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Abstract

Background/Objectives: Adipose tissue (AT) has an important role in energy homeostasis. The dysfunction of
AT or the hyper-accumulation of neutral lipids leads to various metabolic diseases. Recent studies indicate that
sphingolipid metabolism associates with the development of metabolic diseases. Sphingomyelin, a major
sphingolipid in mammals, requires sphingomyelin synthase (SMS) for biosynthesis. Previously, we reported that
Sms2 deficiency inhibited diet-induced obesity, fatty liver, and insulin resistance in mice. However, the contribution of
SMS2 to obesity and insulin resistance in AT is largely unknown. In this study, we investigated whether Sms2
deficiency in ATs affects obesity and insulin resistance.

Subjects/Methods: Wild-type and Sms2 knockout (KO) mice were fed a high-fat for 12 weeks. Body and AT
weights, and the food intake, were recorded. The AT status and macrophage infiltration were evaluated by
histological analysis. The expression levels of genes and proteins involved in adipogenesis, inflammation, energy
expenditure, and fatty acid metabolism were examined.

Results: In white adipose tissue (WAT) from Sms2 KO mice, the number of small adipocytes increased but the
adipocyte size decreased. In epididymal WAT, Sms2 deficiency inhibited inflammation and macrophage infiltration.
Moreover, adipogenesis was moderately suppressed. In subcutaneous WAT from Sms2 KO mice, the expression of
genes involved in energy expenditure and browning (Ucp1, Cidea, Tbx1) was elevated. In brown adipose tissue
(BAT) from Sms2 KO mice, the lipid droplet surface area was lower than that of WT mice and the expression of
genes involved in fatty acid synthesis (Fasn, Scd1) decreased.

Conclusion: These results demonstrate that Sms2 deficiency leads to moderate adipogenesis and inflammatory
suppression in epididymal WAT, increased energy expenditure by the browning of subcutaneous WAT, and
suppression of fatty acid synthesis in BAT, suggesting that these synergetic effects in ATs from Sms2 KO mice
contribute to the suppression of diet-induced obesity and insulin resistance.

Keywords: Sphingomyelin synthase; Diet-induced obesity; White
adipose tissue; Brown adipose tissue; Beige adipocyte

Introduction
Obesity, a central factor for metabolic syndrome, is caused by the

accumulation of neutral lipids in adipose tissues. Based on its
structural and functional characteristics, adipose tissue can be
classified as white adipose tissue (WAT) or brown adipose tissue
(BAT). WAT is a storage organ that converts excess supply calories into
neutral lipids. In addition, the neutral lipid storing function of WAT is
critical for preventing the accumulation of neutral lipids in other non-
adipose tissues, which can result in tissue lipotoxicity [1,2]. However,
the hypertrophy of white adipocytes caused by the accumulation of
neutral lipids results in the onset of low-grade inflammation in WAT
and the induction of systemic insulin resistance. In contrast to WAT,
BAT is an energy-consumption organ that metabolizes glucose and
fatty acids, and generates heat via mitochondrial uncoupling protein 1

(UCP1) [3,4]. Recently, brown-like adipocytes, defined as beige or brite
cells that express UCP1, were identified in WAT. These cells were found
to possess thermogenic properties that resemble brown adipocytes
[5,6] Thus, the suppression of inflammation in WAT and the
enhancement of energy expenditure in WAT and BAT are expected to
be a promising strategy for decreasing obesity and its related diseases.

