
381

Korean J. Food Sci. Ani. Resour.

Vol. 31, No. 3, pp. 381~388(2011)

Conjugated Linoleic Acid Negatively Regulates TR4 Activity in

3T3-L1 Adipocytes

Hojung Choi and Eungseok Kim*

Department of Biological Sciences, Chonnam National University, Gwangju 500-757, Korea

Abstract

Dietary conjugated linoleic acid (CLA) play key roles in lipid metabolism. Here, we investigated the effect of CLA on the

transcriptional activity of TR4, an orphan nuclear receptor that plays an important role in lipid homeostasis. CLA increased

TR4 gene mRNA level in 3T3-L1 adipocytes, but inhibited TR4 transcriptional activity in a dose-dependent manner. TR4

induced perilipin expression in 3T3-L1 adipocytes by activating perilipin promoter activity. In a gel shift assay, TR4 bound

direct to the putative TR4 response element in the perilipin promoter. Interestingly, CLA reduced the interaction between

TR4 and consensus DR1, a well-known TR4 binding site. Additionally, CLA inhibited TR4-induced perilipin promoter

activity in a dose-dependent manner. Together, our results suggest that CLA may play a role in lipid homeostasis in adipo-

cytes by functionally regulating TR4. 
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Introduction

Adipose tissues are key reservoir for energy excess and

properly control body lipid fluxes in response to nutrition

status (Guilherme et al., 2008). Recently, adipose tissues

are recognized not only as a fat storage site but also as an

important endocrine organ secreting a variety of adipocy-

tokines such as TNFα, leptin, adiponectin and resistin.

These adipocytokines have been known to participate in

various physiological processes including insulin sensi-

tivity, cell proliferation, immune response and food intake

(Kershaw and Flier, 2004; Rosen and Spiegelman, 2006).

Dysregulated lipid metabolism by altered expression of

genes involved in lipogenesis and lipid storage increases

lipid accumulation in adipocytes and consequently leads

to obesity. Obesity causes insulin resistance and thus has

been considered as a major risk factor for the develop-

ment of diabetes, hypertension, and coronary artery dis-

ease (Gregor and Hotamisligil, 2007; Kershaw and Flier,

2004; Shi and Burn, 2004).

Conjugated linoleic acid (CLA) is a group of positional

and geometric isomers of linoleic acid. The prominent

isomers known for biological action of CLA are cis-9,

trans-11 and trans-10, cis-12 CLA. Human acquires these

primary isomers from milk products and ruminant meats.

Several studies have shown that CLA has potential anti-

carcinogenic, antiatherogenic, and antiobesity properties

(Ha et al., 1990; Larsen et al., 2003; Lee et al., 1994). In

vitro studies also showed that trans-10, cis-12 CLA

inhibited adipocyte differentiation with prevention of trig-

lyceride (TG) accumulation in adipocytes (Kang et al.,

2003; Sakuma et al., 2010). Although CLA effect on lipid

accumulation in adipocytes has been reported, molecular

mechanism on CLA action in adiposity remains unclear.

Several reports have shown that trans-10, cis-12 CLA

competitively inhibits effect of PPARγ agonist on PPARγ

activity while it rather plays a role as a partial agonist of

PPARγ in the absence of PPARγ agonist (Alibin et al.,

2008; Granlund et al., 2003; Kennedy et al., 2009; Miller

et al., 2008). However, trans-10, cis-12 CLA in the

absence of PPARγ agonist was still able to inhibit adipo-

cyte differentiation of 3T3-L1 cells, suggesting that CLA

may be involved in the transcriptional regulation of adi-

pogenic genes required for lipid accumulation in a

PPARγ-dependent and -independent manner (Miller et

al., 2008).

TR4, a member of the nuclear receptor superfamily,

regulates gene expression via binding to various TR4

response elements (TR4REs) in target gene promoters
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with highest affinity for DR1 element (Kim et al., 2003;

Lee et al., 1995). TR4-deficient mice show reduced body

fat mass with reduced TG accumulation in white adipose

tissues (Kang et al., 2011; Kim et al., 2011).

