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Abstract 

 

Lipin-1 plays crucial roles in the regulation of lipid metabolism and cell 

differentiation in adipocytes. In obesity, adipose lipin-1 mRNA expression is 

decreased and positively correlated with systemic insulin sensitivity. Amelioration of 

the lipin-1 depletion might be improved dysmetabolism. Although some cytokines 

such as TNF- and interleukin-1 reduces adipose lipin-1 expression, the 

mechanism of decreased adipose lipin-1 expression in obesity remains unclear. 

Recently, endoplasmic reticulum (ER) stress is implicated in the pathogenesis of 

obesity. Here we investigated the role of ER stress on the lipin-1 expression in 

3T3-L1 adipocytes. We demonstrated that lipin-1 expression was suppressed by the 

treatment with ER stress inducers (tunicamycin and thapsigargin) at transcriptional 

level. We also showed that constitutive lipin-1 expression could be maintained by 

peroxisome proliferator-activated receptor- in 3T3-L1 adipocytes. Activation of 

peroxisome proliferator-activated receptor- recovered the ER stress-induced lipin-1 

suppression. These results suggested that ER stress might be involved in the 

pathogenesis of obesity through lipin-1 depletion. 
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1. Introduction 

 

Lipin-1 was originally identified by positional cloning as the mutated gene 

in fatty liver dystrophy (fld) mice characterized by lipodystrophy, neonatal fatty liver, 

and peripheral neuropathy [1]. Three lipin family genes including lipin-1, lipin-2, 

and lipin-3 have been found, and exhibit distinct tissue-specific expression patterns 

[2]. In adipocytes, lipin-1 is expressed at high levels, whereas lipin-2 is presented at 

low levels in mice [2]. The function of lipin-1 has been revealed in the diverse 

regulation of metabolism. First, lipin-1 promotes triglyceride synthesis as an enzyme, 

phosphatidic acid phosphatase, which catalyzes the formation of diacylglycerol from 

phosphatidic acid [3]. Second, lipin-1 is involved in adipogenesis and maintenance 

of adipocyte function to facilitate peroxisome proliferator-activated receptor 

(PPAR)- expression [4, 5]. Third, lipin-1 regulates lipid metabolism as a 

co-activator interacting with several transcription factors (e.g. PPAR- or 

co-activator protein (PPAR- coactivator-1) [6]. Last, lipin-1 regulates 

inflammation in adipocyte by acting as a co-repressor to suppress the expression of 

pro-inflammatory cytokines [7]. Taken together, these findings establish lipin-1 as a 

multiple regulator of metabolism. 

Lipin-1 expression levels in adipose tissue have been of great interest for 

investigation, because the alteration of lipin-1 gene expression causes lipodystrophy 

phenotype in mice. The investigations revealed that adipose lipin-1 mRNA 

expression levels are positively correlated with insulin sensitivity in the subject with 

obesity, or in healthy people. The expression levels are negatively correlated with 

adiposity, or the presence of impaired glucose tolerance or the metabolic syndrome 
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[8-13]. The reduced expression levels of lipin-1 in adipose tissue can be recovered its 

levels by weight reduction [12, 13]. Moreover, 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 substantiated that adipose lipin-1 

expression levels are positively correlated with favorable for overall insulin 

sensitivity. The significance of depleted adipose lipin-1 expression in obesity has 

been partially determined. Kim et al. reported the forced depletion of lipin-1 in 

adipocytes induces TNF- production [7]. We previously have reported that the 

knockdown of lipin-1 in 3T3-L1 adipocytes resulted in the induction of monocyte 

chemoattractant protein-1 [15]. These lines of evidence established that the depleted 

adipose lipin-1 expression promotes adipose inflammation. Therefore, understanding 

the mechanism of reduced adipose lipin-1 expression in obesity is important for 

providing the new treatment of metabolic diseases, including obesity, the metabolic 

syndrome and type 2 diabetes. 

