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Summary

Both obesity, characterized by increased mass of adipose tissue, and cachexia, characterized 
by a loss of fat mass, are associated with inappropriate regulation of adipocyte lipolysis. 
Liver X receptor (LXR) is a nuclear receptor and transcription factor found to be involved in 
the  regulation  of  many  metabolic  processes,  e.g.  glucose  and  lipid  metabolism.  It  is 
therefore of interest to investigate the mechanisms by which LXR affects these processes in 
adipocytes.  LXR  activity  can  be stimulated  by  the synthetic  ligand Glaxo  Welcome 3965 
(GW3965), a molecule with the chemical formula C33H31F3ClNO3 · HCl. In this study, human in  
vitro differentiated adipocytes and the murine 3T3-L1 cell line were employed to study LXR 
function. 

To  study  the  effects  of  LXR  activity  on  glucose  metabolism,  I  used  quantitative  reverse 
transcription  PCR  (qRT-PCR)  to  assess  alterations  in  mRNA  levels  of  the  two  glucose 
transporting proteins; glucose transporter 1 (GLUT1) and 4 (GLUT4). Effects on basal  and 
insulin-stimulated glucose transport were also investigated by measurements of the uptake 
of radioactively labelled glucose in adipocyte cultures. I concluded that the GLUTs seemed to 
be regulated by LXR in human adipocytes – GLUT1 positively (3-fold induction) and GLUT4 
negatively  (40%  reduction).  However,  in  murine  adipocytes,  the  transcription  levels  of 
glucose transporters  were not  altered by LXR agonist  treatment.  Also,  measurements  of 
glucose  transport  suggested  that  both  basal  and  insulin-stimulated  glucose  uptake  is 
reduced  by  LXR  agonist.  These  results  are  partly  in  conflict  with  previous  publications 
reporting an increase in both GLUT4 expression and glucose uptake. 

In addition, I have studied the role of three structural proteins regulated by LXR and weight 
changes (obesity and cachexia): α-actinin 1 (ACTN1), dermatopontin (DPT) and extracellular 
matrix protein 2 (ECM2). The transcription levels of the three genes were assayed using qRT-
PCR after  stimulation LXR with the agonist  GW3965 in  in vitro  differentiated adipocytes. 
Western  blots  were  performed  to  investigate  protein  expression. DPT  and  ECM2  were 
shown to be negatively regulated by LXR activation, while ACTN1 mRNA and protein levels 
remained  unaltered.  By  knock-down  of  ACTN1  mRNA  using  RNA  interference,  I 
demonstrated  that  ACTN1  had  no  effect  on  lipolysis  in  human  in  vitro  differentiated 
adipocytes. The possible involvement of DPT and ECM2 in the lipolytic process is still to be 
discovered.

2



Introduction

Implications of obesity and cachexia

The incidence of obesity is increasing throughout the world and its metabolic complications 
such as cardiovascular diseases, insulin resistance, and type 2 diabetes becomes a major 
health  problem  (Haslam  &  James,  2005).  Obesity  is  characterized  by  a  positive  energy 
balance, excessive amounts of white adipose tissue (WAT), large adipocytes and increased 
basal (spontaneous) lipolysis in visceral fat (Arner, 2005).

In as much as an increase of adipose tissue can lead to health complications, there are also 
metabolic diseases with the opposite effect on fat mass, among them cachexia. Cachexia 
usually  emerges  secondary  to  other  diseases,  such  as  cancer  and  HIV,  and  among  the 
characteristics one finds loss of adipose tissue and small adipocytes, although the condition 
seems to be lacking correlation to calorie intake (Bosaeus,  et al.,  2001). Cachexia is  also 
associated  with  insulin  resistance  and  increased  catecholamine-stimulated  lipolysis.  This 
increased lipolysis could result from a number of possible causes. Several important factors 
have  been identified by the Lipid  Laboratory  at  the  department  of  medicine,  Karolinska 
Institutet, Sweden and other laboratories (reviewed in Rydén & Arner, 2007). However, the 
development of cachexia is not likely not to be caused by a single agent and needs further 
investigation.

Lipolysis

WAT is  an organ with the main task of  storing energy in the form of  triglycerides (TG). 
In WAT the amount of stored TG is modified through TG synthesis (lipogenesis) and break-
down of TGs through lipolysis. Lipolysis is affected by e.g. insulin and catecholamines. Insulin 
has  a  negative  effect  on  rate  of  lipolysis,  while  catecholamines  such  as  noradrenaline 
stimulate lipolysis through different adrenergic receptors. Lipolysis is an enzymatic reaction 
mediated by lipases and free fatty acids (FFA) are released to circulation ready to be used by 
other  tissues  (Arner,  2005;  Lafontan  &  Langin,  2009).  Increased  lipolysis  can  be 
disadvantageous due to the negative effect of increased circulating FFA on insulin sensitivity 
(Arner, 2002). 