Interestingly, various polyunsaturated fatty acids in-

cluding γ-linoleic acid have been shown to stimulate TR4

transcriptional activity (Tsai et al., 2009). Moreover, Thi-

azolidinedione (TZD), a well-known PPARγ agonist, also

promotes TR4 activity in the reporter gene assay (Xie et

al., 2009). These previous reports strongly suggest that

TR4 may function as a fatty acid sensor to modulate lipid

homeostasis of our body (Xie et al., 2009). Thus, we

hypothesized that CLA, a dietary component of milk

products and ruminant meats, may participate in lipid

homeostasis in adipocytes in part by modulation of TR4

activity. Here, we identified CLA is a functional modula-

tor of TR4 and thus, suppresses TR4-induced perilipin

promoter activity. Our findings suggest that TR4 is a key

transcription factor which is negatively regulated by CLA

during adipogenesis and this study will help to under-

stand transcriptional network to control obesity-related

diseases.

Materials and Methods

Materials

CLA and fatty acid free bovine serum albumin (BSA)

was purchased from Sigma-aldrich. Rosiglitazone was

purchased from Cayman. CLA was complexed to BSA to

generate 32 mM CLA stock solution with 1% fatty acid

free BSA. 

Cell culture and adipocyte differentiation

NIH-3T3, 3T3-L1 cells were maintained in Dulbecco’s

Modified Eagle’s Medium (DMEM) with 10% newborn

calf serum and HEK293T cells were maintained in DMEM

with 10% FBS. Adipocyte differentiation was described

previously (Kim et al., 2010). Briefly, 2-day post conflu-

ent 3T3-L1 cells (designated day 0) were differentiated

with the differentiation induction medium (MDI) contain-

ing 5 µg/mL insulin, 0.25 mM 3-isobutyl-1-methylxan-

thine (IBMX) and 0.25 µM dexamethasone in DMEM

supplemented with 1% FBS.

Plasmids and Luciferase assays

Plasmids, pCMX-TR4, pCMX-4A4, and TR4RE-Luc

(pGL-tk-(DR1)
3
-Luc) were described previously (Kim et

al., 2003; Lee et al., 1995; Lee et al., 1997). The mouse

perilipin promoter region consisting of -2000 to +75 bp

was amplified by PCR from 3T3-L1 genomic DNA and

cloned into pGL3-luciferase (Promega, USA) to generate

pGL3-Plin-Luc. Three copies of synthesized DR1 ele-

ment of the perilipin promoter and consensus DR1

(cDR1) were subcloned into pGL3-∆32TK-Luc to create

pGL3-Plin-DR1-Luc and pGL3-cDR1-Luc, respectively.

Transfections were performed using SuperFect (Qiagen,

USA) according to the manufacturer’s instructions in

HEK293T cells. After transfection, cells were incubated

for 24 h in the absence of presence of CLA in DMEM

supplement with 1% FBS and luciferase activities were

measured in a Luciferase reporter assay system (Ber-

thold). Relative luciferase activity (fold) was expressed

based on the induction fold relative to transfection of an

empty vector (set as 1-fold) and the results were ex-

pressed as means± SD of three separate experiments.

Reverse transcriptase PCR (RT-PCR) and gel shift

assay 

RNA isolation, cDNA synthesis and RT-PCR were per-

formed as previously described (Kim et al., 2010). The

sequences of TR4, aP2, and 36B4 primers used for RT-

PCR were described previously (Cariou et al., 2006; Kim

et al., 2003). Primer sequences for perilipin gene were:

sense; 5'-CTCTGGGAAGCATCGAGAA-3' and antisense;

5'-GATCCACATGGCCAGAGAGT-3'. Gel shift assay was

performed as described previously (Kim et al., 2003).

