indicating an interaction between
adipose tissue and liver tissue in the metabolic syndrome [6e8]. Thus,
these changes in the concentrations of circulating lipid components
and in (hepato)cellular lipid metabolism seem to play an important role
in the formation of NAFLD.
Ceramides are sphingolipids that are important components of cell
membranes. The ceramide content of a membrane affects fluidity and
the signal transduction pathways regulating cell differentiation or
apoptosis. The effects of ceramide are mediated by the formation of
ceramide-rich microdomains that facilitate the trapping and clustering
of receptors and, thereby, the induction of apoptosis [9,10]. Altered
ceramide levels in cell membranes have been associated with many
human diseases, such as neurodegenerative and skin disorders,
pulmonary and cardiovascular diseases, and hormonal disorders and
liver diseases [10e14].
Ceramide can be derived from membrane-bound sphingomyelin that is
cleaved by an enzyme called acid sphingomyelinase (ASM), coded by
the SMPD1 gene. The conversion of sphingomyelin to ceramide within
cell membranes is essential for various signaling pathways [15,16].
ASM deficiency has also been discussed as a possible mechanism in
the development of obesity, the metabolic syndrome, diabetes, and
various liver diseases, such as steatosis or fibrosis [14,17e19]. It has
also been reported that sphingolipids, especially ceramide, play a
pivotal role in obesity and the metabolic syndrome [20,21]. Boini and
colleagues found that excessive accumulation of sphingolipids, cer-
amide, and the metabolites of ceramide contribute to the development
of obesity and associated kidney damage in mice fed a high-fat diet
(HFD). Treatment with amitriptyline, a functional ASM antagonist, di-
minishes both the steatosis associated with HFD and the accumulation
of fat in this murine model.
A protective effect against diet-induced liver steatosis has also been
observed in Asm knockout (Smpd1�/�) mice and in Asm and low-density
lipoprotein receptor (Ldlr) double knockout mice [22,23]. Although the
results of these studies indicate that ASM deficiency may protect from
diet-induced liver steatosis by reducing autophagy and endoplasmic
reticulum stress, many other processes may also be involved. Therefore,
we aimed for a broader view of processes potentially affected by ASM
knockout, processes that may even protect from steatosis. In addition,
we specifically investigated the contribution of adipose tissue to the
development of NAFLD. We found that reductions in the activation of
rapamycin-insensitive companion of mTOR (Rictor, or mTORC2) in the
liver and alterations in adipocyte physiology may contribute to the pro-
tective effect of Smpd1�/� against diet-induced steatosis.

2. MATERIAL AND METHODS

2.1. Animals and sample collection
Four- to six-week-old C57Bl/6 and Smpd1�/� mice [11] were fed a
standard diet (SD; n ¼ 6 animals per group) or a Western diet rich
in carbohydrates and fat (WD; TD.88137, details are given in
Supplementary Table 1; ssniff Spezialdiäten, Soest, Germany) ad libi-
tum for six weeks (n ¼ 6 animals per group). Food intake was not
measured. After six weeks, mice were sacrificed, blood was drawn
from the vena cava and centrifuged, and serum was stored at�80 �C.
Total protein, albumin, total bilirubin, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and lactate dehydrogenase (LDH)
levels were measured with a Spotchem II system (Akray, Kyoto, Japan).
Liver tissue and white adipose tissue were collected for isolation of RNA
and protein and for histopathological processing. All mice were bred
and housed in the Central Animal Facility (ZTL) of the University Hospital
MOLECULAR METABOLISM 6 (2017) 416e427 � 2017 Published by Elsevier GmbH. This is an open access
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Essen, University of Duisburg-Essen (Germany), according to the rec-
ommendations of the Federation of European Laboratory Animal Sci-
ence Associations (FELASA). All procedures were approved by the State
Agency for the Protection of Nature, the Environment, and Consumers,
North Rhine-Westphalia (Landesamt für Natur, Umwelt und Ver-
braucherschutz Nordrhein-Westfalen; LANUV NRW).

2.2. Histopathology and sample handling
Liver and adipose tissues were stored in a 4.5% formalin solution,
embedded in paraffin, and sectioned. Staining was performed as
previously described [24]. The size of adipocytes was determined in
paraffin-embedded sections stained with hematoxylin and eosin (H&E),
as described previously [6].
Liver and adipose tissues for the isolation of RNA and protein were
immediately frozen in liquid nitrogen. Total RNA was isolated by TRIzol
extraction (Invitrogen, Darmstadt, Germany) and purified with the
RNeasy Mini Kit (Qiagen, Hilden, Germany). Reverse transcription was
performed with the QuantiTect RT kit (Qiagen) with 1 mg of total RNA.