Sphingolipids, such as ceramide (Cer) and sphingosine, are
bioactive lipids that function in membrane structure stabilization, cell-
to-cell recognition, and cell signaling [7,8]. Sphingolipid metabolism
involves several biomolecules, and is regulated by many enzymes [9]. It
was recently reported that a dysfunction in sphingolipid metabolism is
responsible for the pathogenesis of several diseases such as cancer,
Alzheimer’ disease, and metabolic syndrome [10,11] Sphingomyelin
(SM), one of the most abundant sphingolipids in mammalian cell
membranes, is iosynthesized from Cer and phosphatidylcholine with
sphingomyelin synthase (SMS). SMS has three isoforms, SMS1, SMS2,
and SMSr. SMS1 localizes to the Golgi apparatus, where it produces an
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abundant supply of SM. SMSr localizes to the endoplasmic reticulum
and synthesizes ceramide phosphoethanolamine, but not SM. SMS2
predominantly localizes to the plasma membrane, and it maintains SM
levels in lipid rafts [12-14]. A recent study reported that Sms1
knockout (KO) mice exhibit systemic loss of adipose tissue mass, and
that SMS1 is important for the maintenance of adipose tissue function
by controlling oxidative stress [15,16]. We previously reported that
Sms2 KO mice exhibited resistance against diet-induced obesity,
glucose intolerance, and fatty liver [17]. However, it is unclear how
diet-induced obesity and insulin resistance are suppressed in Sms2 KO
mice. In addition, the role of SMS2 in adipose tissues has not been
established. In this study, we investigated the effects of Sms2 deficiency
on the functions of WAT and BAT from Sms2 KO mice. Our results
indicate that Sms2 deficiency in adipose tissues contributes to the
suppression of diet-induced obesity and insulin resistance.

Materials and Methods

Animals and diets
Constitutive Sms2 KO mice were generated as previously described

[17]. To induce obesity, age- and sex-matched WT and Sms2 KO mice
at 4 weeks of age were fed a high-fat diet (60% kcal from fat; 58Y1,
TestDiet, Richmond, IN, USA) for 12 weeks. Control mice received a
standard chow diet (AIN76A, TestDiet). All mice had access to water
and food ad libitum, and were housed under 12 h light and dark cycles
in a temperature-controlled room.

The body weights of mice were recorded once a week. The daily
food intake was recorded in mice at 8 weeks of age. Rectal temperature
was measured at dark cycles using animal thermometer (Natsume
Seisakusho, Tokyo, Japan). All experiments were approved by the
Animal Care Committee of Hokkaido University.

Histological analysis
Fresh WAT and BAT were fixed in 10% formaldehyde and

embedded in optimal cutting temperature compound for
cryosectioning. The adipose tissue cross-sections were stained with
hematoxylin and eosin. The Sapporo General Pathology Laboratory
(Hokkaido, Japan) performed these procedures. The cross-sections
were examined under an inverted Olympus CKX41 microscope
(Center Valley, PA, USA), and the images were analyzed with ImageJ
software (National Institutes of Health, Bethesda, MD, USA). The
frequency distribution of the adipocyte surface area was analyzed with
SAS (version 2.0; Esumi, Tokyo, Japan).

RNA extraction and quantitative real-time polymerase chain
reaction

Total RNA was extracted from adipose tissue and differentiated cells
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and purified
with the PureLink RNA Mini Kit (Invitrogen). To synthesize single-
stranded cDNA, reverse transcription was performed using the
PrimeScript RT Master Mix (TAKARA Bio, Otsu, Japan) according to
the instructions provided by the manufacturer. Quantitative real-time
polymerase chain reaction (PCR) was performed using SYBR Premix
EX Taq (TAKARA Bio) and the Thermal Cycler Dice Real-Time
System (TAKARA Bio). The primers used for quantitative real-time
PCR are listed in Supplementry Table 1. The gene expression levels
were normalized to hypoxanthine phosphoribosyltransferase (Hprt1)
or TATA box-binding protein (Tbp1) in adipose tissue or differentiated
cells, respectively.

 

 

 

ND

 

HFD

WT KO WT KO

Epi WAT (g) 0.78 ± 0.16 0.36 ± 0.16* 2.70 ± 0.22 1.11 ± 0.53**

Ing WAT (g) 0.61 ± 0.16 0.27 ± 0.14* 2.09 ± 0.28 0.74 ± 0.37**

BAT (g) 0.09 ± 0.02 0.06 ± 0.01* 0.15 ± 0.03 0.08 ± 0.02**

Liver (g) 0.86 ± 0.07 0.84 ± 0.16 0.96 ± 0.19 0.74 ± 0.1

Kidney (g) 0.33 ± 0.02 0.32 ± 0.02 0.37 ± 0.02 0.34 ± 0.03

Values are given as mean ± S.D. The significance of differences between the WT and KO within the same condition was analyzed by Student's t-test. (n=11–13;
Adipose tissue, n=3–8; Liver and kidneys, *, 0.01<p<0.05, **, p<0.01.)