 During the development of obesity, cells are evoked by various chemical 

and physical stresses. Recently endoplasmic reticulum (ER) stress has emerged as an 

important mediator in the pathogenesis of obesity and diabetes, especially observed 

in pancreatic -cell, liver, muscle, and hypothalamus in obesity [16]. Moreover, 

recent studies have demonstrated the importance of ER stress in the adipose tissue of 

obese rodents and humans [17-21], induced by various stimuli such as tissue hypoxia, 

free fatty acids, and mitochondria uncoupling [22-24]. We therefore hypothesized 

that the ER stress may be involved in lipin-1 depletion in adipocytes. 
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2. Materials and methods 

 

2.1. Cell culture and adipocyte differentiation 

 

3T3-L1 fibroblasts were purchased from the American Type Culture 

Collection (Manassas, VA, USA). For each experiment, cells were seeded into 

6-well culture plates. The cells were induced to differentiate into adipocytes 

according to the standard protocol as described previously [15]. Fully differentiated 

adipocytes were used at 12–14 days after induction of differentiation.  

 

2.2. Cell treatment 

 

Tunicamycin and thapsigargin were purchased from Sigma (St. Louis, MO, 

USA), and dissolved with DMSO to make a stock solution. ER stress was induced 

chemically by the treatment of 3 g/ml tunicamycin, and 50 nM thapsigargin for 24 

h into fully differentiated adipocytes unless otherwise specified. For analyzing the 

mechanism of thapsigargin-induced lipin-1 mRNA reduction, a transcription 

inhibitor, actinomycin D (Sigma) or DMSO was co-treated with thapsigargin into 

3T3-L1 adipocytes. To assess the involvement of PPAR- in lipin-1 expression in 

adipocytes, cells were treated with a PPAR- agonist, ciglitazone (Merck, Darmstadt, 

Germany). DMSO was used as vehicle adjusted at a final concentration of 0.1% in 

the medium throughout the experiments. 
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2.2. Quantitative real-time PCR analysis 

 

RNA extraction and cDNA synthesis were performed as described 

previously [15]. Briefly, 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). Validated TaqMan Gene Expression Assays 

containing gene specific TaqMan probes and primers (Applied Biosystems) for 

lipin-1 (Mm00550511_m1), lipin-2 (Mm00522390_m1), 

lipin-1Mm00522205_m1), lipin-1Mm01276800_m1), CCAAT/enhancer 

binding protein (C/EBP)- (Mm00514283_s1), and PPAR- (Mm01184322_m1) 

were used for assay-on-demand gene expression products. Amplification was 

determined using the comparative threshold cycle (Ct) method and Sequence 

Detection Software version 1.4 (Applied Biosystems). The 2–ddCt method was used to 

calculate the relative expression of mRNA [15]. Results are normalized by the 

expression levels of eukaryotic 18S rRNA gene (Hs99999901_s1) and then 

calculated as fold change relative to the vehicle control. All experiments were 

performed at least in triplicate. 

 

2.3. Protein extraction and Western blotting 

 

 Protein extraction and Western blotting were performed as described 

previously [15]. In brief, equal amounts of extracted protein (20–50 g per lane) 
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were resolved on SDS–PAGE for Western blotting using antibodies against mouse 

lipin-1, BiP, CHOP (Cell Signaling technologies, Danvers, MA, USA), C/EBP-, 

PPAR-, and -actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The bands 

were visualized with a Light Capture II system (ATTO Co., Tokyo, Japan).  

 

2.4. Gene silencing by small interfering RNA (siRNA) 

 

Predesigned siRNA against C/EBP- (MSS273621), PPAR- 

(MSS207863) and negative control (NC) siRNA (Stealth™ RNAi Negative Control 

Low GC Duplex #2) were purchased from Invitrogen (Carlsbad, CA, USA). 

Transfection into 3T3-L1 adipocytes was performed by lipofection using 

Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's instruction 

with siRNA at a final concentration of 50 nM. The cells were examined at 60 h after 

the transfection. 