2.3. Patients
The study protocol conformed to the revised Declaration of Helsinki
(Edinburgh, 2000) and was approved by the local Institutional Review
Board (Ethik-Kommission am Universitätsklinikum Essen; file number
09-4252). Before enrollment, all patients provided written informed
consent for participation in the study.
Data from liver and matched adipose tissue samples were collected
from morbidly obese patients with biopsy-proven NAFLD who were
undergoing bariatric surgery. The samples were analyzed and
compared with four non-steatotic liver samples. All enrolled patients
underwent physical and ultrasound examinations, a complete set of
laboratory studies, and liver biopsy. Supplementary Tables 2 and 3
present detailed demographic and clinical information.
Subjects reporting excessive alcohol consumption (>20 g/day for men
or >10 g/day for women) and those with other known causes of
secondary fatty liver disease (e.g., viral hepatitis, metabolic liver dis-
ease, toxic liver disease) were excluded from the study. An experi-
enced pathologist (HAB) used the NAFLD Activity Score (NAS) to
determine the degree of NAFLD in wedge liver biopsy samples ob-
tained during a surgical procedure and stained with H&E [25]. The
mean adipocyte diameter in representative slides was calculated from
multiple (>50) individual measurements of adipocyte diameter
(ImageJ, National Institutes of Health, Bethesda, MD, USA), as previ-
ously described [6].

2.4. Quantitative real-time polymerase chain reaction
Gene expression levels were measured by quantitative real-time po-
lymerase chain reaction (qRT-PCR) with succinate dehydrogenase
complex subunit A (Sdha) as a reference gene; oligonucleotide se-
quences are presented in Supplementary Table 4. Relative gene
expression was calculated from the threshold cycles in relation to the
reference gene and to untreated controls. Reactions were performed
on a CFX96 Touch qPCR System (Biorad Laboratories, Munich, Ger-
many), as previously described [26].

2.5. Quantitative proteome analysis
Mass spectrometryebased proteome analysis was performed ac-
cording to a previously described protocol [27,28]. Briefly, liver tissue
samples were lysed in 30 mM Tris HCl, 2 M thiourea, 7 M urea, and 4%
CHAPS detergent (pH 8.5) and subjected to in-gel digestion with
trypsin. Trypsinized peptides were then analyzed online with an Ulti-
mate 3000 RSLCnano system coupled to an Orbitrap Elite mass
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 417
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spectrometer (both from Thermo Fisher Scientific, Bremen, Germany).
Liquid chromatographyetandem mass spectrometry (LC-MS/MS) data
were analyzed with Proteome Discoverer software (version 1.4;
Thermo Fisher Scientific) for protein identification and Progenesis LC-
MS (version 4.1; Nonlinear Dynamics Ltd., Newcastle upon Tyne, UK)
for protein quantification based on two unique peptides per protein.
Statistical significance was determined with ANOVA and Tukey’s
honestly significant difference test for post hoc analysis with RStudio
software (version 0.99; RStudio Inc., Boston, MA, USA). Proteins with
fold changes higher than 1.5 or lower than �1.5 and with p values
lower than 0.05 were considered to be differentially expressed be-
tween two experimental groups and were used for further analysis. In
total, six biological replicates were analyzed per experimental group.

2.6. Pathway analysis
Data from quantitative proteomics experiments were analyzed with
Ingenuity� Pathway Analysis (IPA; QIAGEN, Redwood City, CA, USA;
www.qiagen.com/ingenuity). The proteins differentially expressed
between the experimental groups were analyzed for enriched canon-
ical pathways and associated upstream regulators. Upstream regula-
tors and canonical pathways with z-scores higher than 2 were
considered to be activated, and those with z-scores lower than �2
were considered to be inhibited.

2.7. Western blotting
Protein lysates generated during proteomics experiments were used
for Western blotting. Protein concentrations were assessed with Pierce
BCA kit (Thermo Fisher, Braunschweig, Germany), and 30 mg of total
protein was separated with sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Immunoblotting was performed accord-
ing to standard procedures with the following primary antibodies: Nrf2/
Nef2l2 (Cell Signaling Technology, Danvers, MA, USA); pERK (Cell
Signaling Technology); or ERK (Santa Cruz Biotechnology, La Jolla, CA,
USA). For a loading control, we used b-Actin (13E5) (Cell Signaling
Technology).

2.8. Biochemical assays and enzyme-linked immunosorbent
assays
Biochemical assays for FFAs in serum were performed with the Fatty
Acid Quantification Kit (Biovision/BioCat GmbH, Heidelberg, Germany).
Serum leptin and adiponectin levels were determined with Quantikine
mouse enzyme-linked immunosorbent assay (ELISA) kits for leptin and
adiponectin (R&D Systems Inc., Minneapolis, MN, USA).