Table 1: Tissue weight of WT and Sms2 KO mice fed ND and HFD at 15 weeks of age.

Isolation and differentiation of stromal vascular cells
Stromal vascular cells (SVCs) were isolated and cultured to induce

differentiation using the method of Sato et al. with minor
modifications [18]. Epididymal adipose tissues from WT and Sms2 KO
mice at 6 weeks of age were resected and washed with Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F12 (DMEM/F12, Sigma,
St. Louis, MO, USA), followed by rinsing with Hanks’ Balanced Salt
Solution (HBSS, Invitrogen). The isolated adipose tissue was minced
with scissors and digested with 0.2% collagenase (Sigma) and 0.5%

bovine serum albumin (Fraction V, Sigma) in DMEM/F12. After
digestion for 1 h at 37°C, the suspension was filtered through a 100 μm
cell strainer (Corning, Corning, NY, USA) and centrifuged at 800 × g
for 5 min. The resulting pellet was suspended in DMEM/F12
containing 1% fetal bovine serum (FBS) and centrifuged at 800 × g for
5 min. Finally, the resulting pellet was suspended in DMEM/F12
containing 10% FBS and centrifuged at 800 × g for 5 min. The cells
were counted. To induce adipocyte differentiation, the cells were
maintained in Visceral Adipocyte Culture Medium ver. 2 (CosmoBio,
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Tokyo, Japan) and cultured in a humidified atmosphere of 5% CO2.
The medium was changed every other day. The cells were cultured for 5
days and then used for subsequent experiments. The lipid droplets
were stained with Nile Red (Sigma) and observed under a FV10i
confocal microscope (Olympus).

SDS–PAGE and immunoblotting
SDS–PAGE and immunoblotting were performed according to

standard methods described previously [17], anti-UCP1 goat IgG
(Santa cruz, CA, USA) and anti-HPRT Rabbit IgG (Santa cruz) were
using as the primary anti-body. Anti-goat IgG-HRP and anti-rabbit
IgG-HRP (Santa cruz) were using as the secondary antibody. Bands
were detected by a Chemi-Lumi one (Nacalai Tesque, Kyoto, Japan).

Statistical analysis
Data were expressed as means ± s. d. Student's t-test and two-way

ANOVA were used for comparison of significant differences. P
values<0.05 were considered statically significant. All statically analysis
was performed using SAS (version 2.0; Esumi, Tokyo, Japan).

Results

Sms2 deficiency impedes body weight gain and adipose tissue
hypertrophy.

To examine the contribution of WAT and BAT in the suppression of
diet-induced obesity and insulin resistance in Sms2 KO mice, we fed
WT and Sms2 KO mice with a high-fat diet for 12 weeks as previously
described [17,19].

The body weights of WT mice fed a high-fat diet increased
significantly compared with Sms2 KO mice. In addition, the body
weights of WT mice fed a normal diet were moderately higher than
those of Sms2 KO mice (Figure 1A).

The average amounts of food intake were not different between
Sms2 KO and WT mice (Figure 1B). These results are consistent with
our previous report [17].

The weights of the liver, kidneys, and adipose tissues from WT and
Sms2 KO mice of both diet groups were recorded. Although the
weights of the liver and kidneys from Sms2 KO mice were comparable
with those from WT mice (Table 1), the weights of epididymal and
subcutaneous WAT and interscapular BAT were significantly lower in
Sms2 KO mice than in WT mice (Figure 1C and Table 1).