 

2.5. Statistical Analysis 

 

 The results are expressed as means ± SE. For comparison of more than two 

groups, ANOVA was performed followed by Turkey’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. 
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3. Results 

 

3.1. Lipin-1 expression is reduced by ER stress activation in 3T3-L1 adipocytes 

 

 We first treated 3T3-L1 adipocytes with tunicamycin (an inhibitor of 

N-glycosylation), and thapsigargin (an inhibitor of the ER Ca2+-ATPase), both of 

which caused ER stress (Supplementary Fig. S1). Then, lipin-1 expression levels 

were evaluated in 3T3-L1 adipocytes under ER stress. As shown in Fig. 1A–C, the 

treatment with tunicamycin and thapsigargin reduced lipin-1 mRNA expression in 

dose- and time-dependent manners. Protein expression of lipin-1 was also reduced by 

the treatment with both ER stress inducers (Fig. 1D). The two lipin-1 splice isoforms, 

lipin-1A and lipin-1B, are identified in adipocytes. Fig. 1E showed that the treatment 

reduced both lipin-1A and -1B with a greater effect on lipin-1B. As illustrated in Fig. 

1F, mRNA expression levels of lipin-2 were not altered by the ER stress induction. 

These results indicated that ER stress induction reduces lipin-1 expression in 3T3-L1 

adipocytes. 

 

3.2. ER stress-induced lipin-1 depletion is regulated at transcriptional level 

 

To determine whether the depletion of lipin-1 mRNA levels by ER stress is 

due to alterations in mRNA stability, actinomycin D was used to inhibit the synthesis 

of new mRNA molecules, and then the degradation of existing lipin-1 mRNA in the 
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treatment with either thapsigargin or vehicle was compared. As demonstrated in Fig. 

2, the decline of lipin-1 mRNA levels was similar in both treatment groups, 

indicating that mRNA destabilization was not involved in the reduction of lipin-1 

transcripts by thapsigargin. This result led us to believe that the lipin-1 depletion by 

ER stress is regulated at the transcriptional level. 

 

3.3. PPAR- could be involved in the constitutive expression of lipin-1 

 

 Data are lacking on the regulators of constitutive lipin-1 expression in 

adipocytes. Two transcription factors, C/EBP- and PPAR-, are well documented in 

adipocyte functions. Because these transcription factors are reduced by ER stress in 

adipocytes [25], these molecules might be involved in the constitutive expression of 

lipin-1. We first confirmed that C/EBP- and PPAR- were markedly reduced in 

both protein (Fig. 3A) and mRNA (Fig. 3B and C) levels by the treatment with 

tunicamycin and thapsigargin. Then, the gene expression of C/EBP- (Fig. 3D) or 

PPAR- (Fig. 3E) was significantly knocked down using specific siRNA in 3T3-L1 

adipocytes. Knockdown of PPAR- expression resulted in the significant reduction 

of lipin-1 expression by 44% (Fig. 3F), whereas knockdown of C/EBP- did not 

altered the expression. These results suggested that PPAR- could be involved in the 

constitutive expression of lipin-1 in 3T3-L1 adipocytes. 

 

3.4. Ciglitazone, a selective PPAR- agonist, recovered the ER stress-induced lipin-1 

depletion 
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 Next we assessed the involvement of PPAR- in the thapsigargin-induced 

suppression of lipin-1 expression in 3T3-L1 adipocytes. 3T3-L1 adipocytes were 

treated with thapsigargin or a vehicle for 24 h, and then a selective PPAR- agonist, 

ciglitazone, or a vehicle was co-treated in the medium during the last 8 h of the 

treatment. The treatment of ciglitazone increased the lipin-1 mRNA (Fig. 4A) and 

protein levels (Fig. 4B), and also recovered the reduced expression levels of 

thapsigargin-induced lipin-1 to the control levels. PPAR- protein expression was not 

increased by the treatment of ciglitazone (Fig. 4C), The protein expression levels of 

BiP and CHOP, typical ER stress markers, were not decreased by the treatment of 

ciglitazone (Fig. 4C).  