2.9. Ceramide content in liver tissue
Liver samples were subjected to cryoconservation in liquid nitrogen
and were lysed in TN3 buffer. The samples were extracted in
CHCl3:CH3OH:1N HCl (100:100:1; v/v/v), and the organic phase was
collected and dried. Diacylglycerol (DAG) was degraded in 0.1 N
methanolic potassium hydroxide (KOH) at 37 �C for 60 min; the
samples were re-extracted, and the organic phase was dried and
resuspended in 20 mL of a detergent solution containing 7.5% (w/v) n-
octyl glucopyranoside and 5 mM cardiolipin in 1 mM diethylene-
triaminepentaacetic acid (DETAPAC). The samples were sonicated for
10 min in a bath sonicator to facilitate micelle formation. Phosphory-
lation of ceramide was initiated by the addition of 70 mL of a buffer
consisting of 0.1 M imidazole/HCl (pH 6.6), 0.1 M NaCl, 25 mM MgCl2,
2 mM ethylene glycol tetraacetic acid (EGTA), 2.8 mM dithiothreitol
(DTT), 1 mM adenosine triphosphate (ATP), 10 mCi [32P]gATP, and
DAG kinase, according to the vendor’s instructions (GE Healthcare
418 MOLECULAR METABOLISM 6 (2017) 416e427 � 2017 Published by Elsevier GmbH. This is
Europe, Freiburg, Germany). The samples were incubated for 60 min at
room temperature; the incubation was stopped by extraction in 1 mL
CHCl3:CH3OH:1N HCl (100:100:1; v/v/v), 170 mL buffered saline so-
lution (135 mM NaCl, 1.5 mM CaCl2, 0.5 mM MgCl2, 5.6 mM glucose,
and 10 mM HEPES [pH 7.2]), and 30 mL of a 100-mM ethyl-
enediaminetetraacetic acid (EDTA) solution. The organic phase was
collected, dried, and dissolved in 20 mL CHCl3:CH3OH (1:1; v/v). Lipids
were separated on Silica G60 thin-layer chromatography (TLC) plates
with CHCl3:CH3OH:CH3COOH (65:15:5; v/v/v); each plate was dried and
analyzed by autoradiography. Ceramide spots were identified by co-
migration with a C16-ceramide standard, scraped from the plate,
and quantified by liquid scintillation counting. Ceramide amounts were
determined from a standard curve using C16-ceramide.

2.10. Statistical analysis
Statistical significance was determined by two-way ANOVA with the
Bonferroni correction for multiple comparisons with Prism 5 (GraphPad
Software, Inc., La Jolla, CA, USA). For patient data, unpaired two-tailed
t-tests were performed. Statistical significance set at the level of
p � 0.05. If not otherwise stated, all data are presented as
means � SEM. Correlations between parametric data were measured
with the Pearson product-moment correlation coefficient; correlations
between nonparametric data were measured with Spearman’s rank
correlation coefficient.

3. RESULTS

3.1. A Western diet does not aggravate steatosis in Smpd1�/�

mice
Consuming excess calories in the form of fat and carbohydrates leads
to higher serum levels of FFA because the storage capacity of adi-
pocytes is exceeded [7], resulting in fat accumulation in liver tissue
and, subsequently, NAFLD. To test the role of Asm in diet-induced
steatosis of liver tissue, we fed WT mice and Smpd1�/� mice either
a SD or WD ad libitum for as long as six weeks so that we could focus
on the early stages of NAFLD. Histologic assessment of liver tissue
sections confirmed robust steatosis in WD-fed WT mice (Figure 1). SD-
fed Smpd1�/� mice exhibited a mild steatotic phenotype (Figure 1B),
probably because of the accumulation of sphingomyelin. However, this
phenotype was not aggravated by WD feeding (Figure 1). Steatosis was
not as severe in Smpd1�/� mice as in WD-fed WT mice. In addition,
the liver-to-body weight ratio (LBWR) was significantly higher in
Smpd1�/� mice than in corresponding WT mice (p ¼ 0.0003;
Figure 1E). In particular, the LBWR was higher in WD-fed Smpd1�/�

mice than in WD-fed WT mice (p < 0.001).

3.2. Serum indicators of liver damage are unaltered by short-term
steatosis
Liver damage was determined by liver serum indicators. No significant
differences in routine liver damage variables were found between the
groups (Suppl. Fig. 1). Albumin production was significantly lower in
Smpd1�/� mice than in WT mice (Suppl. Fig. 1E; p < 0.04), and WD
feeding significantly reduced serum albumin levels independent of
genotype (p < 0.02). Short-term WD feeding did not affect serum
markers of liver damage in WT or Smpd1�/� mice.

3.3. Western diet feeding increases profibrotic gene expression but
not fibrosis in liver tissue of Smpd1�/� mice
Steatosis may progress to steatohepatitis and finally to fibrosis and
cirrhosis, changes that are indicated by the expression of typical
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd
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Figure 1: Acid sphingomyelinase deficiency ameliorates diet-induced hepatocellular steatosis. (A) After 6 weeks of eating either a standard diet (SD) or a Western diet
(WD), liver tissue from acid sphingomyelinase deficient (Smpd1�/�) mice and C57BL/6 mice (wild-type, WT) was sectioned and stained with hematoxylin and eosin (H&E). SD-fed
Smpd1�/� mice exhibited slight steatosis, which seems to be mostly based on formation of foam cells (macrophages with lipid accumulation). Although WD-fed WT animals
exhibited robust steatosis of hepatocytes, WD did not aggravate hepatic steatosis in Smpd1�/� mice. Foam cell formation seemed to be slightly increased. (B) Smpd�/� animals
exhibited a slightly higher liver-to-body weight ratio, which increased with WD consumption. This effect did not occur in WT animals.
markers such as transforming growth factor beta 1 (Tgfb1), collagen
type I-alpha 1 (Col1a1), and a-smooth muscle actin (Acta2). Our re-
sults show that mRNA expression of both the profibrotic growth factor
Tgfb1 (Suppl. Fig. 2A) and Col1a1 (Suppl. Fig. 2B) was significantly
higher in liver tissue from WD-fed Smpd1�/� than in WT mice. No
alterations were observed in the expression of Acta2, a marker of
hepatic stellate cell activation, or in collagen deposition, as assessed
by Sirius Red staining (Suppl. Fig. 2C, D).