Nuclear receptors and metabolism

Nuclear receptors are transcription factors  discovered to have central  roles in metabolic 
processes (McEwan,  2009).  They bind to response elements (REs)  within regulatory  DNA 
sequences (promoters or enhancers) and regulate transcription positively or negatively. One 
nuclear  receptor  may  have  a  large  number  of  target  genes  involved  in  many  different 
pathways. Nuclear receptors are regulated by intracellular, extracellular or pharmaceutical 
ligands and cofactors. The liver X receptor (LXR) has been shown to regulate metabolism in 
different cell types and tissues (Steffensen & Gustafsson, 2004). 

Liver X receptor
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LXR is regulated by peroxisome proliferator-activated receptor-γ, a transcription factor with 
well known importance for adipocyte differentiation (Tontonoz et al., 1995). There are two 
LXR isoforms,  LXRα and LXRβ,  which dimerize  with  retinoid  X  receptor  (RXR)  upon DNA 
binding (Fig.  1).  LXRβ is  expressed in most cell  types whereas  the expression of  LXRα is 
limited to a number of tissues – all  lipid-metabolizing – including WAT, liver and muscle 
tissue. Endogenously LXR is activated by oxysterols, but it can be stimulated by synthetic 
ligands as well.  Glaxo Welcome 3965 (GW3965) is  a synthetic ligand of LXR and has the 
chemical formula C33H31F3ClNO3 · HCl. It binds to and activates both LXR isoforms. It should 
be  mentioned  that  GW3965  is  not  exclusively  activating  LXR  but  according  to  the 
manufacturer also exhibits cross-reactivity with the pregnane X receptor (PXR). However, 
there are no literary records of the presence of this nuclear receptor in human adipocytes 
and  it  has  not  been  found  to  be  expressed  in  mouse  adipocytes  (Mangelsdorf,  2005). 
Therefore, this activity of GW3965 was not considered as important in our experimental 
system. LXR’s role as regulator of cholesterol metabolism in peripheral tissues and as inducer 
of lipogenesis in the liver is well established (Baranowski, 2008; Joseph et al., 2002). 

Fig. 1. Transcriptional regulation by LXR. LXRα or β heterodimerizes with RXR, binds to its response element 
within the promoter region in the DNA and activates transcription. GW3965 is a synthetic agonist of LXR.

Liver X receptor in adipocyte glucose metabolism

LXR has also been discovered to be involved in glucose metabolism in adipocytes. Adipocyte 
glucose uptake is  mediated by two channel-forming glucose transporters situated in the 
plasma membrane: glucose transporter 1 and 4 (GLUT1 and -4; also known as solute carrier 
family 2a member 1 and 4, respectively). GLUT1 is constitutively expressed on membranes 
and accounts for the basal glucose uptake into cells. GLUT4 is responsible for the insulin-
stimulated glucose uptake. GLUT4 is stored intracellularly in vesicles until insulin binds the 
insulin  receptor  in  the  membrane.  The  insulin  signalling  cascade  via  insulin  receptor 
substrate 1 (IRS-1), phosphoinositide 3-kinase (PI3-K) and protein kinase B (PKB) eventually 
reaches the vesicles. The vesicles fuse with the plasma membrane and thus expose GLUT4 
proteins  to  the  extracellular  surroundings  (Huang,  2007).  A  reduced  level  of  GLUT4 
expression in human adipocytes has been connected to insulin resistance in vivo (Berger et  
al., 1989). 

Activation  of  LXR  has  been  previously  associated  with  positive  regulation  of  GLUT4 
expression and glucose uptake mainly using murine models. An LXR response element (LXRE) 
has been located in GLUT4 promoter (Dalen et al., 2003). Another study using the synthetic 
LXR agonist T0901317, which has the chemical formula C17H12NSO3F9, showed that GLUT4 is 

4



under direct LXR regulation and stimulation of LXR increases glucose uptake in 3T3-L1 cells 
(Laffitte et al., 2003). In addition, Commerford et al. (2007) have found a 3-fold upregulation 
of GLUT4 in vivo in epididymal fat of rats fed with GW3965. However, they could not see a 
significant  increase  in  glucose  uptake  by  subcutaneous  fat  from  the  treated  rats. 
Upregulation of GLUT4 in vivo in response to treatment with T0901317 in mouse adipocytes 
has also been seen by Stulnig et al. (2002) and LXR activation by GW3965 improved glucose 
tolerance in a mouse model  of  diet-induced obesity  (Laffitte  et  al., 2003).  Basal  glucose 
uptake was also increased after activation of LXR by  T0901317  in 3T3-L1 cells  and  in vitro  
differentiated human adipocytes (Ross et al., 2002). In line with the latter finding, they also 
found that GLUT1 mRNA and protein levels were upregulated. These results  raised hopes 
that LXR could be a potential target in the treatment of impaired glucose uptake caused by 
insulin resistance. 