Briefly, TR4 was in vitro synthesized using a T7-quick

coupled TNT reticulocyte lysate system (Promega). The

following oligomers were used for gel shift assays: cDR1

(5'-GATCTCTCTAGGTCAAAGGTCAATTTC-3'), Plin-

DR1 (5'-GATCCTTGTCACCTTTCACCCACAT-3') and

mutant Plin-DR1 (5'-GATCCCCTTGTCAGGACGATC-

CCACATCC-3').

Results

CLA increased TR4 expression in 3T3-L1 adipo-

cytes

TR4-deficient mice have less fat mass with reduced TG

accumulation. In agreement with this report, we recently

found that TR4 regulates lipid accumulation in 3T3-L1

adipocytes via regulation of FATP1 expression. To inves-

tigate the possible involvement of TR4 in CLA effect on

adipocyte biology, we added 20, 40 or 80 µM CLA

together with standard adipogenic stimuli to 2-day post

confluent 3T3-L1 cells (designated day 0) and CLA was

continuously treated to the differentiating cells until day 6

of differentiation. Since CLA has been shown to inhibit
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adipogenesis, we determined effect of CLA on TR4

expression on day 6 using RT-PCR. Consistent with pre-

vious report, CLA significantly reduced expression of

perilipin gene which is important for TG accumulation in

adipocytes in a dose-dependent manner (Fig. 1). In con-

trast, TR4 expression was slightly increased by CLA

treatment. In addition, mRNA levels of aP2, a well-known

adipogenic marker gene, in CLA-treated cells were simi-

lar to that of 3T3-L1 cells treated with vehicle.

CLA specifically modulates TR4 transcriptional

activity

PPARγ is a major transcription factor which plays a

critical role in adipocyte differentiation and lipid metabo-

lisms via regulation of various lipogenic genes. Previous

reports have shown that CLA acts as a partial agonist of

PPARγ in the absence of PPARγ ligand (Evans et al.,

2010). To investigate whether CLA affects TR4 transcrip-

tional activity, we compared effect of CLA on TR4 and

PPARγ transactivation using reporter gene fused with 3

copies of cDR1 (pGL3-cDR1-Luc). As shown in Fig. 2A,

transfection of PPARγ/RXRα into HEK293T cells incre-

ased the activity of the reporter gene in the presence of

200 µM rosiglitazone. In agreement with previous report,

CLA can also activate PPARγ activity. In contrast, CLA

dramatically suppressed TR4 transcriptional activity in a

dose-dependent manner. To further determine whether

CLA acts as a negative TR4 regulator independently of

DR1 sequences, we performed reporter gene assays using

2 different reporter genes fused with different DR1s

(pGL3-Plin-DR1-Luc and pGL3-TR4RE -Luc). As shown

in Fig 2B, CLA inhibited TR4-induced activities of both

reporter genes in a dose-dependent manner. This negative

effect of CLA on TR4 transcriptional activity in a DR1

sequence-independent manner suggests that CLA may be

a functional TR4 modulator. 

TR4 induces promoter activity via binding to a

DR1 located at the perilipin promoter

TR4 has been implicated in lipid metabolism and TR4-

deficient mice have reduced fat mass with smaller size of

adipocytes (Kang et al., 2011; Kim et al., 2011). Further-

more, we also showed that TR4 facilitated lipid accumu-

lation in 3T3-L1 adipocytes via regulation of FATP1.

Since CLA has been known to inhibit adipogenesis in

part by inhibition of perilipin gene (Chung et al., 2005)

