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Lipin-1 plays a crucial role in the regulation of lipid metabolism and cell differentiation in adipocytes.
Expression of adipose lipin-1 is reduced in obesity, and metabolic syndrome. However, the significance
of this reduction remains unclear. This study investigated if and how reduced lipin-1 expression affected
metabolism. We assessed mRNA expression levels of various genes related to adipocyte metabolism in
lipin-1-depleted 3T3-L1 adipocytes by introducing its specific small interfering RNA. In lipin-1-depleted
adipocytes, mRNA and protein expression levels of monocyte chemoattractant protein-1 (MCP-1) were
significantly increased, although the other genes tested were not altered. The conditioned media from
the cells promoted monocyte chemotaxis. The increase in MCP-1 expression was prevented by treatment
with quinazoline or salicylate, inhibitors of nuclear factor-jB activation. Because MCP-1 is related to adi-
pose inflammation and systemic insulin resistance, these results suggest that a reduction in adipose lipin-
1 in obesity may exacerbate adipose inflammation and metabolism.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Lipin-1 was cloned as the causative gene of fatty liver dystrophy
(fld) mice, which is a spontaneous mutant strain characterized by
lipodystrophy, neonatal fatty liver, and peripheral neuropathy
[1]. Using database searches, lipin-2 and lipin-3 were also found.
These three mammalian lipin family genes exhibit distinct patterns
of tissue-specific expression, with lipin-1 predominantly expressed
in adipocytes and skeletal muscle cells [2]. Lipin-1 has been in-
volved in multiple pathways regulating metabolism. First, lipin-1
operates as an enzyme, phosphatidic acid phosphatase, which cat-
alyzes the formation of diacylglycerol from phosphatidic acid in
the penultimate step of triglyceride synthesis [3]. Second, lipin-1
is involved in adipogenesis and maintenance of adipocyte function
to facilitate peroxisome proliferator-activated receptor (PPAR)-c
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expression [4,5]. Third, lipin-1 regulates lipid metabolism at the
transcriptional level by interacting with transcription factors (e.g.
PPAR-a) or coactivator protein (e.g. PPAR-c coactivator-1a) [6].
Collectively, these findings place lipin-1 as a multiple regulator
of metabolism.

Adipose lipin-1 mRNA expression has been strongly correlated
with insulin sensitivity in obese subjects, impaired glucose toler-
ance, metabolic syndrome, or in young healthy people [7–13]. De-
creased lipin-1 expression in morbidly obese patients has been
shown to recover after weight reduction surgery [8,9]. A strong
negative correlation was observed between adipose lipin-1 mRNA
levels and fasting glucose and insulin levels, as well as the insulin
resistance marker, HOMA-IR, in both mice and humans [10]. On the
contrary, adipocyte-specific lipin-1 transgenic mice fed a high-fat
diet developed obesity but unexpectedly showed an amelioration
in insulin resistance [14]. These in vivo studies confirmed that
higher adipose lipin-1 expression levels are favorable for systemic
insulin sensitivity. Therefore, understanding the mechanism of re-
duced adipose lipin-1 expression in obesity is important in the
treatment of metabolic diseases, including obesity, metabolic

http://dx.doi.org/10.1016/j.bbrc.2011.10.060
mailto:ntkhs@hoku-iryo-u.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2011.10.060
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


N. Takahashi et al. / Biochemical and Biophysical Research Communications 415 (2011) 200–205 201
syndrome and diabetes. Here, we investigated the effects of lipin-1
depletion in adipocytes on reduced systemic insulin sensitivity.
2. Materials and methods

2.1. Cell culture and adipocyte differentiation

3T3-L1 fibroblasts (ATCC, Manassas, VA, USA) were maintained
in Dulbecco’s modified Eagle’s medium (Sigma, St. Louis, MO, USA)
containing 4.5 g/L glucose supplemented with 10% fetal bovine ser-
um (FBS, BioWest, Nuaillé, France). Adipocyte differentiation using
insulin (2 lM), 3-isobutyl-methyl-xanthine (0.5 mM), and dexa-
methasone (1 lM) and subsequent culture was performed in a 6-
well plate as described previously [15]. Adipocytes were used
12 days after induction of differentiation. THP-1 monocytes (ATCC)
were maintained in RPMI 1640 medium (Sigma) supplemented
with 10% FBS.
2.2. Lipin-1 gene silencing by small interfering RNA (siRNA)