The role of liver X receptor in regulating lipogenesis and adipocyte size

Another possible role of LXR in adipocytes is regulation of lipid turnover and adipocyte size. 
Lipid droplet accumulation has been observed upon LXR stimulation by  T0901317  in vitro 
(Juvet  et al.  2003 & Hummasti  et al., 2004). Contradicting this, it was demonstrated that 
adipocyte cell size decreases in vivo in rats fed GW3965 (Commerford et al., 2007). This has 
also  been  observed  by  Laurencikiene,  J.  and  Stenson,  B  (unpublished  observations). 
Therefore it was of great interest to study the systemic effect of LXR activation in human 
adipocytes in more detail. 

Preliminary results from gene expression-profiling important for the current study

In  search  for  factors  important  for  human  WAT  metabolism,  gene  expression  profiling 
experiments  on  several  subsets  of  WAT or  in  vitro  differentiated  adipocytes  have  been 
performed at  the  Lipid  Laboratory  at  the  department  of  medicine,  Karolinska  Institutet, 
Sweden. Comparisons were made of 1) the expression of genes in adipose tissue of cancer 
cachexia patients vs. weight stable cancer patients; 2) lean vs. obese healthy subjects; 3) in  
vitro differentiated human  adipocytes  stimulated  by  LXR  agonist  GW3965  and  vehicle 
stimulated adipocytes. Microarray data is analysed by significance analysis of microarrays 
(SAM analysis) (Tusher et al., 2001) which is used to determine whether alterations in gene 
expression are significant. 

First of all, a SAM analysis of the microarray data obtained from LXR agonist-stimulated cells 
showed that GLUT1 is strongly upregulated by LXR, while GLUT4 expression is not affected. 
In addition, analysis of gene expression in all three data sets revealed that some structural 
genes were regulated in all  three subsets of microarray,  with potential importance in fat 
mass regulation. For further investigation three genes were chosen: alpha-actinin 1 (ACTN1), 
extracellular  matrix  protein  2  (ECM2)  and dermatopontin  (DPT).  ACTN1 is  a  cytoskeletal 
protein  that  binds  to  actin.  Is  has  also  been found  to  be  present  at  adhesion  sites,  in 
association with signaling molecules and intracellular domains of transmembrane receptors 
and ion channels (Sjöblom et al., 2008). ECM2 (also known as Hevin, secreted protein acidic 
and  rich  in  cysteine-like  protein  1  (SPARCL1)  and  MAST9)  is  an  extracellular  protein 
expressed abundantly in adipose tissue and female-specific tissues. ECM2 interferes with the 
interaction between cells and between the extracellular matrix and cells (Nishiu et al., 1998). 
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ECM2 is a negative regulator of the cell cycle and has been displayed to be downregulated in 
some cancers (Claeskens et al., 2000). DPT is a small collagen-associated protein. It, too, is 
found in the extracellular matrix and has adhesion properties (Okamoto, 2006).

The three proteins all have structural functions, intra- or extracellularly, and thus they will 
commonly be referred to as the structural proteins in this report. The same as in cancer 
cachexia (unpublished findings by Dahlman, I., Mejhert, N., Linder, K., Agustsson, T., Mutch, 
D.M., Kulyte, A., Isaksson, B, Permert, J., Petrovic, N., Nedergaard, J., Sjölin, E., Brodin, D., 
Clement, K., Dahlman-Wright, K. Rydén, M. & Arner, P.), activation of LXR downregulated 
expression of all three selected structural genes (unpublished observations by Stenson, B., 
Rydén, M., Dahlman, I. Mairal, A., Åström, G., Wang, V., Jocken, J.W.E., Langin, D., Arner, P. 
&  Laurencikiene,  J.)  (Table  1).  ACNT1  mRNA  levels  were  also  higher  in  obese  vs.  lean 
subjects. All cases were significant according to SAM analysis.

Table  1.  mRNA levels  of ACTN1,  DPT and ECM2 in three different  adipocyte  contexts 
obtained by gene microarray analysis.

Ratio1

Gene expressed Cachectics/control LXR stim/unstim2 Lean/obese3

ACTN1 0.77 0.78 0.77
DPT 0.64 0.57 ND4

ECM2 0.78 0.75 ND
1 The ratio of mRNA in samples and controls as estimated by gene microarray assay. All differences in mRNA 
levels were significant according to SAM analysis.
2 Stimulation of LXR by 1 µM GW3965 in in vitro differentiated human adipocytes, untreated controls treated 
with DMSO.
3 Lean subjects had a BMI < 25 and obese > 30.
4 ND, not determined.

In addition, prior to project initiation, measurements of mRNA expression of ACTN1, DPT 
and ECM2 in human WAT and isolated mature adipocytes were performed by Stenson, B., 
Rydén, M., Dahlman, I. Mairal, A., Åström, G., Wang, V., Jocken, J.W.E., Langin, D., Arner, P. 
& Laurencikiene, J. (data not published) using quantitative reverse transcription PCR (qRT-
PCR). qRT-PCR quantifies specific sequences of DNA during amplification by PCR, based on 
the amount of fluorescence released from DNA-binding probes in each cycle. The amount of 
DNA is calculated as a ratio against a housekeeping gene. In the measurements of ACNT1, 
DPT and ECM2, the expression levels were correlated to cell size and BMI of the patients. 
The results are summarized in table 2 and show positive correlations between amounts of 
ACTN1 and DPT mRNA in isolated adipocytes and BMI,  and between ACTN1 and DPT in 
whole  adipose  tissue  and  BMI.  Positive  correlations  between  the  transcription  level  of 
ACTN1 and DPT in isolated cells and cell volume were also found.
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Table 2. Correlation of mRNA of the three structural proteins in isolated adipocytes or whole 
adipose tissue to BMI or cell volume.