and TR4 activity is suppressed by CLA, it is possible that

CLA effect on expression perilipin gene may be through

inhibition of TR4 activity. Thus, we first determined

whether TR4 could regulate the promoter activity of per-

ilipin gene in HEK293T cells using a reporter gene fused

with perilipin 5' promoter region (pGL3-Plin-Luc). As

shown in Fig. 3A, TR4 induced perilipin promoter activ-

ity up to about 10-60 fold relative to transfection of empty

vector. In contrast, 4A4, a TR4 mutant whose DNA bind-

ing domain was replaced by that of androgen receptor,

did not induce luciferase activity of the pGL3-Plin-Luc,

suggesting that TR4 may induce perilipin promoter activ-

ity via direct binding to the perilipin promoter. Since a

previous study revealed the presence of a DR1 (GGGTGA

A AGGTGA), a putative TR4RE, in perilipin promoter

(Arimura et al., 2004) and TR4 transactivated pGL3-Plin-

DR1-Luc (Fig. 2B), we performed a gel shift assay to

determine whether TR4 can bind to this DR1 sequence

(Plin-DR1). As shown in Fig. 3B, in vitro-translated TR4

formed a complex with [32P]-labeled DR1 sequence. Fur-

thermore excess of cold Plin-DR1 but not of mutant Plin-

DR1 abolished TR4/Plin-DR1 complex in a dose-depen-

dent manner. In addition, addition of anti-TR4 antibody

resulted in supershift of TR4/Plin-DR1 complex. To test

whether CLA suppression of perilipin expression via

inhibition of TR4 transcriptional activity, we performed

the luciferase assay using reporter gene fused with peril-

ipin promoter. When CLA was added to the HEK293T

cells transfected with TR4, it reduced TR4 transactivation

of pGL3-Plin-Luc in a dose-dependent manner (Fig. 3C),

suggesting that CLA may inhibit perilipin gene expres-

sion via downregulation of TR4 activity. TR4 is a mem-

ber of the nuclear receptor superfamily and a unique

nuclear receptor in that it has broad affinity for various

DRs with different numbers of spacer nucleotide. Binding

Fig. 1. Effect of CLA on adipogenic gene expression in 3T3-

Ll adipocytes. A. 3T3-L1 cells were treated with differ-

ent doses of CLA (0, 20, 40, and 80 µM) from day 0 to

day 6 after induction of differentiation. On day 6, mRNA

levels of aP2, TR4, and perilipin from vehicle- or CLA-

treated adipocytes were determined by RT-PCR. Repre-

sentative RT-PCR data shown here is from 3 independent

experiments with similar results.
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affinity of the nuclear receptors for their cognate response

elements could be influenced by agonist/antagonist. Since

CLA modulates TR4 transcriptional activity, we investi-

gated whether CLA could affect TR4 binding affinity for

cDR1, which is known as the ideal TR4RE. In a gel shift

assay, in vitro translated TR4 protein formed a specific

complex with [32P]-labeled cDR1 (Fig. 3D). When CLA

was added together with in vitro translated TR4, the TR4

binding affinity for cDR1 was obviously reduced by CLA

treatment, suggesting that CLA inhibition of TR4 tran-

scriptional activity may be in part via reduction of TR4

binding affinity for TR4RE. Previous studies have shown

that CLA is involved in cell signaling pathways (Chung

et al., 2005). Various signals are frequently involved in

signaling pathway of nuclear receptor family including

TR4. TR4 phosphorylation by mitogen-activated protein

kinase (MAPK) has shown to inhibit TR4 transcriptional

activity (Huq et al., 2006). Since activation of MAPK in

differentiating adipocytes has been reported to inhibit adi-

pocyte differentiation with reduced lipid accumulation

(Aouadi et al., 2006; Bost et al., 2005), we determined

whether inhibitory effect of CLA on TR4 transactivation

is via MAPK or other signalings using inhibitors of vari-

ous signals. As observed in above results, CLA suppressed

TR4 transactivation of pGL3-Plin-Luc in HEK293T cells

(Fig. 3E). Inhibition of PKC or Akt using their cognate

inhibitors (GF 109203X or LY294002, respectively) reduced

suppressive effect of CLA on TR4 transactivation whereas

inhibition of MAPK by PD98059 has no effect on CLA

inhibition of TR4 activity.

CLA inhibits TR4-induced perilipin expression in

3T3-L1 adipocytes

Since TR4 induced perilipin promoter activity via direct

binding to Plin-DR1, we then determined mRNA levels

of perilipin gene in 3T3-L1 cells stably overexpressing

TR4 to evaluate TR4 effect on expression of perilipin

gene. RT-PCR analysis showed that perilipin gene expres-

sion was increased during adipocyte differentiation (Fig.