 

 

 

 

4. Discussion 

 

We have shown that ER stress, which develops in obesity, suppresses 

lipin-1 mRNA and protein expression in 3T3-L1 adipocytes, presumably through the 

involvement of PPAR-. So far only one study has mentioned the relation between 

ER stress and lipin-1 expression in adipose tissue. Miranda et al. analyzed lipin-1 

gene expression in parallel with several hypoxia, angiogenic, ER stress and 

PPAR-related genes in the adipose tissues of 62 human obese subjects [26]. They 

found a positive correlation between some ER stress genes (CHOP10, XBP1, and 

HSP90) and lipin-1 gene expression levels using Pearson's correlation analysis in an 
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opposite fashion to our results. The reason for this discrepancy may be explained by 

differences in study design. We observed direct responses to ER stress in adipocytes, 

whereas they observed the correlation of gene expression in adipose tissue including 

adipocytes, fibroblasts, vascular endothelial cells, and immune cells. In developing 

obesity, increased ER stress is observed in adipocytes, and also decreased lipin-1 

expression is well established. Our results that ER stress reduces lipin-1 expression 

in adipocytes are in reasonable agreement with this notion. 

Lipin-1 consists of three isoforms, lipin-1 (1A), lipin-1 (1B), and 

lipin-1 [27]. Induction of ER stress reduced the expression of both lipin-1A and 

lipin-1B isoforms, albeit with greater effect on lipin-1B (Fig. 1E). In adipocytes, 

studies with these lipin-1 isoforms characterized that lipin-1A is localized mainly in 

nucleus and induces adipogenic genes, whereas lipin-1B is localized mainly in 

cytosol and induces lipogenic genes [28]. Because ER is located in cytosol and is the 

site of triacylglycerol synthesis, the prominent decrease in lipin-1B expression by ER 

stress might be relevant to ER functions, although it requires further investigation.  

In liver, ER stress induces lipin-2 expression thereby promoting hepatic 

insulin resistance via the modulation of hepatic lipid composition [29]. Lipin-2 is 

expressed in adipocytes, even though less abundant than lipin-1. We therefore tested 

whether ER stress induction affects lipin-2 expression in adipocytes. The result 

showed that ER stress did not alter lipin-2 expression (Fig. 1F), suggesting the role 

of ER stress in the expression of lipin family genes is in a tissue-dependent manner.  

 The data presented in Figure 2 strongly suggest that the mechanism of 

lipin-1 depletion induced by ER stress is occurred at the transcriptional level. 

Although some transcription factors such as C/EBP-, PPAR-, and glucocorticoid 
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receptor are involved in the transcriptional activation of lipin-1 gene in adipocytes [4, 

30], not much has been clarified the transcription factor controlling the constitutive 

expression of lipin-1 in adipocytes. On the other hand, the expression of C/EBP- 

and PPAR- has been shown to decrease by ER stress in 3T3-L1 adipocytes [25]. We 

therefore made an assumption that these transcriptional factors might be involved in 

the constitutive lipin-1 gene expression in adipocytes. Our present results provide 

evidence that PPAR- can be involved in the constitutive expression of lipin-1 in 

fully differentiated adipocytes. The observation that lipin-1 mRNA levels were 

positively correlated with PPAR- mRNA levels in human adipose tissue may 

support our result [9]. 

 We next tested whether the activation of PPAR- ameliorates the reduced 

lipin-1 expression by ER stress. The treatment with ciglitazone, a PPAR- agonist, 

recovered the ER stress-induced depletion of lipin-1 expression to the control levels 

(Fig. 4A and B). The protein expression of PPAR- was not increased by the 

treatment of ciglitazone (Fig. 4C). Although pioglitazone, a PPAR- agonist, does 

not affect ER stress in human adipose tissue and adipocyte SGBS cell line [31], 

pioglitazone reduces ER stress in the liver of diet-induced diabetic mice [32]. 