In addition, body WAT and BAT percentages decreased in Sms2 KO
mice compared with WT mice (Figure 1D). These results suggest that
SMS2 is involved in adipose tissue hypertrophy, possibly due to the
accumulation of neutral lipids. Sms2 deficiency prevents low-grade
inflammation and macrophage infiltration in WAT.

We performed detailed histological analysis of adipose tissues from
WT and Sms2 KO mice (Figure 2A). The adipocyte area (2555 µm2)
was ~19% less in Sms2 KO mice fed a normal diet compared with the
adipocyte area (3156.3 µm2) in WT mice (Figure 2B). As shown in
Figure 2B, the frequency of small adipocytes increased in Sms2 KO
mice fed a normal diet.

This tendency was also seen in Sms2 KO mice fed a high-fat diet
(Figure 2B). In addition, the adipocyte area (5260 µm2) was ~30% less

in Sms2 KO mice compared with the adipocyte area (7560.8 µm2) in
WT mice.

Adipocyte hypertrophy associates with inflammation and increased
macrophage infiltration [20,21]. In epididymal WAT from WT mice
fed a high-fat diet, the expression levels of tumor necrosis

Figure 1: Sms2 deficiency inhibits diet-induced body weight gain
and adiposity. (A) Body weights of WT and Sms2 KO mice fed a
normal (ND) or high-fat diet (HFD) were obtained weekly (n=10–
16 for each experimental group, *, 0.01<p<0.05, **, p<0.01 between
WT mice fed the high-fat diet and Sms2 KO mice fed the high-fat
diet). The results are expressed as the means ± S.D. (B) Dialy food
intake of WT and Sms2 KO mice fed a normal or high-fat diet was
recorded in 8-week-old mice (n=9–11 for each experimental group,
*, 0.01<p<0.05, **, p<0.01). The results are expressed as the means ±
S.D. (C) Epididymal (Epi), inguinal (Ing), and brown adipose
tissues (BAT) in WT and Sms2 KO mice fed a normal or high-fat
diet at 15 weeks of age. Scale bar=1 cm. (D) Percentage of WAT
(epididymal and inguinal WAT) and BAT in WT and Sms2 KO
mice fed a normal or high-fat diet at 15 weeks of age was calculated
(n=11–13 for each experimental group, *, 0.01<p<0.05, **, p<0.01).
The results are expressed as the means ± S.D.

factor α (Tnfa), monocyte chemotactic protein 1(Mcp1), and the
mature macrophage marker F4/80 were elevated, while the adiponectin
expression level decreased (Figure 2C and Supplementry Figure 1A).

However, Sms2 deficiency suppressed the increase in the expression
levels of Tnfa, Mcp1, and F4/80. In addition, there was a small but
statistically significant increase in adiponectin expression (Figure 2C
and Supplementry Figure 1A).

There were no changes in the expression levels of these genes
between WT and Sms2 KO mice fed a normal diet. To evaluate
macrophage infiltration in WAT, we observed macrophages
surrounding dead adipocytes, which form characteristic crown-like
structures (CLSs).

Although the number of CLSs was not significantly different
between WT and Sms2 KO mice fed a normal diet, the number of
CLSs was significantly reduced in Sms2 KO mice fed a high-fat diet
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(Figure 2D). These results indicate that obesity-induced inflammation
and infiltration of macrophages in WAT may be inhibited by Sms2
deficiency.

Figure 2: Diet-induced adipocyte hypertrophy and low-grade
inflammation are suppressed in epididymal adipose tissue from
Sms2 KO mice fed a high-fat diet. (A) Epididymal adipose tissue
sections were stained with hematoxylin and eosin. Scale bar=100
αm. (B) Surface area and frequency distribution of adipocytes in
epididymal WAT from WT and Sms2 KO mice. Adipocyte surface
area was measured with ImageJ software, and the distributions were
plotted (n=4–5 mice per group, with >300 cells counted per mouse).
(C) Expression of genes involved in differentiation and
inflammation (Fabp4, Pparg Tnfa, F4/80) in epididymal adipose
tissue was measured by quantitative real-time PCR (n=5-8 mice per
group, *, 0.01<p<0.05, **, p<0.01). The results are expressed as the
means ± S.D. (D) Crown-like structures (CLSs, arrows) in
epididymal adipose tissue were counted (n=5–7 mice per group).
Dead adipocytes surrounded by macrophages were quantified in
more than five fields per mouse. The results are expressed as the
means ± S.D. Scale bar=100 αm. *, 0.01<p<0.05, **, p<0.01.