3.4. Altered adipocyte physiology may contribute to diminished
steatosis in Smpd1�/� mice fed a Western diet
To identify the molecular mechanisms that protect Smpd1�/� mice
from steatosis, we investigated visceral white adipose tissue. Adipose
tissues store energy in the form of fat in adipocytes. In addition, white
adipose tissue has been shown to be an important endocrine organ,
producing and secreting specific adipokines that influence liver
inflammation and the progression of NAFLD [6,29]. Thus, we investi-
gated the adipose tissue and factors released from adipocytes in the
present model. Smpd1�/� animals either lacked or had a reduced
amount of adipose tissue [30]. All of the data presented below on the
expression of mRNA in adipocytes and adipose tissue refer to WT
animals and those Smpd1�/� animals that had at least a minimal
amount of adipose tissue (SD, n ¼ 4; WD, n ¼ 5).
Although WD consumption led to a significant increase in the size of
adipocytes in WT mice, it did not lead to adipocyte hypertrophy in
Smpd1�/� mice (Figure 2A,B). The levels of FFAs in sera from WD-fed
WT mice were higher than those in SD-fed WT mice (Figure 2C),
although this effect was not statistically significant. Smpd1�/� mice
exhibited higher serum levels of FFAs than did WT mice (p< 0.05), but
WD feeding did not further increase serum FFA levels in Smpd1�/�

mice. Serum adiponectin concentrations were similar in SD-fed WT
and Smpd1�/� mice (Figure 2D). WD feeding led to a slight, statisti-
cally significant reduction irrespective of genotype (p ¼ 0.008). Levels
of leptin, an adipokine that signals satiety, were increased in WD-fed
WT mice, but this increase was not observed in WD-fed Smpd1�/�

mice (p < 0.01; Figure 2E).
These findings show that WD-fed Smpd1�/� mice do not exhibit
adipocyte hypertrophy or hyperleptinemia.
MOLECULAR METABOLISM 6 (2017) 416e427 � 2017 Published by Elsevier GmbH. This is an open access
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3.5. Levels of mRNA expression of genes associated with browning
of adipocytes and cell cycle control are elevated in Smpd1�/� mice
On the basis of the observation of altered adipocyte physiology and
adipokine release, we hypothesized that the expression of genes
associated with lipid metabolism is altered in adipose tissue of
Smpd1�/� mice. Thus, we investigated the expression of metabolism-
associated genes and fatty acid transporters. In adipose tissue from
Smpd1�/� mice, the mRNA expression of caveolin 1 (Cav1), a central
fatty acid transporter of adipocytes, was lower (n.s.) than in WT ani-
mals, irrespective of diet (Figure 3A). WD consumption increased the
expression of solute carrier family 27 member 1 (Slc27a1) mRNA
(p ¼ 0.004; Figure 3B), independent of genotype.
The expression of genes catalyzing molecules within b-oxidation, e.g.,
carnitine palmitoyltransferase 1a (Cpt1a; Figure 3C; p ¼ 0.03) and
peroxisome proliferatoreactivated receptor gamma coactivator 1
alpha (Ppargc1a; Figure 3D; p < 0.04), was significantly higher in
Smpd1�/� mice than in WT mice, independent of dietary group. Of
note, elevations in the expression of both genes have been associated
with differentiation of brown adipocytes [31e34]. The mRNA
expression of cyclin-dependent kinase inhibitor 1A (Cdkn1a), which is
involved in cell cycle arrest, senescence, and adipogenesis [34,35],
was significantly higher in Smpd1�/� animals (p < 0.04; Figure 3E).
WD consumption enhanced the expression of apolipoprotein E (apoE),
a molecule important for the catabolism of triglycerides and lipopro-
teins [36], in adipose tissue from WT and Smpd1�/� mice (p < 0.05,
Figure 3F). Although the effect was larger in adipose tissue from
Smpd1�/� mice than in adipose tissue from WT mice, this difference
was not statistically significant.
These findings show that the mRNA expression profile of adipose
tissue from Smpd1�/� mice differs significantly from that of adipose
tissue from WT mice, in particular regarding genes of adipocyte
differentiation.