Predesigned siRNA against lipin-1 (siLip1-1 and siLip1-2, corre-
sponding to the catalog numbers MSS204345 and MSS204346,
respectively) and negative control (NC) siRNA (Stealth™ RNAi Neg-
ative Control Low GC Duplex #2) were purchased from Invitrogen
(Carlsbad, CA, USA). Transfection into 3T3-L1 adipocytes was per-
formed by lipofection using Lipofectamine RNAiMAX (Invitrogen)
according to the manufacturer’s instruction with each siRNA at a
final concentration of 50 nM. The cells were examined 48 h after
transfection.
2.3. Quantitative real-time PCR analysis

RNA extraction and quantitative real-time PCR analysis were
performed with an Applied Biosystems 7500 Sequence Detection
System using TaqMan Gene Expression master mix, according to
the manufacturer’s instructions (Applied Biosystems, Foster City,
CA, USA), as described previously [15]. Validated TaqMan Gene
Expression Assays containing gene specific TaqMan probes and
primers (Applied Biosystems) for lipin-1, lipin-2, lipin-1a, lipin-
1b, monocyte chemoattractant protein-1 (MCP-1), PPAR-a glucose
transporter 4 (GLUT4), adiponectin, retinol binding protein 4
(RBP4), uncoupling protein-1 (UCP1), and toll-like receptor 4
(TLR4) were used for assay-on-demand gene expression products
(Supplementary Table 1). The eukaryotic 18S rRNA gene was used
as an endogenous control to normalize the relative expression of
these genes. All experiments were performed at least in triplicate.
Amplification was determined using the comparative threshold cy-
cle (CT) method and Sequence Detection Software version 1.4 (Ap-
plied Biosystems). The 2-DDCT method was used to calculate the
relative expression of mRNA [15].
2.4. Protein extraction and Western blotting

Protein extraction and Western blotting were performed as de-
scribed previously [16]. In brief, equal amounts of extracted pro-
tein (40 lg per lane) were resolved on 5–15% gradient SDS–PAGE
for Western blotting using antibodies against mouse lipin-1 (Cell
Signaling technologies, Danvers, MA, USA) or b-actin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). For evaluating MCP-1 secre-
tion, conditioned medium was obtained from 1.5-mL of fresh med-
ium after 6 h incubation of 3T3-L1 adipocytes, transfected 42 h
previously with lipin-1 specific (siLip1-1, siLip1-2) or NC siRNA.
A 15-lL aliquot of the conditioned medium was then subjected
to SDS–PAGE, followed by immunoblotting with MCP-1 antibody
(Santa Cruz Biotechnology). The bands were visualized with a Light
Capture II system (ATTO Co., Tokyo, Japan).

2.5. Mouse MCP-1 ELISA

3T3-L1 adipocytes were cultured in 6-well plates and transfec-
ted with lipin-1 specific (siLip1-1) or NC siRNA. After 36 h of trans-
fection, the culture medium was replaced with 1.5 mL of fresh
medium, followed by further 12 h of incubation. A 50-lL aliquot
of the medium was used for the MCP-1 assay, according to the
manufacturer’s instruction (mouse MCP-1 ELISA kit, Thermo Scien-
tific, Rockford, IL, USA). The remaining medium was stored at
�80 �C for the monocyte chemotaxis assay.

2.6. Monocyte chemotaxis assay

The chemotactic activity of the conditioned media from the
3T3-L1 adipocytes was investigated using a 24-well Transwell sys-
tem with a 8-lm pore size membrane (Corning, Corning, NY, USA),
with modifications of the method described by Youn et al. [17]. The
conditioned medium (siLip1-1, NC) from the MCP-1 assay or con-
trol medium (DMEM with 10% FBS) was placed in the lower wells
of a Transwell. THP-1 monocytes (2 � 105 cells per well) were
incubated in the upper wells. After 1.5 h of incubation at 37 �C in
5% CO2 atmosphere, the number of migrated cells in the lower
wells was enumerated using a hemocytometer under a light micro-
scope. Cell viability was determined by trypan blue staining. The
results were expressed as the number of cells per well after sub-
traction of the value obtained from the control medium that repre-
sented non-specific migration.