Sms2 deficiency moderately inhibits adipocyte
differentiation

As shown in Figure 2C, the expression of fatty acid-binding protein
4 (Fabp4), a marker of adipocyte differentiation, decreased moderately
in Sms2 KO mice fed a normal diet. Compared with  WT mice, the
expression levels of Fabp4 and peroxisome proliferator-activated
receptor γ (Pparg), a key transcription factor involved in adipocyte
differentiation, also decreased in Sms2 KO mice at 8 weeks of age
(Supplementry Figure B), indicating that Sms2 deficiency reduces
adipocyte differentiation. To examine the effects of Sms2 deficiency on
adipocyte differentiation, we isolated and cultured SVCs from
epididymal adipose tissue to induce differentiation into adipocytes.

SVCs isolated from WT mice differentiated into adipocytes with
numerous lipid droplets (Figure 3A). Although SVCs isolated from
Sms2 KO mice differentiated into adipocytes, they contained many
small lipid droplets (Figure 3A). In SVCs isolated from Sms2 KO mice,
the adipocytes containing lipid droplets with a diameter <2 αm
increased, while the adipocytes containing lipid droplets with a
diameter >4 αm decreased (Figure 3B). We also examined the
expression levels of genes involved in adipocyte differentiation. In
differentiated SVCs isolated from Sms2 KO mice, Pparg expression
decreased significantly, and the expression levels of its downstream
targets that included Fabp4, glucose transporter type 4 (Glut4), fat-
specific protein 27 kDa (Fsp27), perilipin 1 (Plin1), adipose
triglyceride lipase (Atgl), and hormone sensitive lipase (Hsl) also
decreased (Figure 3C). These results suggest that the adipocyte
differentiation is moderately inhibited by Sms2 deficiency.

Figure 3: Sms2 deficiency moderately suppresses differentiation. (A)
Preadipocytes isolated from epididymal adipose tissue were
cultured to induce differentiation and then stained with Nile Red.
Scale bar=50 αm. (B) Frequency distribution of the diameters of
lipid droplets (LD) for each class of adipocytes (LD diameter, > 4
αm, 2–4 αm, and<2 αm). More than 100 Nile Red-positive cells
were counted in each experiment. (C) Expression of genes involved
in adipocyte differentiation (Fabp4, Pparg Glut4), lipid droplet
formation/fusion (Fsp27 and Plin1), and lipid metabolism (Atgl and
Hsl) was measured by quantitative real-time PCR. The results are
expressed as the means ± S.D. *, 0.01<p<0.05, **, p<0.01. All
experiments were independently repeated at least three times.

Sms2 deficiency is involved in the browning of subcutaneous
WAT

To examine the effects of Sms2 deficiency on subcutaneous adipose
tissue, we performed histological analysis of adipose tissue from WT
and Sms2 KO mice (Figure 4A).

Histological analysis revealed that the surface area of adipocytes
from Sms2 KO mice fed a normal or high-fat diet decreased compared
to WT mice (Figure 4A, B). In addition, the number of small
adipocytes increased in Sms2 KO mice fed a normal or high-fat diet
compared to WT mice (Figure 4A, 4B).
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The results from this analysis were comparable to those from the
epididymal adipose tissue analysis (Figures 2A and 2B). However, the
expression levels of Fabp4 and Pparg in subcutaneous WAT were not
different between WT and Sms2 KO mice (Figure 4C).