Correlationa

BMI Cell volumeb

p R2 p R2

Isolated adipocytesc

ACTN1 0.009** 0.441 <0.001*** 0.526
DPT 0.029* 0.337 0.0013** 0.591
ECM2 0.12 0.187 0.09 0.22
Whole adipose tissue d

ACTN1 <0.001*** 0.631
DPT 0.026* 0.349
ECM2 0.49 0.04

aData of mRNA expression was obtained by qRT-PCR, normalized to 18S rRNA levels plotted versus BMI or cell 
volume. Data shows  p and R2 values of extrapolated regression lines. N = 5.  *  p < 0.05, ** p < 0.01, ***  p < 
0.001. 
b Cell volumes were obtained by measurements of adipocyte diameters of 100 cells/subject.
c N = 14.
d N = 48.

ACTN1 and ECM2 mRNA levels were higher in isolated mature adipocytes than in whole 
adipose tissue (Fig. 2). These correlations indicate that the expression of ACTN1 and ECM2 in 
adipose tissue largely is of adipocyte origin, and that ACTN1 and DPT expression increases 
with BMI and cell volume. These findings further supported the hypothesis that ACTN1, DPT 
and ECM2 might be important for adipocyte cell plasticity. 

Figure 2. Relative RNA expression obtained by qRT-PCR of ACTN1, DPT and ECM2 in isolated adipocytes and 
whole adipose tissue. Data are normalized to 18S RNA expression. *  p < 0.05. The expression ratios were 
logaritmized to obtain normally distributed data, and statistically evaluated using Student’s t test. 

Aims

As both lipolysis and impaired metabolism of glucose contributes to the complications of 
obesity  and  cachexia,  both  lipid  and  glucose  metabolism  are  important  to  investigate 
further. To elucidate the role of LXR in glucose and lipid metabolism, two investigations were 
carried out – one concerning LXR’s  involvement in the expression of  GLUTs and glucose 
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uptake, and the other concerning the role of LXR in regulating the transcription of three 
structural proteins possibly impaired in the pathogenesis of cachexia.  In particular, I aimed 
to 1) investigate the role of LXR in regulating expression of GLUT1 and GLUT4; 2) define 
effects  of  LXR  agonist  treatment  on  basal  and  insulin-stimulated  glucose  transport;  3) 
examine the role of LXR regulating expression of structural proteins ACTN1, DPT and ECM2 
and  4)  examine  the  role  of  these  structural  proteins  in  human  adipocyte  lipolysis.  As 
experimental model I used in vitro differentiated human adipocyte cultures and cultures of 
murine 3T3-L1 adipocytes.
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Results

The role of liver X receptor in the regulation of glucose uptake

To  study  the  effect  of  liver  X  receptor  (LXR)  activation  on  the  expression  of  glucose 
transporting proteins in human and murine 3T3-L1  in vitro  differentiated adipocytes,  the 
cells were treated with the LXR agonist Glaxo Welcome 3965 (GW3965). Alterations in mRNA 
expression of glucose transporter 1 and 4 (GLUT1 and GLUT4) were assessed after 24 h using 
quantitative  reverse  transcription  PCR  (qRT-PCR).  In  human  adipocytes  GLUT1  mRNA 
expression was increased more than threefold upon stimulation with GW3965, while GLUT4 
mRNA levels were reduced by about 40% (Fig. 3 A). In 3T3-L1 cells, however, the expression 
of these two genes was not altered (Fig. 3 B). 

A.            B.

Figure 3. Effects of LXR on GLUT1 and GLUT4 mRNA transcription using qRT-PCR. Cells were treated with 1 µM 
GW3965 (black bars) or vehicle (DMSO, Ctr, grey bars) for 24 h after which RNA was extracted and relative 
mRNA expression of GLUT1 and GLUT4 was assessed by qRT-PCR. Statistical comparisons by Student’s t test. ** 
p <  0.01,  ***  p <  0.001. A.  Expression  in  human  in  vitro differentiated adipocytes.  Levels of  mRNA were 
normalized to 18S rRNA. Means and standard deviations were obtained from three separate experiments. B. 
mRNA expression in 3T3-L1 adipocytes. Levels of mRNA were normalized to ARBP RNA. Means and standard 
deviations were obtained from two separate experiments. 

Attempts to verify changes in GLUT protein expression were unsuccessful (data not shown) 
most  likely  due  to  low  specificity  of  antibodies  for  GLUT4  and  GLUT1  or  high  protein 
glycosylation.