2.7. Treatment of cells with nuclear factor-jB (NF-jB) inhibitors

Cells were treated with a NF-jB inhibitor, sodium salicylate
(Sigma) or 6-amino-4-(4-phenoxyphenylethylamino) quinazoline
(QNZ) (Santa Cruz Biotechnology), 0.5 h before initiating lipin-1
gene silencing [18,19]. The sodium salicylate was dissolved in
water, whereas QNZ was dissolved in dimethyl sulfoxide (DMSO)
at a final concentration of 0.1% DMSO in the medium.

2.8. Statistical analyses

The results are expressed as means ± SE. For comparison of
more than two groups, ANOVA was performed followed by Tur-
key’s multiple comparison tests using GraphPad PRISM software
version 5 (GraphPad Software Inc., San Diego, CA, USA). Two-tailed
unpaired Student’s t-tests were used for comparison of the two
groups. P < 0.05 was considered statistically significant.

3. Results

3.1. Lipin-1 mRNA and protein expression were decreased by the
specific siRNA in 3T3-L1 adipocytes

We first made a lipin-1 depletion model in adipocytes using two
different lipin-1 specific siRNAs to eliminate the non-specific ef-
fects of a single use of siRNA. We also tested whether lipin-1 sup-
pression may affect lipin-2 expression, because continuous lipin-1
suppression initiated before adipocytic differentiation increases li-
pin-2 expression in 3T3-L1 adipocytes [20]. As demonstrated in
Fig. 1A, treatment with lipin-1 specific siRNAs (siLip1-1 and si-
Lip1-2) resulted in suppression of lipin-1 mRNA expression by
approximately 40% when compared to the vehicle (NC). Lipin-2
expression levels were considerably lower compared to lipin-1
expression levels and were not affected by lipin-1 depletion.
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Fig. 1. Lipin-1 specific siRNA downregulates lipin-1 mRNA and protein expression
in 3T3-L1 adipocytes. The siRNA against mouse lipin-1 (siLip1-1 or siLip1-2), or
negative control (NC) siRNA were transfected for 48 h by lipofection into 3T3-L1
adipocytes on day 12 at a final concentration of 50 nM. (A) Lipin-1 and lipin-2
mRNA expression were quantified by real-time PCR. (B) Expression of lipin-1a and
lipin-1b mRNA was also quantified. The results were normalized relative to mRNA
levels of 18S rRNA and calculated as change relative to the vehicle (NC). The results
of at least three independent experiments produced similar results. Data are
expressed as means ± SE (n = 3 or 4). ⁄P < 0.05 vs. vehicle (NC). (C) Lipin-1 protein
expression was analyzed by Western blotting with a b-actin probe was used as the
loading control.
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Lipin-1a and lipin-1b, lipin-1 protein isoforms, derived from the
Lpin1 gene by alternative mRNA splicing, have been shown to be
expressed in adipocytes [21]. The expression of both lipin-1 iso-
forms was significantly reduced by lipin-1 suppression. The
expression of both lipin-1 isoforms was significantly reduced by li-
pin-1 suppression, as expected by the design of siRNAs targeting li-
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Fig. 2. Effects of lipin-1 downregulation on gene expression related to adipocyte fun
peroxisome proliferator-activated receptor-a (PPAR-a, B), glucose transporter 4 (GLUT4,
F), and toll-like receptor 4 (TLR4, G) were measured by quantitative real-time PCR in artifi
levels of 18S rRNA and expressed as changes relative to the vehicle (NC). Similar results w
(n = 4). ⁄P < 0.05 vs. vehicle (NC).
pin-1 (Fig. 1B). We also confirmed that protein expression was
decreased by the suppression of the lipin-1 gene (Fig. 1C). There-
fore, these findings established the model of lipin-1-depleted adi-
pocytes that were used in subsequent experiments.

3.2. MCP-1 expression was increased in lipin-1 suppressed 3T3-L1
adipocytes

We next investigated the effects of lipin-1 depletion on expres-
sion of genes related to metabolism using quantitative PCR. We
tested the expression of PPAR-a, GLUT4, and adiponectin, which
have been shown to have a correlation with adipose lipin-1 expres-
sion levels in human studies [11–13]. We also examined the
expression of other genes related to adipocyte function including
adipokines (MCP-1, RBP4), metabolism (UCP1), and inflammation
(TLR4). As shown in Fig. 2A–G, expression of MCP-1 was increased
significantly by 1.8- to 2.0-fold in both lipin-1-depleted adipocytes
(siLip1-1 and siLip1-2), whereas expression of the other genes
tested (PPAR-a, GLUT4, adiponectin, RBP4, UCP1, and TLR4) re-
mained unaltered.