Figure 4: Expression of genes involved in energy expenditure and
browning in subcutaneous adipose tissue from Sms2 KO mice fed a
high-fat diet is increased. (A) Inguinal adipose tissue sections were
stained with hematoxylin and eosin. Scale bar=100 αm. (B) Surface
area and frequency distribution of adipocytes in inguinal WAT
from WT and Sms2 KO mice. Adipocyte surface area was measured
with ImageJ software, and the distributions were plotted (n=3 mice
per group, with >180 cells counted per mouse). (C) Expression of
genes involved in differentiation (Fabp4 and Pparg, as well as the
expression of brown adipocyte markers (Ucp1, Cidea, Prdm16) and
the beige adipocyte marker Tbx1 in inguinal adipose tissue, was
measured by quantitative real-time PCR (n=3–6 mice per group, *,
0.01<p<0.05, **, p<0.01). (D) Immunoblotting of UCP1. UCP1
protein expression was normalized loading control HPRT1. (E)
Body temperature of WT and Sms2 KO mice fed a high fat-diet at
16 weeks of age (n>9, **, p<0.01). The results are expressed as the
means ± S.D.

Subcutaneous WAT browning associates with increased energy
expenditure, which decreases obesity and improves glucose intolerance
[5,6].

Thus, we investigated the expression level of the beige adipocyte
marker Tbx1, as well as the expression levels of genes involved in
thermogenesis (uncoupling protein 1 (Ucp1), cell death-inducing
DFFA-like effector A (Cidea), PR domain 16 (Prdm16)). Except for
Prdm16, there were no changes in their expression levels between WT
and Sms2 KO mice fed a normal diet.

On the other hand, the expression levels of Ucp1, Cidea, and Tbx1
increased significantly in Sms2 KO mice fed a high-fat diet (Figure
4C).

In addition, Ucp1 protein expression level was slightly but
significantly increased (Figure 4D). In concordance with the elevated

expression of Ucp1, the rectal temperature was higher in Sms2 KO
mice fed a high-fat diet than in WT mice fed a high-fat diet (Figure
4E). These results indicate that the browning of subcutaneous WAT is
induced in Sms2 KO mice.

Fatty acid synthesis is suppressed in BAT of Sms2 KO mice
We performed histological analysis of BAT from WT and Sms2 KO

mice. There were many multilocular lipid droplets present in BAT from
WT mice fed a normal diet. However, the lipid droplets underwent
hypertrophy in WT mice fed a high-fat diet (Figure 5A). In BAT from
Sms2 KO mice, the lipid droplets were very small, and an increase in
surface area was inhibited by a high-fat diet (Figure 5A). Thus, we
hypothesized that energy expenditure was induced or/and brown
adipocyte differentiation was suppressed in Sms2 KO mice. To test this
hypothesis, we investigated the expression levels of genes involved in

adipocyte differentiation (Fabp4 and Pparg, glucose uptake (Glut4),
and energy expenditure (Ucp1, Cidea, Prdm16). However, there were
no changes in their expression levels between WT and Sms2 KO mice
(Figure 5B). We also investigated the expression levels of genes
involved in. fatty acid β-oxidation and synthesis (acyl-CoA oxidase 1
(Acox1), carnitine palmitoyltransferase 1b (Cpt1b), fatty acid synthase
(Fasn), stearoyl-coenzyme A desaturase 1 (Scd1)). Compared to WT
mice fed normal and high-fat diets, the expression levels of Acox1 and
Cpt1b were similar in BAT from Sms2 KO mice fed normal and high-
fat diets.

Figure 5: Fatty acid synthesis is suppressed in BAT from Sms2 KO
mice fed normal and high-fat diet. (A) Brown adipose tissue
sections were stained with hematoxylin and eosin. Scale bar=50 αm.
(B) Expression of genes involved in differentiation (Fabp4 and
Pparg, and fatty acid metabolism and synthesis (Cpt1, Acox1, Fasn,
Scd1), as well as the expression of brown adipocyte markers (Ucp1,
Cidea, Prdm16), was measured by quantitative real-time PCR
(n=5–13 mice per group, *, 0.01<p<0.05, **, p<0.01). The results are
expressed as the means ± S.D.