3.6. Expression of genes that may protect from NAFLD is lacking in
human adipose tissue
To relate the described findings in Smpd1�/� mice to humans, we
analyzed the ceramide content of liver tissue from obese subjects and
control subjects (Supplementary Table 2). Additionally, we analyzed
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 419
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Figure 2: Acid sphingomyelinase deficiency protects from diet-induced adipocyte hypertrophy. (A) Adipose tissue from acid sphingomyelinaseedeficient (Smpd�/�) mice
and C57BL/6 mice (wild-type, WT) fed either a standard diet (SD) or a Western diet (WD) for 6 weeks was sectioned and stained with hematoxylin and eosin (H&E). WD con-
sumption led to hypertrophy of adipocytes in WT mice but not in Smpd�/� mice. (B) Mean adipocyte diameter was significantly larger in WD-fed WT mice than in WD-fed Smpd�/�

mice. (C) Although SD-fed Smpd�/� mice exhibited higher serum concentrations of free fatty acids (FFAs), no statistically significant differences were observed between the WD-
fed groups because of higher FFA concentrations in WT mice. (D) Serum adiponectin concentrations were lower in WD mice than in SD mice, irrespective of genotype. (E) WD-fed
WT mice exhibited substantial hyperleptinemia; this condition did not occur in Smpd�/� mice.
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Figure 3: Acid sphingomyelinase deficiency affects adipocyte expression of genes related to beta-oxidation and cell differentiation in adipose tissue. RNA was isolated from adipose tissue from acid sphingomyelinaseedeficient
mice (Smpd�/�) mice and C57BL/6 (wild-type, WT) mice fed either a standard diet (SD) or a Western diet (WD) for 6 weeks. Quantitative real-time polymerase chain reaction (qRT-PCR) was performed to assess mRNA expression. (A) Caveolin1
(Cav1) expression did not differ between the groups. (B) WD consumption increased the expression of the fatty acid transporter solute carrier family 27 member 1 (Slc27a1, fatty acid transport protein 1), irrespective of genotype. The expression
of genes associated with b-oxidation (C, carnitine palmitoyltransferase 1a, Cpt1a; D, peroxisome proliferation-activated receptor, gamma, coactivator 1 alpha, Ppargc1a) and adipocyte differentiation (E, cyclin-dependent kinase inhibitor 1A,
Cdkn1a) was significantly higher in Smpd�/� mice than in WT mice, independent of dietary group (p ¼ 0.03; p < 0.04). (F) WD consumption enhanced apolipoprotein E (apoE) expression in adipose tissue from WT and Smpd�/� mice.
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gene expression in adipose and liver tissues from obese patients
(Supplementary Table 3). The ceramide content in liver tissue was
significantly lower in obese subjects than in healthy control subjects
(Suppl. Fig. 3A). Obese subjects were grouped by maximum diameter
of adipocytes (<125 mm or �125 mm). As we have previously shown,
the NAS was significantly lower in patients with adipocyte diameters
smaller than 125 mm compared to patients with adipocyte diameters of
125 mm or larger (Suppl. Fig. 3B). The mRNA expression of PPARGC1A,
CDKN1A, and APOE, the expression of which has been found to be
increased in adipose tissues of Smpd�/� mice, was not detectable in
human adipose tissue, although these genes were expressed in liver
tissue (not shown). CPT1A mRNA expression in adipose tissue did not
differ by size of adipocytes (Suppl. Fig. 3C). Because we found no
changes in the expression of genes of adipocyte differentiation in
human adipose tissue, we assessed the expression of abhydrolase
domain containing 5 (ABHD5 or CGI-58), a lipid dropleteassociated
protein that may be involved in long-chain fatty acid oxidation.
Expression of ABHD5 was significantly higher in the patients with
larger adipocytes (�125 mm; Suppl. Fig. 3D). However, this difference
was not found in liver tissue (not shown). This finding suggests that
human adipocyte biology in obesity does not resemble the situation in
Smpd1�/� mice. However, more severe liver injuries are observed in
patients with larger adipocytes.

3.7. Quantitative proteome analysis of liver tissue identifies Rictor
as a possible downstream mediator of the antisteatotic effects of the
Smpd�/� genotype
To explore the differences between the genotypes in the effects of SD
or WD on a wide unbiased range of regulatory processes, we deter-
mined protein regulation by label-free quantitative proteome analysis
with mass spectrometry. Relevant alterations in canonical pathways
between WD-fed WT and WD-fed Smpd1�/� mice are shown in
Figure 4A. We performed IPA to identify upstream regulators in sets of
altered proteins. The strongest indications of affected regulators
(Figure 4B, Supplementary Table 5) were detected for Rictor (down-
regulated in WD-fed Smpd1�/� mice; Figure 4C), nuclear factor,
erythroid derived 2, like 2 (Nfe2l2; up-regulated in Smpd1�/� mice),
leptin (up-regulated in Smpd1�/� mice), peroxisome proliferatore
activated receptor alpha and gamma (Ppara and Pparg; both down-
regulated in Smpd1�/� mice). To confirm these findings, we
assessed the protein expression of Nfe2l2, which is involved in the
activation of genes regulating the inflammatory response, in liver tis-
sue with Western blot analyses (Figure 4D). In liver tissue from WD-fed
Smpd1�/� mice, Nfe2l2 expression was lower than in liver tissue from
WD-fed WT mice. Rictor regulates the activation of Akt by phosphor-
ylating Akt at Serin473. Western blot analysis for phosphorylation of
Akt-Ser473 showed that Akt phosphorylation was lower in WD-fed
Smpd1�/� mice than in WD-fed WT mice (Figure 4E). Both quantita-
tive proteome analysis and Akt phosphorylation suggest lower Rictor
activity in WD-fed Smpd1�/� mice.