3.3. MCP-1 secretion and chemotactic activity was increased in lipin-
1-depleted adipocytes

We attempted to confirm whether increased MCP-1 mRNA
expression induced by lipin-1 depletion was associated with its
secretion and biological activity. Western blot (Fig. 3A) and ELISA
(Fig. 3B) demonstrated that MCP-1 secretion in conditioned med-
ium obtained from lipin-1-depleted 3T3-L1 adipocytes was signif-
icantly increased. Furthermore, the conditioned medium was able
to significantly attract THP-1 monocytes (Fig. 3C). These results
indicate that lipin-1 depletion in adipocytes promotes secretion
of biologically active MCP-1.

3.4. Treatment of NF-jB inhibitor blocked the increase of MCP-1 mRNA
expression induced by lipin-1 depletion in 3T3-L1 adipocytes

To investigate the mechanism by which lipin-1 depletion in-
creased MCP-1 expression, we examined the possible involvement
0.0

0.5

1.0

1.5

R
el

at
iv

e 
m

R
N

A
 le

ve
ls

NC
siLip1-1
siLip1-2

0.0

0.5

1.0

1.5

R
el

at
iv

e 
m

R
N

A
 le

ve
ls

0.0

0.5

1.0

1.5

R
el

at
iv

e 
m

R
N

A
 le

ve
ls

G

GLUT4

UCP1 TLR4

ction. Expression of mRNA for monocyte chemoattractant protein-1 (MCP-1, A),
C), adiponectin (D), retinol binding protein 4 (RBP4, E), uncoupling protein-1 (UCP1,
cially lipin-1 suppressed adipocytes. The results were normalized relative to mRNA
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upper wells. After 1.5 h of incubation, the number of migrated cells in the lower
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non-specific migration (control medium). Data are expressed as means ± SE (n = 4).
⁄P < 0.05 vs. vehicle (NC).
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of NF-jB signaling [22]. We employed two inhibitors of NF-jB acti-
vation, quinazoline and sodium salicylate. siRNA-induced lipin-1
suppression (siLip1-1 and siLip1-2) was not altered by treatment
with either inhibitor when compared to the vehicle (NC) (Fig. 4A
and B), whereas the increase in MCP-1 expression was prevented
(Fig. 4C and D). These results suggest that NF-jB signaling may
be involved in lipin-1 depletion-induced MCP-1 expression in
3T3-L1 adipocytes.
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Fig. 4. The effects of NF-jB inhibition on increased MCP-1 expression induced by lipin-1
salicylate (salicylate, 18 lM) (A, C), or quinazoline (QNZ, 20 lM) (B, D) for 0.5 h before l
(NC). Sterilized water (A, C) or dimethyl sulfoxide (DMSO) (B, D) were used as the vehic
determined by quantitative real-time PCR. The results were normalized against mRNA
expressed as means ± SE (n = 4). ⁄P < 0.05 vs. vehicle (NC).
4. Discussion

Our major findings are that lipin-1 depletion by RNA interfer-
ence resulted in increased expression and chemotactic activity of
MCP-1 in 3T3-L1 adipocytes. Secretion of MCP-1 from adipose tis-
sue is involved in monocyte/macrophage chemotaxis and adipose
inflammation in obesity [23–26]. Adipose MCP-1 is derived from
stromal-vascular cells and adipocytes. Although the expression le-
vel of MCP-1 is lower in adipocytes compared with than in stro-
mal-vascular cells [26], MCP-1 from adipocytes still has a crucial
role in adipose inflammation and systemic insulin resistance.
These effects have been demonstrated by adipose MCP-1 overex-
pression and deletion studies [27,28]. Studies on genetic deficiency
or pharmacological inhibition of the MCP-1 receptor also provided
evidence for the functions of MCP-1 [29]. Secretion of MCP-1 from
human adipocytes correlates positively with adipocyte size [30].
Mice fed a high-fat diet were shown to have increased MCP-1
mRNA expression in adipose tissue at an early stage of obesity,
when macrophages had not infiltrated [31]. Considering these
implications of MCP-1 functions, adipose lipin-1 can be a crucial
regulator for adipose inflammation and systemic insulin resistance
by increasing MCP-1.