Therefore, we also confirmed that ER stress was not alleviated by ciglitazone (Fig. 

4C). Considering ciglitazone facilitates the transcriptional activity of PPAR-, these 

results suggested that the lipin-1 recovery by ciglitazone was due to increased lipin-1 

transcription, not due to increased PPAR- expression or decreased ER stress. The 

precise mechanism by which ciglitazone activates lipin-1 promoter needs to be 

validated in combination of several assays such as reporter assay and chromatin 

immunoprecipitation assay. 
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 Conversely, lipin-1 involves PPAR- gene expression and functions. 

Lipin-1 is required at an early step in adipocyte differentiation for the induction of 

the adipogenic gene transcription program, including the master regulator PPAR- 

[4]. Lipin-1 works as a phosphatidic acid phosphatase to promote PPAR- gene 

expression during adipogenesis by modulating phosphatidate levels [5]. Genetic 

analysis revealed that lipin-1 genetic variations affect the therapeutic responsiveness 

of a PPAR- agonist rosiglitazone in type 2 diabetes [33]. 

 The reduced adipose lipin-1 expression has been implicated in the 

pathogenesis of obesity, the metabolic syndrome, and type 2 diabetes [8-13]. 

Recently, we and the other group have showed that reduced adipose lipin-1 has been 

induced the expression of cytokines, MCP-1 and TNF-, suggesting adipose lipin-1 

regulates inflammation [7, 15]. Recovering the reduced lipin-1 expression in 

adipocytes could improve overall glucose metabolism, at least in part, by reducing 

these pro-inflammatory cytokines. Although, some factors such as TNF-, 

interleukin-1, and interferon- have been revealed to reduce lipin-1 expression in 

adipocytes [34, 35], the relative contribution of ER stress to the lipin-1 depletion in 

adipocytes remains to be clarified. 

 In summary, we have demonstrated that ER stress is addressed as a new 

down-regulating factor for lipin-1 expression in adipocytes. Moreover, our present 

results suggest that PPAR- may contribute to the constitutive expression of lipin-1 

in adipocytes. Finally, activation of PPAR- can alleviate the suppression of lipin-1 

expression by ER stress. 
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Figure legends 

 

Figure 1. Endoplasmic reticulum stress suppresses lipin-1 expression in 3T3-L1 

adipocytes. Lipin-1 mRNA expression levels in 3T3-L1 adipocytes were measured 

after the treatment with different concentrations of tunicamycin (Tun) (A) or 

thapsigargin (Thap) (B) for 24 h. Lipin-1 mRNA expression levels were measured 

before and after exposure of tunicamycin (Tun, 3 g/ml) or thapsigargin (Thap, 50 

nM) (C). 3T3-L1 adipocytes were treated with tunicamycin (Tun, 3 g/ml) or 

thapsigargin (Thap, 50 nM) for 24 h. Then, lipin-1 protein expression was 

determined by Western blotting with a -actin probe used as the loading control (D), 

and mRNA expression of lipin-1A and lipin-1B (E) or lipin-2 (F) was quantified by 

real-time PCR. Results are expressed as means ± SE (n = 3). *P < 0.05 vs. vehicle 

(DMSO, Veh) (A, B, E, F) or time 0 (C). †P < 0.05 vs. lipin-1A in the same 

treatment group (E).  

 

Figure 2. Messenger RNA stability is not involved in the thapsigargin-induced 

lipin-1 mRNA reduction in 3T3-L1 adipocytes. 3T3-L1 adipocytes were treated with 

5 g/ml of actinomycin D (ActD) in combination with thapsigargin (Thap, 50 nM) or 

vehicle (DMSO). Lipin-1 mRNA expression levels were measured by quantitative 

real-time PCR at times of 0, 4, and 24 h. Results are calculated as fold change 

relative to the values at time 0 and expressed as means ± SE (n = 3). No significant 