However, the expression levels of Fasn and Scd1 decreased
significantly in BAT from Sms2 KO mice fed normal and high-fat diets
(Figure 5B). These results indicate that fatty acid synthesis is
suppressed in BAT from Sms2 KO mice but that fatty acid oxidation is
normal.
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Discussion
Mitsutake et al. reported that Sms2 KO mice fail to develop diet-

induced obesity, systemic insulin resistance, and liver steatosis [17].
However, there is no study on the roles of WAT and BAT, which
associate with the development of metabolic diseases, in Sms2 KO
mice. In this study, we investigated whether WAT and BAT from Sms2
KO mice contribute to the suppression of diet-induced obesity and
insulin resistance. The body weights of Sms2 KO mice, as well as the
weights of different adipose tissues, were reduced compared with WT
mice. High-fat diet-induced adipocyte hypertrophy and low-grade
inflammation were also inhibited in epididymal WAT from Sms2 KO
mice. Moreover, adipocyte differentiation was moderately inhibited in
Sms2-deficient white adipocytes. Energy expenditure increased by the
recruitment and activation (browning) of beige adipocytes in
subcutaneous WAT from Sms2 KO mice. In BAT from Sms2 KO mice,
fatty acid synthesis was inhibited. These findings indicate that Sms2
deficiency in adipose tissues suppresses diet-induced obesity and
insulin resistance.

Several studies reported that adipocyte hypertrophy increases the
surface area of visceral adipose tissue in diet-induced or genetically
obese mice, leading to the development of low-grade inflammation
[24,25]. However, the increased adipose tissue weight, the adipocyte
hypertrophy, the macrophage infiltration, and the expression levels of
inflammatory cytokines and chemokines (Figure 2) were inhibited in
epididymal adipose tissue from Sms2 KO mice. Hailemariam et al.
reported that the activation of nuclear factor-kappa BNFκB), a central
protein in the inflammatory response, was attenuated in macrophages
isolated from Sms2 KO mice [26]. An inhibition of chronic
inflammation in adipose tissue from obese subjects can improve
insulin sensitivity via an increase in serine/threonine-protein kinase
(Akt) phosphorylation [27,28]. Indeed, Sugimoto et al. reported that
Akt phosphorylation increased in visceral adipose tissue from Sms2
KO mice [29]. Therefore, the improvement of insulin sensitivity in
adipose tissue from Sms2 KO mice via an inhibition of inflammation
may contribute to the suppression of systemic insulin resistance. The
surface area of white adipocytes from Sms2 KO mice was lower than
that of WT mice fed normal and high-fat diets (Figure 2). Moreover,
the expression levels of Pparg and Fabp4 decreased in Sms2 KO mice
(Figure 2 and Supplementry Figure 1B). Consistent with these results,
preadipocytes isolated from WAT from Sms2 KO mice matured slower
than those isolated from WAT from WT mice (Figure 3). The body
weights, as well as the weights of adipose tissues, decrease in adipose
tissue-specific Pparg KO mice, because adipocyte differentiation is
insufficient [30]. These results reveal that moderate defects in
adipocyte differentiation in Sms2 KO mice underlie the reduction in
adipose tissue mass and the increased number of small adipocytes.
Although the food intake in WT and Sms2 KO mice fed a high-fat diet
was not changed, the body weights of Sms2 KO mice fed a high-fat diet
were significantly lower than those of WT mice (Figure 1). These
results led us to conclude that energy expenditure is increased in Sms2
KO mice. A recent study reported an increase in energy expenditure
during the recruitment of beige adipocytes in subcutaneous adipose
tissue but a decrease in diet-induced obesity [6]. Furthermore, it is
reported that many of genetic modification mice that resist to diet-
induced obesity showed that browning in subcutaneous adipose tissue
[6, 31-35]. In subcutaneous adipose tissue from Sms2 KO mice fed a
high-fat diet, the expression levels of genes involved in browning
(Ucp1 and Cidea), as well as the expression level of the beige adipocyte
marker gene Tbx1, increased compared to WT mice (Figure 4). These
results raise the possibility that the browning of subcutaneous fat in