To investigate whether the uptake of glucose into the cells was affected by LXR stimulation, 
a glucose uptake assay was conducted. Human or murine cells were treated with GW3965 
for  48  h  and  basal  or  insulin-stimulated  uptake  of  glucose  was  measured.  LXR  agonist 
inhibited insulin-stimulated glucose uptake by ~ 30% in both human adipocytes (Fig. 4 A) and 
3T3-L1  cells  (Fig.  4  B).  Basal  glucose  uptake  was  unaltered  in  GW3965-treated  human 
adipocytes. Interestingly, in 3T3-L1 cells, the LXR agonist reduced basal glucose uptake by 
50%. 
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A        B

Figure 4. Glucose transport in response to LXR activation. Cells were pre-treated for 48 h by GW3965 (1 µM) or 
equal amount DMSO (control; Ctr), washed and stimulated by insulin (50 nM). The uptake of 2-deoxy-D-[1-3H]-
glucose was measured. Bars from left to right represent the relative glucose uptake (intracellular, counts per 
minute), normalized to controls, in cells stimulated with GW3965, insulin, and insulin in addition to GW3965, 
respectively. Statistical comparison was made using the Mann-Whitney test. **  p < 0.01, ***  p < 0.001. A. 
Glucose transport in human in vitro differentiated adipocytes. Means and standard deviations were obtained 
from four separate experiments. B. Glucose uptake in differentiated 3T3-L1 murine adipocytes. Means and 
standard deviations were obtained from two separate experiments. 

To examine whether the impaired insulin-stimulated glucose transport seen upon GW3965 
treatment could be explained by diminished GLUT4 recruitment to the plasma membrane, I 
made an attempt to perform immunostaining of GLUT4 proteins. An initial validation of the 
primary  and  secondary  antibodies  was  performed  (Fig.  5).  The  fluorescent  secondary 
antibody revealed some cross-reactivity (Fig. 5 A). The primary GLUT4 antibody was unable 
to detect an increased GLUT4 translocation in the membrane in insulin-treated cells (Fig. 5 C) 
compared to untreated controls (Fig. 5 B). Therefore, I did not proceed with this antibody to 
study the effect of GW3965 stimulation on GLUT4 translocation.

Figure 5. Immunostaining of GLUT4 in human in vitro differentiated adipocytes. Human preadipocytes were 
seeded onto poly-D-lysine  coated slides  and differentiated for  12  days. Cells  were  washed,  stimulated by 
insulin, fixed, stained and images obtained by fluorescence microscopy. A. Secondary antibody-only (control for 
secondary antibody specificity/cross-reactivity). B. Staining of GLUT4. C. Staining of GLUT4 in insulin-treated 
cells. 

The role of liver X receptor in regulation of structural proteins α-actinin 1, dermatopontin  
and extracellular matrix protein 2

Next,  I  examined  if  LXR  indeed  affected  expression  of  structural  proteins  with  possible 
involvement in fat mass regulation. I used qRT-PCR to assess levels of transcription of the 
three  structural genes in  in vitro  differentiated human adipocytes after stimulation by the 
LXR agonist GW3965 (Fig. 6). In accordance with microarray data (unpublished observations 
by  Stenson,  B.,  Rydén,  M.,  Dahlman,  I.  Mairal,  A.,  Åström,  G.,  Wang,  V.,  Jocken,  J.W.E., 
Langin,  D.,  Arner,  P.  &  Laurencikiene,  J.),  an  attenuation  of  dermatopontin  (DPT)  and 
extracellular matrix protein 2 (ECM2) expression was found after LXR stimulation, confirming 
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a negative effect of activated LXR – directly or indirectly – on the expression of these genes. 
The downregulation of α-actinin 1 (ACNT1) observed in the microarray study could however 
not be confirmed.

Figure  6.  Relative  levels  of  mRNA  from  ACNT1,  DPT,  and  ECM2  upon  LXR  stimulation  in  human  in  vitro 
differentiated adipocytes. The cells were treated with 1 µM GW3965 to induce LXR activation (black bars) or 
vehicle (DMSO; Ctr, grey bars), RNA was isolated the relative expression quantified using qRT-PCR, normalizing 
levels  to  18S  rRNA levels.  Means  and  standard  deviations  were  obtained  from six  separate  experiments. 
Statistical comparisons were performed with Student's t test. * p < 0.01, ** p < 0.001.

Next,  I  investigated whether the changes in mRNA expressions after LXR activation were 
accompanied by changes at the protein level. For this purpose Western blot was used. The 
unaltered levels of ACTN1 mRNA after LXR stimulation was confirmed at protein expression 
level  as  shown  in  figure  7  A  and  B.  Beta-actin  was  used  to  normalize  ACTN1  levels  in 
different samples and to control  for  equal  loading.  DPT protein expression was also not 
affected by LXR activity. Data on ECM2 were not conclusive due to bad performance of the 
antibody or unsuccessful blotting (not shown).