3.8. Confirmation of altered Rictor signaling by qRT-PCR
assessment of relevant target genes
To further support the findings of quantitative proteome analysis, we
analyzed the mRNA expression levels of various target genes for
altered regulatory pathways or factors. Selected target genes for Rictor
were proteasome subunit alpha type 1 (Psma1), ATPase Hþ trans-
porting V0 subunit D1 (Atp6v0d1), nicotinamide adenine dinucleotide
(NADH) dehydrogenase 1 alpha subcomplex 6 (Ndufa6), and fatty acid
binding protein 5 (Fabp5). Because Rictor inhibits the expression of
these targets, we expected to find increased expression of these genes
422 MOLECULAR METABOLISM 6 (2017) 416e427 � 2017 Published by Elsevier GmbH. This is
with reduced Rictor activation in Smpd1�/� mice, as observed for
quantitative proteome analysis (Figure 4C). The aldo-keto reductase
family 1, member A1 (Akr1a1) and glucan (1,4-alpha-), branching
enzyme 1 (Gbe1) genes served as exemplary target genes for Nfe2l2
with regard to mRNA expression. For Ppara, we chose the targets acyl-
CoenzymeA oxidase 1, palmitoyl (Acox1), fatty acid synthase (Fasn),
Fabp4, and Fabp5. Acox1, Fasn, and Fabp4 served as targets for
Pparg. We observed no statistically significant alterations in the mRNA
expression of Pparg, Acox1, Fasn, Psma1, Akr1a1, or Gbe1
(Suppl. Fig. 4). In contrast, the expression of Fabp4 and Fabp5 was
significantly higher in the liver of WD-fed Smpd1�/� mice than in the
liver of WD-fed WT mice (Figure 5C,D; p < 0.05 for Fabp4; p < 0.01
for Fabp5). The expression of Ndufa6 did not differ significantly be-
tween Smpd1�/� mice and WT mice irrespective of diet (Figure 5A).
Atp6v0d1 expression was slightly lower in SD-fed Smpd1�/� mice
than in SD-fed WT mice (Figure 5B). WD consumption further reduced
Atp6v0d1 expression in Smpd1�/� mice but increased Atp6v0d1
expression in WT animals. Genes associated with fatty acid meta-
bolism or transport were differentially expressed in WD-fed WT mice
and WD-fed Smpd1�/� mice and may be associated with the pro-
tective effect of diet-induced steatosis. Furthermore, the regulation of
downstream targets and effectors seems to be consistent with
diminished Rictor activation in WD-fed Smpd1�/� mice.
Our observations of gene expression were tested in part in human
NAFLD (in liver tissue of obese subjects; Suppl. Table 3). The mRNA
expression of FABP4 and FABP5 was significantly higher in patients
with adipocytes larger than 125 mm in diameter (Figure 5E,F). More-
over, the expression of FABP4 and FABP5 exhibited statistically sig-
nificant positive correlations with NAS as a measure of liver injury
(FABP4, Spearman r ¼ 0.4146, p ¼ 0.003; FABP5, Spearman
r ¼ 0.4976, p ¼ 0.0004).