Sms2 KO mice may be one of the causes of diet-induced obesity
resistance. However, other explanations also exist such as poor
intestinal absorption of triglycerides or hyperactivity. The intestinal
absorption of triglycerides (TGs) in Sms2 KO mice may have few
effects, because the fecal TGs contents in Sms2 KO mice were
comparable to those in WT mice (data not shown). To evaluate
hyperactivity in Sms2 KO mice, however, the voluntary activity will
have to be measured. It is also important to investigate the effects of
Sms2 deficiency on sympathetic activity, because sympathetic neurons
and neuropeptides are involved in the regulation of adipose tissue
function [36-38].

Lodhi et al. reported that Fasn deficiency in adipose tissue increased
energy expenditure, resulting in subcutaneous adipose tissue browning
and a lean phenotype [23]. The authors also indicated that alkyl ether
phosphatidylcholine species, which act as PPARγ agonists, decreased
in adipose tissue-specific Fasn KO mice. In Sms2 KO mice, on the
other hand, Fasn expression in BAT decreased significantly (Figure 5).
In addition, the expression levels of genes involved in browning (Ucp1,
Cidea, Tbx1) increased in subcutaneous adipose tissue (Figure 4).
Recently, Xia et al. reported that dynamic crosstalk exists between
sphingolipids in the liver and adipose tissue, and that this bidirectional
transport of sphingolipids is important for the regulation of glucose
metabolism and hepatic lipid uptake. Moreover, an alteration of
sphingolipid composition in adipose tissues induced a quicker and
stronger resolution of hepatic steatosis than that of sphingolipid
composition in the liver [39]. Although we have not yet analyzed the
phospholipid and sphingolipid composition in adipose tissue, changes
in the composition of phospholipids and sphingolipids in adipose
tissues from Sms2 KO mice might contribute to the browning of
subcutaneous fat, and the suppression of liver steatosis and insulin
resistance in these mice. To address these possibilities, the composition
of different lipids should be analyzed in tissue-specific conditional
Sms2 KO mice. SMS1, an isoform of SMS, localizes to the Golgi
apparatus. It is responsible for synthesizing most of the SM [13].
Similar to Sms2 KO mice, Sms1 KO mice exhibited a lean phenotype
and a decreased WAT weight. However, mitochondrial dysfunction
and increased oxidative stress can affect adipose tissue function,
subsequently resulting in hypertriglyceridemia (lipodystrophy) [15,16].
On the other hand, Sms2 KO mice exhibited a decreased WAT weight
(Figure 1), but not hypertriglyceridemia [17]. There were no changes in
the expression levels of genes involved in mitochondrial function
(Acox1, Cpt1b, Ucp1) in WT mice fed a normal diet (Figure 5).
Moreover, oxidative stress derived from mitochondrial disfunction in
adipose tissues was not changed between WT and Sms2 KO mice
(Supplementry Figure 2). Therefore, the mitochondrial function in
adipose tissues from Sms2 KO may be normal. In contrast to SMS1,
SMS2 localizes predominantly to the plasma membrane, and it is
important for the maintenance of SM levels in lipid rafts [12-14,17].
Thus, the regulation of SM levels or the maintenance of lipid rafts in
the plasma membrane via SMS2 activity may be involved in adipocyte
differentiation, inflammation, and browning, as well as the regulation
of the fatty acid synthesis pathway.

Conclusion
Sms2 deficiency leads to moderate defects in adipocyte

differentiation and the suppression of inflammation in visceral fat,
increased energy expenditure by the browning of subcutaneous fat,
and the suppression of fatty acid synthesis in BAT. These synergetic
effects in adipose tissues caused by Sms2 deficiency may contribute to
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the suppression of diet-induced obesity and insulin resistance.
Additional studies are needed to precisely define the role of SMS2 in
adipose tissue.
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