Figure 7. Expression of structural proteins after LXR activation. In vitro differentiated human adipocytes were 
treated with 1 µM vehicle (-) or GW3965 (+) for 48 or 72 h and protein expression was assessed by Western 
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blot. Expression levels were normalized to β-actin content in each sample and quantified using Quantity One 
software. A. ACTN1. B. DPT. 
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Figure 8. Expression of ACTN1 in in vitro differentiated human adipocytes. Samples were treated as described 
in the legend to figure 7. The expression of ACNT1 in DMSO-treated control (Ctr) cells was set to 1. Each sample 
was normalized to β-actin. Quantity calculations were performed using the software Quantity One. Statistical 
comparisons were performed using Student's t test, n = 2.

Involvement of α-actinin 1 in regulation of adipocyte lipolysis

Although I could not confirm a role of LXR in regulating expression of selected structural 
proteins,  these  structural  proteins  could  still  be  of  importance  for  white  adipose  tissue 
(WAT) loss in cancer cachexia, since cachectic patients have a decreased expression of these 
proteins.  As  described  above,  expression  of  these  structural  proteins  was  significantly 
associated with body mass index (BMI) and cell volume of adipocytes. Therefore I set out to 
investigate if these proteins could be involved in regulation of lipolysis. I performed knock-
downs of ECM2, ACTN1 and DPT at the mRNA level using RNA interference through siRNA 
treatment.  First,  I  optimized concentrations of  siRNA to be used for knockdown of  each 
protein. An approximate 90% reduction of RNA levels was desired.  In vitro  differentiated 
adipocytes were treated with 20, 40 or 100 µM siRNA specific for ACTN1,  DPT or ECM2. 
Expression of mRNA after siRNA treatment was assessed by qRT-PCR (Fig. 9).
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Figure 9. Optimization of siRNA treatment by different concentrations of siRNA specific for ACTN1 (black bars), 
DPT (dark grey bars) or ECM2 (light grey bars) mRNA.  In vitro  differentiated human adipocytes were treated 
with 20, 40 and 100 nM siRNA and HiPerfect transfecting agent for 48 h. RNA was extracted and mRNA levels 
were quantified using qRT-PCR and normalized to 18S rRNA. Bars represent the average of two wells on the cell 
culture plate, n = 1. All groups were compared to unspecific (non-targeting) siRNA pool-treated cells, which 
were set to 1. 

As  the  knock-down  of  ACTN1  was  the  most  successful,  it  was  selected  for  further 
experiments on lipolysis. Lipolysis can be measured as the amount of glycerol released by 
cells into the cell culture medium. To investigate the effect of a reduction of ACTN1 mRNA 
on lipolysis, I used 100 nM of siRNA, since a downregulation of 90% was acquired at that 
concentration.  Isoprenaline,  which  activates  beta-adrenergic  receptors,  was  used  to 
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stimulate catecholamine induced lipolysis. Basal lipolysis was also measured. Control cells 
were  treated  with  scrambled  (SCR)  non-targeting  siRNA.  The  glycerol  release  into  BSA-
containing lipolytic medium was measured using a bioluminescence method. In parallel, the 
knock-down of ACTN1 mRNA was measured using qRT-PCR and showed a downregulation by 
81-87%.  Knock-down of  ACTN1 mRNA had no effect  on lipolytic  rates,  neither basal  nor 
stimulated (Fig. 10).
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Figure 10. Effect on basal and isoprenaline-stimulated lipolysis by knock-down of ACTN1 mRNA using RNAi in in  
vitro  differentiated adipocytes.  In vitro  differentiated human adipocytes were treated with 100 nM ACTN1-
specific  siRNA  or  a  scrambled  nonspecific  siRNA.  Basal  and  isoprenaline-stimulated  glycerol  release  was 
measured. Glycerol contents were normalized to the protein concentration in each sample as an indication of 
cell amount. Statistical comparisons were done using Student’s t test. 

The induction of expression of the cholesterol transporter protein ABCG1 by GW3965 was 
evaluated at each experiment. ABCG1 is a well-known LXR target gene (Gerin et al., 2005). A 
powerful induction of ABCG1 implies successful GW3965 stimulation in each experiment and 
the mean induction during the current investigation is shown in figure 11.
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Figure  11.  Level  of  mRNA  expression  of  ABCG1  in  control  (Ctr)  and  GW3965  treated  adipocytes.  The 
experimental procedure was as described in the legend to figure 7.

13



Discussion

Liver X receptor as a potential glucose uptake regulator

Studies of the liver X receptor (LXR) have mainly resulted in conclusions that LXR increases 
glucose uptake in adipocytes, but there seems to be some disagreement if it is the basal or 
insulin-stimulated uptake that is induced (Lafitte et al., 2003 and Ross et al., 2002). Results 
of the current study on human adipocytes imply a different function of LXR in regulating 
glucose metabolism in human white adipose tissue (WAT). 