4A). Moreover, overexpression of TR4 in 3T3-L1 adipo-

cytes resulted in further increase of perilipin expression

as compared with the control adipocytes stably trans-

fected with empty plasmid, indicating that TR4 activates

perilipin expression. To examine the effect of CLA on

TR4-induced perilipin expression, TR4 was transiently

transfected in NIH-3T3 cell. Perilipin expression was sig-

nificantly induced by TR4. However, when CLA (160

µM) was added to the cell transfected with TR4, TR4-

induced perilipin gene expression was reduced by CLA

treatment (Fig. 4B). To further determine the effect of

CLA on TR4 induction of perilipin gene in adipocytes,

we determined the effect of CLA on TR4-induced peril-

Fig. 2. CLA suppression of TR4 transcriptional activity. A. Reporter gene (pGL3-cDR1-Luc, 300 ng) was co-transfected with pSG5-

PPARγ, pCMX-RXRα or pCMX-TR4 (100 ng each) into HEK293T cells. Cells were treated with rosiglitazone (200 µM) or

CLA (80 or 160 µM) in 1% FBS for 24 h as indicated. B. HEK293T cells were transfected with pCMX-TR4 (100 ng) and indi-

cated reporter genes (300 ng) and then treated with different dosage of CLA in 1% FBS for 24 h as indicated. The results were

expressed as means ± SD of three separate experiments.
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ipin expression using 3T3-L1 preadipocytes stably ex-

pressing TR4. As expected, RT-PCR analysis showed that

mRNA levels of perilipin gene was induced by TR4 in

day 6 adipocytes as compared with control adipocytes

(Fig. 4C). Consistent with above data, when 80 µM CLA

was added together with adipogenic stimuli, TR4 effect

on perilipin gene expression was reduced.

Discussion

Inhibitory effect of CLA on lipid metabolism in adipo-

cytes has been reported in cellular and animal models

(Clement et al., 2002; Granlund et al., 2003). However,

the regulatory cascades of CLA leading to this preventive

effect on adipogenesis remain unclear. Recent reports

have shown that TR4-deficient mice exhibit markedly

reduced white fat masses with smaller sizes of adipocytes

(Kang et al., 2011; Kim et al., 2011). In parallel, we also

found that overexpression of TR4 in 3T3-L1 adipocytes

promoted lipid accumulation. In this study, we found that

TR4 induces perilipin gene expression through binding to

TR4RE located within the perilipin promoter and TR4

transactivation of perilipin promoter is inhibited by CLA.

Perilipin, a lipid-droplet associated protein, coats lipid

droplets in differentiating adipocytes and restricts the

access of cytosolic lipases to lipid droplets, resulting in

promotion of triacylglycerol storage (Brasaemle et al.,

2000). Early studies have shown that TR4 could modu-

late gene expression via binding to DR1 element although

TR4 has broad affinity for variable DRs with different

spacer sequences from 0 to 6 nucleotides (DR0-DR6)

(Lee et al., 1995; Lee et al., 1997; Lee et al., 1999). Here,

we show that TR4 regulates perilipin gene expression

through DR1 element (Plin-TR4RE) located in the peril-

ipin promoter. PPARγ is also able to bind the same DNA

response element for induction of perilipin gene (Arimura

Fig. 3. TR4 regulates perilipin promoter activity by direct binding to TR4RE. A. Reporter gene fused with perilipin promoter

(pGL3-Plin-Luc, 300 ng) were co-transfected with pCMX-TR4 (100, 200 and 300 ng) or pCMX-4A4 (100 ng) into HEK293T

cells. Transfected cells were incubated in 1% FBS for 24 h and then harvested to measure luciferase activity. B. Gel shift assay

was performed with in vitro translated TR4 using [32P]-labeled Plin-DR1. Twenty and fifty molar excesses of unlabeled wild type

(wt) or mutated (mt) oligonucleotides were added as competitors. Anti-TR4 antibody was added as indicated. The retarded and

supershifted bands are indicated by closed and open arrowhead respectively. C. Reporter gene (pGL3-Plin-Luc, 300 ng) was co-

transfected with pCMX-TR4 (100 ng) into HEK293T cells. Transfected cells were incubated with increasing amount of CLA in

1% FBS for 24 h and then harvested to measure luciferase activity. D. Gel shift assay was performed with in vitro translated TR4.