difference was observed in both treatment groups. 
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Figure 3. Endoplasmic reticulum stress reduces C/EBP- and PPAR- expression, 

and knockdown of PPAR- expression results in the reduction of lipin-1 expression 

in 3T3-L1 adipocytes. 3T3-L1 adipocytes were treated with tunicamycin (Tun, 3 

g/ml) or thapsigargin (Thap, 50 nM) for 24 h. Protein expression of C/EBP- and 

PPAR- was analyzed by Western blotting with a -actin probe used as the loading 

control (A). Messenger RNA expression levels of C/EBP- (B), and PPAR- (C) 

were quantified by real-time PCR. DMSO was used as vehicle (Veh). Next, 3T3-L1 

adipocytes were transfected with either C/EBP- or PPAR- specific siRNA at a 

final concentration of 50 nM for 60 h. Negative control siRNA (si-Neg) was used as 

vehicle. Knockdown of the gene expression of C/EBP- (si-C/EBP-D) or PPAR- 

(si-PPAR-, E) was confirmed by real-time PCR. Then, lipin-1 mRNA expression 

levels were determined in either C/EBP- or PPAR-knocked down adipocytes 

compared with the vehicle (F). Results are expressed as means ± SE (n = 3). *P < 

0.05 vs. vehicle. 

 

Figure 4. Ciglitazone recovers thapsigargin-induced lipin-1 depletion in 3T3-L1 

adipocytes. 3T3-L1 adipocytes were treated with thapsigargin (Thap, 50 nM) or 

vehicle (DMSO, Veh) for 24 h. At the last 8 h of the treatment, ciglitazone (Cig, 30 

M) or vehicle was added to the medium. Lipin-1 mRNA expression levels were 

quantified by real-time PCR (A). Results are expressed as means ± SE (n = 3). *P < 

0.05 vs. vehicle. Protein expression levels of lipin-1 , PPAR-, BiP, and CHOP 

(C) were visualized by Western blotting with a -actin probe used as the loading 

control. 

 



Supplementary Figure 

 

 

 

 

Figure S1. Tunicamycin and thapsigargin induce endoplasmic reticulum (ER) stress 

in 3T3-L1 adipocytes. Fully differentiated 3T3-L1 adipocytes were treated with 

tunicamycin (Tun, 3 g/ml) or thapsigargin (Thap, 50 nM) for 24 h. DMSO was used 

as vehicle (Veh). Unfolded protein response was assessed by Western blotting and 

quantitative real-time PCR (TaqMan gene expression assay, Applied Biosystems, 

Foster City, CA, USA). Protein expression of BiP, phospho-PERK, PERK, CHOP 

(Cell Signaling Technology, Danvers, MA, USA), and ATF-3 (Bioworld technology, 

St. Louis Park, MN, USA), were determined by Western blotting with a -actin 

probe used as the loading control (A). Messenger RNA levels of CHOP 

(Mm00492097_m1, B), ATF-3 (Mm00476032_m1, C), and adiponectin 



(Mm00456425_m1, D) were determined, subsequently normalized relative to mRNA 

levels of 18S rRNA and expressed as fold change relative to vehicle. Results are 

presented as means ± SE (n = 3). *P < 0.05 vs. vehicle. Unfolded protein response 

was strongly induced by the treatment with tunicamycin and thapsigargin (A–C). The 

mRNA expression of adiponectin was reduced in 3T3-L1 adipocytes by the 

treatment with both ER stress inducers (D), which is in agreement with a previous 

report [1]. These results documented that ER stress is induced by the treatment with 

tunicamycin and thapsigargin in 3T3-L1 adipocytes. 

 

[1] N. Hosogai, A. Fukuhara, K. Oshima, Y. Miyata, S. Tanaka, K. Segawa, S. 

Furukawa, Y. Tochino, R. Komuro, M. Matsuda, I. Shimomura, Adipose tissue 

hypoxia in obesity and its impact on adipocytokine dysregulation, Diabetes 56 

(2007) 901-911. 
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