Increased expression of glucose transporter 4 (GLUT4) in adipocytes by LXR stimulation has 
been reported by several  groups,  among them Commerfield  et al.  (2007),  although they 
could not observe an increase in glucose uptake. LXR has been described to increase glucose 
uptake  in  human  Simpson-Golabi-Behmel  syndrome  (SGBS)  adipocytes,  a  cell  strain 
possessing an increased capacity of differentiation, derived from patients with the Simpson-
Golabi-Behmel symdrome (Dalen et al., 2003). The same has been observed in murine 3T3-
L1  cells  and  in  vitro  differentiated  human  adipocytes  (Ross  et  al.,  2002).  It  has  been 
proposed that the potential mechanism for this increase is a transcriptional upregulation of 
GLUT1  and  GLUT4.  However,  I  could  neither  reproduce  the  results  of  induced  GLUT4 
expression by activation of LXR, nor those of increased glucose uptake in primary human 
adipocytes; when in vitro  differentiated human adipocytes were treated with 1 µM of the 
LXR  agonist  Glaxo  Welcome  3965  (GW3965)  the  insulin-stimulated  glucose  uptake  was 
lowered  (Fig.  4  A).  The  transcription  level  of  GLUT4  was  either  not  affected  or  slightly 
decreased, whereas that of GLUT1 was increased (Fig. 3 A). 

The negative regulation of GLUT4 by LXR that I found speaks against the findings of an LXR 
response element in the GLUT4 promoter (Dalen  et al., 2003; Laffitte  et al., 2003), and of 
several publications showing positive effects on glucose uptake and/or expression of GLUTs 
at LXR stimulation (Commerford et al., 2007; Dalen et al., 2003; Laffitte et al., 2003; Ross et  
al., 2002 & Stulnig et al., 2002). However, in neither study the same agonist or cell system 
was used as in the current study. T0901317 has been shown to be a potent activator of 
farnesoid X receptor (FXR) (Houck  et al., 2004) and FXR actually induces the expression of 
GLUT4 through an FXR response element in 3T3-L1 in vitro differentiated adipocytes (Shen 
et  al.,  2008).  In  studies where  T0901317 was employed the different conclusions drawn 
might  thus  be  due  to  the  cross-reaction  with  FXR  and  subsequent  induction  of  GLUT4 
transcription. In investigations where another cell system was used, the different outcomes 
could  have  been produced by  a  different  set  of  cofactors  available,  resulting  in  lack  of 
binding by LXR or even negative regulation. It is also possible that LXR does not regulate 
GLUT4 directly in  in vitro  differentiated human adipocytes and 3T3-L1 cells, but activates 
another transcription factor responsible for the slight drop in GLUT4 transcription. There 
were  also  dissimilarities  between  insulin  concentrations  used  in  the  culturing  media, 
although  it  is  uncertain  to  what  extent  it  might  have  affected  the  outcome  of  the 
experiments.

A possible mechanism behind inhibition of the insulin-induced glucose transport could be 
downregulation or decreased activation of factors involved in the translocation of GLUT4 to 
the plasma membrane. At a closer investigation of the microarray analysis performed at the 
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Lipid  Laboratory  at  the  department  of  medicine,  Karolinska  Institutet,  Sweden,  protein 
kinase B – a major protein in the insulin signaling cascade – was subject to a statistically 
significant decrease in transcription according to SAM analysis. Another protein suggested to 
be involved in the translocation  is Rab-GAP AS160 (Mîinea  et al., 2005). There was also a 
tendency of downregulation of AS160 by LXR stimulation in the microarray data. However, 
the shift was not statistically significant (data not shown). Another possible factor interfering 
with  insulin  signalling  could  be  downregulation  of  phosphodiesterase  3B  (PDE3B)  and 
increase of cyclic adenosine 3',5'-monophosphate (cAMP) (Stenson, B., Rydén, M., Dahlman, 
I. Mairal, A., Åström, G., Wang, V., Jocken, J.W.E., Langin, D., Arner, P. & Laurencikiene, J. 
Manuscript  in  preparation).  PDE3B  mediates  enzymatic  degradation  of  cAMP.  Insulin 
normally mediates anti-lipolytic activity by activation of PDE3B, which leads to lower levels 
of cAMP and subsequent lower protein kinase A (PKA) activation (Lafontan & Langin, 2009). 
On the other hand, high levels of cAMP counteract the effect of insulin and therefore insulin-
stimulated GLUT4 translocation. Thus, insulin-regulated glucose uptake may be affected. In 
support of this, it has been reported that when the function of PDE3B is inhibited, glucose 
uptake  is  reduced  (Zmuda-Trzebiatowska  et  al., 2005).  The  mechanism  behind  this  is 
unknown. In addition, our data on transcription of GLUT1 and GLUT4 are in agreement with 
a report showing that treatment with cAMP or forskolin of rat adipocytes was followed by a 
3-fold increase in GLUT1 and 70% decrease of GLUT4 mRNA and protein (Kaestner  et al., 
1991). Downregulation of GLUT4 transcription by cAMP was also found by Flores-Riveros et  
al.  (1993).  Therefore,  the  decreased  insulin-stimulated  glucose  uptake  caused  by  LXR 
activation in human in vitro differentiated adipocytes can be caused by 1) inhibition of the 
insulin  signalling  cascade  by  downregulation  of  protein  kinase  B  expression;  2) 
downregulation of PDE3B and upregulation of cAMP with subsequent inhibition of GLUT4 
transcription/translocation and/or 3) some additional unknown factors. 