4. DISCUSSION

ASM deficiency results in the lysosomal storage of sphingolipids,
which disrupts a variety of signal transduction pathways [37] and
causes various cardiovascular, neurological, infectious, metabolic, and
hepatic diseases [10,23]. ASM inhibition has been described as a
potential therapeutic agent that may reduce the progression of liver
diseases [23] and may reduce liver toxicity due to defective trans-
duction of death receptor and apoptosis signals [9,22,38]. Although
some effects of ASM knockout have been demonstrated in the context
of hepatic steatosis, fibrosis, diabetes, and fat disorder [20,22,23,39],
the interaction of the liver with adipose tissue and its derived cytokines,
also known as adipokines, has not been described. With this study, we
aimed to determine whether the interaction between liver tissue and
adipose tissue in Asm-deficient mice protects them from diet-induced
steatosis apart from other mechanisms, such as endoplasmic reticu-
lum (ER) stress and autophagy. We found that adipocyte hypertrophy,
which is associated with reduced leptin release and altered adipocyte
expression profiles, does not occur in WD-fed Smpd1�/� mice. In
addition, we found that Rictor may be a regulator within the liver and
may confer protection from diet-induced liver steatosis in a murine
model.
As has been previously shown [30], we found that Smpd1�/� mice are
resistant to WD-induced steatosis after a feeding duration of 6 weeks
and that, instead of accumulating lipids by hepatocytes (steatosis),
Asm-deficient mice accumulate lipids within foam cells in various
tissues. We also observed elevated mRNA expression of early pro-
fibrogenic genes, although we found no signs of actual collagen
deposition or stellate cell activation. These seemingly contradictory
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: Reduced Rictor activity in liver tissue is associated with protection from diet-induced liver steatosis by acid sphingomyelinase knockout. Quantitative proteome analysis was performed to identify alterations between acid
sphingomyelinaseedeficient mice (Smpd�/�) and C57BL/6 (wild-type, WT) mice consuming a standard diet (SD) or a Western diet (WD). (A) Among canonical pathways whose activation was stronger in WD-fed Smpd�/� mice than in WD-fed
WT mice, Rho signaling pathways were prominent. (B) Ingenuity� Pathway Analysis, performed to detect upstream regulators from sets of altered proteins, found that the activity of rapamycin-insensitive companion of mTOR (Rictor) was lower
and that of nuclear factor, erythroid derived 2, like 2 (Nfe2l2/Nrf2) was higher in WD-fed Smpd�/� mice than in WD-fed WT mice (see also Supplementary Table 5). (C) Combined Log2 ratio of genes found altered in quantitative proteome
analysis and identified as downstream targets of Rictor related to SD-fed WT mice. A significant upregulation of Rictor target genes was observed for WD-fed Smpd�/� mice, indicating reduced Rictor activity (targets are negatively regulated by
Rictor). (D) Protein expression of Nfe2l2/NRF2 in liver tissue, as determined by Western blot, was lower in WD-fed Smpd�/� mice than in WD-fed WT animals. (E) Because Rictor regulates the activation of Akt by phosphorylation at Serin473, we
performed Western blot analysis for Akt-Ser473 phosphorylation. We found that Akt phosphorylation was lower in WD-fed Smpd�/� mice than in WD-fed WT mice, a finding confirming the findings of quantitative proteome analysis.
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Figure 5: Alterations in the expression of genes related to fatty acid transport and oxidation in liver tissue are associated with protection against diet-induced liver steatosis by acid sphingomyelinase knockout. We used
quantitative real-time polymerase chain reaction (qRT-PCR) to quantify RNA in liver tissue from acid sphingomyelinaseedeficient (Smpd�/�) mice and C57BL/6 (wild-type, WT) mice fed a standard diet (SD) or a Western diet (WD). (A) Ndufa6
mRNA expression was not significantly different between Smpd�/� mice and WT mice irrespective of diet. (B) Expression of ATPase Hþ transporting V0 subunit D1 (Atp6v0d1), a target of Rictor, whose activation was found to be altered,
according to the results of quantitative proteome analysis, was slightly lower in SD-fed Smpd�/� mice than in SD-fed WT mice. WD consumption diminished Atp6v0d1 expression in Smpd�/� mice but increased its expression in WT mice; this
difference was statistically significant. (C, D) The expression of Fabp4 (target gene of Ppara and Pparg) and Fabp5 (target gene of Rictor, Ppara, and Pparg) mRNA target genes was significantly higher in the liver of WD-fed Smpd�/� mice than in
the liver of WD-fed WT mice. (E, F) In liver tissue samples from obese subjects (see Suppl. Table 3), mRNA expression of FABP4 and FABP5 was significantly higher in patients with maximal adipocyte size (�125 mm).
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results may indicate an early response to dietary stress that may not
lead to established fibrosis. These observations are in line with pre-
vious studies demonstrating that the Smpd1�/� genotype exerts a
protective effect against fibrosis and HSC activation with longer du-
rations of HFD consumption [23,39,40]. Because the genes activated
early in fibrosis were clearly up regulated, the feeding period we chose
may have been too short to allow the formation of fibrosis. Additional
studies are necessary for addressing our contradictory findings related
to fibrogenesis in Smpd1�/� mice. Taken together, however, our
findings show that Smpd1�/� mice are protected from diet-induced
liver steatosis.
Current lines of research have brought attention to the interaction
between adipose tissue and the liver as a driving force for NAFLD and
the progression to NASH. The current study showed that WD-fed
Smpd1�/� mice do not exhibit adipocyte hypertrophy in visceral adi-
pose tissue. This observation is supported by the finding of reductions
in body weight among patients with Niemann-Pick disease, a condition
that results from deficient ASM activity. A study using an Asm�/