The [32P]-labeled cDR1 was used as a probe. CLA (160 µM) was added as indicated. The retarded complex is indicated by closed

arrowhead. E. HEK293T cells were transfected with pCMX-TR4 (100 ng) and pGL3-Plin-Luc (300 ng). Cells were pretreated

with GF109203X (2.5 nM), PD98059 (25 µM) or LY294002 (20 µM) for 1 h and then incubated with 160 µM CLA for 24 h in

1% FBS as indicated.
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et al., 2004). Early studies suggested that CLA can sup-

press ligand-activated PPARγ but not the basal activity of

PPARγ (Kennedy et al., 2008). Other studies showed that

CLA plays a role as an activator of PPARγ and CLA

increases reporter gene activity with PPARγ agonist

(Evans et al., 2010; Miller et al., 2008). Previous studies

have demonstrated that a variety of polyunsaturated fatty

acids participate in TR4 transactivation (Tsai et al., 2009).

Although further study is required to test the possibility

of CLA as a TR4 inverse agonist, CLA plays a role as a

functional modulator of TR4 to inhibit TR4 transcrip-

tional activity. Since CLA effect on PPARγ activity was

conflicting in several reports, it is plausible that CLA

effect on TR4 activity could be variable when different

TR4REs are used. However, we found that CLA consis-

tently inhibited TR4 transcriptional activity when we

used different reporter genes fused with different DR1

sequences, indicating that CLA is a functional modulator

of TR4 activity. It has been reported that various signals

such as MAPK/extracellular signal-related kinase (ERK)

plays an important role as a signaling mediator for vari-

ous nuclear receptors including TR4 (Chen et al., 2005;

Huq et al., 2006). Early study showed that TR4 can be

phosphorylated by MAPK and this phosphorylation reduces

TR4 activity (Huq et al., 2006). Interestingly, CLA is

involved in various signaling pathways including MAPK/

ERK (Chung et al., 2005). CLA regulation of cell signals

such as MAPK/ERK and PI3K/Akt may cause inhibition

of TR4 activity. In line with this notion, CLA inhibition

of TR4 transcriptional activity was reduced when inhibi-

tors of PI3K/Akt and PKC but not of MAPK were added

together with CLA. 

Together, we demonstrated that TR4 induces perilipin

gene expression through activation of perilipin promoter

activity by direct binding to TR4RE and this TR4 stimu-

lation of perilipin promoter activity could be abolished by

CLA treatment. Thus, pharmacological manipulation of

TR4 activities may be a promising therapeutic approach

for treatment of obesity-related diseases.

Fig. 4. TR4 regulates perilipin gene expression. A. Total RNA was extracted from 3T3-L1 cells stably overexpressing TR4 or control

cells transfected with empty plasmid on the indicated days after induction. Perilipin expression was measured by RT-PCR. Repre-

sentative RT-PCR data shown here is from 3 independent experiments with similar results. 36B4 was used as a loading control.

B. NIH-3T3 cells were transiently transfected with pCMX-TR4 or empty plasmid. Cells were treated with 160 µM CLA for 24 h

in 1% FBS as indicated. mRNA levels of TR4, perilipin, aP2, and 36B4 from vehicle- or CLA-treated NIH-3T3 cells were deter-

mined by RT-PCR. C. Total RNA was extracted from 3T3-L1 cells stably overexpressing TR4 or control cells with vehicle or 80

µM CLA from day 0 to 6. Perilipin expression was measured by RT-PCR. Representative RT-PCR data shown here is from 3

independent experiments with similar results. 36B4 was used as a loading control.
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