Kim et al. showed recently that lipin-1 represses transcriptional
activity of a non-nuclear transcription factor, nuclear factor of acti-
vated T cells c4 (NFATc4), which has an important role in activation
of cytokine expression including tumor necrosis factor (TNF)-a,
interleukin-6, and resistin [32]. They also showed that lipin-1 sup-
pression by small hairpin RNA (shRNA) induced TNF-a expression
in 3T3-L1 adipocytes through an interaction between lipin-1 and
NFATc4. We also measured TNF-a expression in our model,
although its expression was too low to calculate meaningful levels
(data not shown). This discrepancy may be explained partly by the
fact that the suppression levels of lipin-1 in the study by Kim et al.
were considerably lower (over 90% reduction) compared with that
in our study (approximately 40% reduction). This greater suppres-
sion of lipin-1 expression may have resulted in increased expres-
sion of TNF-a. The degree of reduction of lipin-1 expression in
our model was similar to that observed in obesity or metabolic
syndrome in previous clinical investigations [7–13]. In terms of
Lipin-1
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suppression. 3T3-L1 adipocytes (day 12) were cultured in the presence of sodium
ipofection of lipin-1 specific siRNA (siLip1-1 or siLip1-2) or negative control siRNA
le. After 48 h of transfection, lipin-1 (A, B) and MCP-1 (C, D) mRNA expression was
levels of 18S rRNA and expressed as changes relative to the vehicle (NC). Data are
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increased expression of inflammatory cytokines induced by in adi-
pose lipin-1 depletion, our findings are consistent with theirs.

In view of the relationship between lipin and inflammation, li-
pin-2 may have an important role in regulation of inflammatory re-
sponses. For example, lipin-2 mutations are known to be involved
in Majeed syndrome, an autoinflammatory disorder with a cluster
of symptoms including recurrent fever, sterile osteomyelitis, cuta-
neous inflammation, and anemia [33,34]. Although the mechanism
by which lipin-2 mutations cause these symptoms is not known,
each lipin isoform may have a role in causing inflammation in dif-
ferent organs.

The mechanism by which lipin-1 depletion increases MCP-1
expression is at least partly through the NF-jB pathway. Sodium
salicylate inhibits IjB kinase-b activity upstream of NF-jB activa-
tion signaling [18], whereas quinazoline inhibits the transcrip-
tional activity of NF-jB [19]. Although we tested two different
points of action in NF-jB signaling, a potential weakness of this
study is the little information we obtained on the direct activation
of NF-jB induced by lipin-1 depletion. Because lipin-1 modulates
cellular lipid signaling by acting as a phosphatidic acid phospha-
tase, depletion of lipin-1 expression increases phosphatidic acid
and its derivatives. Increased lysophosphatidic acid levels in mus-
cle have also been documented in a patient with lipin-1 deficiency
[35]. This lipid signaling may affect the activity of NF-jB, as there
is evidence lysophosphatidic acid activates NF-jB [36]. Further
studies are needed to clarify the precise mechanism by which li-
pin-1 depletion induces NF-jB activation.

The mechanism of lipin-1 suppression is also an important issue
in the reduction of adipose lipin-1 expression in obesity. We had
previously demonstrated that TNF-a reduces lipin-1 expression
in 3T3-L1 adipocytes through Jak2 signaling [15]. Adipose inflam-
mation is now recognized as a crucial pathological feature in obes-
ity with infiltrated macrophages in obese adipose tissue secreting
TNF-a, thereby worsening adipose inflammation. The mutual
interactions between secreted MCP-1 from adipocytes and se-
creted TNF-a from infiltrated monocyte/macrophage may contrib-
ute to exacerbation of adipose inflammation. Our findings support
the concept that adipose lipin-1 has a crucial role in the ‘‘vicious
cycle’’ of adipose inflammation.

In conclusion, these results indicate the potential importance of
reducing adipose lipin-1 levels as a therapeutic molecular target in
patients with obesity.
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