�/ldrl�/� double knockout mouse model found that these animals
exhibit lower body weight and do not accumulate fat in white adipose
tissue after eating a WD for ten weeks [22]. Because ldlr�/� animals
exhibit hypertrophy in visceral adipocytes when eating a HFD, our
findings indicate that their resistance to adipocyte hypertrophy is
probably due to Asm deficiency alone. In addition, WD-induced in-
creases in the release of leptin were found in WT animals but not in
Smpd1�/� mice. This finding was associated with an mRNA expres-
sion profile that suggested altered adipocyte differentiation or prolif-
eration, hinting at a “browning” of adipocytes. Indeed, increased
energy expenditure or fatty acid oxidation could explain the resistance
of these mice to both adipocyte hypertrophy and liver steatosis. In
contrast, the mRNA expression of fatty acid transporters and inflam-
matory genes in adipose tissue did not differ significantly between WD-
fed Smpd1�/� mice and WD-fed WT mice. These findings show that
one mechanism that may protect Smpd1�/� mice from liver steatosis
is an altered visceral adipocyte profile leading to diminished leptin
release and changes in fatty acid metabolism.
To translate these findings from Smpd1�/� mice to humans, we
analyzed ceramide content in the liver and mRNA expression in adi-
pose tissue from obese subjects. Liver ceramide content was lower in
obese subjects than in control subjects of normal weight, a finding that
corresponds to diminished ASM activity. Adipose tissue expression of
PPARGC1A, CDKN1A, and APOE mRNA was not detectable, irre-
spective of the extent of adipocyte hypertrophy. When patients were
grouped by adipocyte size, we observed no difference in the mRNA
expression of CPT1. The lack of expression of PPARGC1A and APOE
indicates diminished breakdown or mitochondrial oxidation of lipids.
Unaltered CPT1 expression hints at unchanged b-oxidation in adipo-
cytes despite increased availability of long-chain fatty acids. Unfortu-
nately, it was not possible to obtain exact measures of adipose tissue
metabolic rates or fatty acid composition. CGI-58 is associated with
lipid droplets and activates lipolysis by adipocyte triglyceride lipase
(ATGL) in adipocytes. Because mRNA expression of CGI-58 was
significantly higher in adipose tissue from patients with larger adipo-
cytes, lipolysis may be affected not by adipocyte size but rather by
oxidation of fatty acids. This finding merits deeper analysis of human
adipocyte biology in various states of nutrient (over-)supply.
Because it is still not clear what causes the protection from WD-
induced steatosis in Smpd1�/� mice, we performed quantitative
proteome analysis for unbiased identification of alterations in proteins
and pathways. IPA showed that Rictor, among other regulators, was
downregulated because of many significantly regulated target proteins.
MOLECULAR METABOLISM 6 (2017) 416e427 � 2017 Published by Elsevier GmbH. This is an open access
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Reductions in Akt phosphorylation at Serin473 indirectly confirmed this
assumption. The mRNA expression of target genes was also partly
elevated in Smpd1�/� mice, supporting the finding of lower Rictor
activation in WD-fed Smpd1�/� mice than in WD-fed WT mice.
Quantitative proteome analysis showed that many proteins associated
with fatty acid transport, fatty acid oxidation, and glucose metabolism
were affected, converging on the few known pathways in IPA.
These findings show that the reductions in the activity of Rictor may
contribute to the protective effect of the Smpd1�/� genotype against
steatosis in WD-fed mice. Currently, the only known connection be-
tween ceramide metabolism and mTORC2 has been demonstrated in
yeast [41]. This finding suggests that Rictor and mammalian target of
rapamycin complex 2 (mTORC2) are promising targets in ceramide- or
ASM-associated diseases.
Rictor is an integral part of mTORC2. Both mTORC1 and mTORC2 are
central regulators of multiple cellular functions. In particular, mTORC2
has been associated with metabolic functions such as autophagy,
glycolysis, and lipogenesis, but also with actin cytoskeleton formation
and insulin/Akt signaling. A liver-specific knockout of Rictor induces
hepatic insulin resistance and leads to diminished phosphorylation of
Akt and Pkc and, subsequently, to reductions in glucose flux and
maturation of Srebp-1c [42]. A diminished association of Rictor with
mTORC and diminished mTORC2 activity has also been linked to he-
patic glucose intolerance [43]. Similar findings have been observed
with adipose tissueespecific Rictor knockout, which leads to impaired
tolerance of glucose and insulin, hyperinsulinemia, and increased body
size [44,45]. A more recent study on adipose tissueespecific RICTOR
knockout mice demonstrated that hepatic glucose and lipid meta-
bolism were altered [46]. Moreover, HFD feeding in adipose tissuee
specific RICTOR knockout mice did not lead to increased body weight
or aggravate insulin resistance. It was concluded that adipose tissue
ablation of RICTOR mimics the effects of HFD and that RICTOR
dependent de novo lipogenesis in adipose tissue could be an early
target during development of insulin resistance. This is in line with our
finding that the effects of WD on adipose tissue were reduced in an
Smpd1�/� model, leading to reduced activity of Rictor in the liver.
Another possible explanation may be that reduction of RICTOR in the
lineage of brown adipocytes protects against WD-induced obesity and
seems to increase energy expenditure at thermoneutrality [47],
although Rictor knockout also inhibited the differentiation of brown
adipocytes [47]. Thyroid hormone signaling also seems to co-activate
FOXO1 target genes via deacetylation of RICTOR [48]. Diminished
RICTOR activity leads to reduced AKT phosphorylation, FOXO1 phos-
phorylation, and subsequently increased nuclear localization and DNA
binding of FOXO1. These recent findings suggest mTORC2/RICTOR as
an important regulating element in different metabolic signaling
pathways. RICTOR might also be a promising target to prevent tumor
formation in metabolic conditions [49]. Knockout of FASN in a murine
model of hepatocarcinogenesis and in human cell lines abolished AKT-
dependent carcinogenesis. This was associated with diminished
mTORC2 activity and Rictor knockout could reproduce the effect of
FASN knockout. Taken together current findings of other groups and
our own data suggest RICTOR as a possibly valuable target to counter
metabolic alterations in adipose tissue and liver.
In summary, we have shown that the protective effect of ASM knockout
could be associated with altered adipocyte morphology and meta-
bolism. Although it is known that the effects of RICTOR knockout in
specific tissues may lead to insulin resistance and lipolysis, reductions
in RICTOR activation in adipose tissue could be beneficial with regard
to energy expenditure and the reduction of adipocyte hypertrophy.
Unfortunately, it was not within the scope of the presented work to
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assess RICTOR activity in murine or human adipose tissue. It remains
to be determined whether diminished but not completely abrogated
hepatic mTORC2 activity could protect against WD-induced steatosis.
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