Although levels of GLUT1 mRNA were upregulated by LXR, I did not observe an increase in 
basal glucose transport in human adipocytes. I made an attempt to look at protein levels of 
GLUT1  after  LXR  stimulation.  However,  this  was  not  successful.  GLUT1  is  extensively 
glycosylated during post-translational modifications (Baly & Horuk, 1988), and thus may not 
produce one isolated band of desired size if samples are not deglycosylated prior to Western 
blots. This may have caused the results interpreted as unspecificity of the antibody on the 
blots. A positive control of isolated GLUTs could have been used during Western blotting to 
rule out other experimental errors.

In 3T3-L1 murine in vitro differentiated adipocytes, both basal and insulin-stimulated glucose 
transport were inhibited by the LXR agonist (Fig. 4 B), whereas mRNA levels of GLUT1 and 
GLUT4  were  unaffected  (Fig.  3  B).  At  present  I  don’t  know  the  mechanism  for 
downregulation of basal glucose transport in 3T3-L1 cells. This could be due to negative LXR 
effect on the stability of GLUT1 mRNA, translation of mRNA into proteins, protein stability, 
modifications or translocation to the plasma membrane. Post-translational modifications in 
the form of glycosylation have been reported to affect transport activity of GLUT1 (Asano et  
al., 1991). This could also be affected by LXR agonist and needs further investigations.

Since GLUT1 expression is highly induced in human adipocytes upon LXR activation (Fig. 3 A), 
one might expect that this would lead to an increased basal glucose uptake. However, the 
glucose uptake in GW3965-treated human adipocytes was unchanged (Fig. 4 A). This might 
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imply that basal glucose uptake is inhibited by another mechanism. In support of this, no 
effect  on  GLUT1  expression  at  a  transcriptional  level  could  be  seen  (Fig.  3  B)  and 
nevertheless, basal glucose uptake in 3T3-L1 cells was reduced upon activation of LXR (Fig. 4 
B). Hypothetically, the increase in GLUT1 expression in human adipocytes compensates for 
an inhibition of the basal glucose uptake at another level, similar to the inhibition seen in 
3T3-L1  cells.  This  supports  the  hypothesis  of  an  inhibitory  mechanism  of  basal  glucose 
uptake, different from that of insulin-stimulated glucose uptake.

In continuation, it would be of great interest to optimize the immunocytochemical staining 
of  GLUT4 in order to  study the effect  of  GW3965 on translocation of  the latter  glucose 
transporter  to  the  plasma  membrane  and  then  include  GLUT1  as  well  to  see  if  it’s 
localization  on  the  membrane  is  affected  by  LXR  agonist.  Further  investigation  of  the 
proteins involved in GLUT4 translocation could be done looking at the expression and/or 
phosphorylation of factors in the insulin signalling cascade, such as insulin receptor substrate 
1 (IRS-1), phosphoinositide 3-kinase (PI3-K), protein kinase B (PKB) and AS160. Regarding the 
possible  role  of  glycosylation  in  decreased  basal  glucose  uptake  by  GLUT1,  one  could 
investigate the effect of LXR on GLUT1 glycosylation status and glycosylating/deglycosylating 
enzymes.

Role of the structural proteins α-actinin 1, dermatopontin and extracellular matrix protein 2  
in adipocyte metabolim and possible regulation of their expression by liver X receptor

An initial gene microarray study revealed three structural genes that were downregulated in 
cachexia and upon activation of LXR (Table 1): α-actinin 1 (ACNT1), dermatopontin (DPT), 
and extracellular matrix protein 2 (ECM2). The proteins encoded by the latter two are found 
predominantly in the extracellular matrix. The role of the extracellular matrix in obesity has 
been the subject of increased interest. The extracellular matrix and cytoskeleton undergoes 
substantial alterations during the adipogenic process and Khan et al. (2009) have found that 
remodelling  of  the  extracellular  matrix,  specifically  collagen,  can  precede  alterations  in 
adipocyte size. They also concluded that several molecules in the extracellular matrix are 
upregulated  in  diabetes.  Secreted  protein  acidic  and  rich  in  cysteine (SPARC;  not  to  be 
confused with SPARCL1 aka ECM2), an extracellular protein with functions in the maturation 
of  collagen  and in  the interaction between cells  and  extracellular  matrix,  also has  been 
shown to inhibit adipogenesis (Nie & Sage, 2009). Similarly, I hypothesized that an altered 
expression  of  ACTN1,  DPT  and  ECM2  might  lead  to  a  loss  of  support  and/or  signalling 
between cells in the adipose tissue and a subsequent decrease in cell size. These structural 
proteins also could have additional, non-structural functions, a loss of which may contribute 
to the metabolic dysregulation seen in cachexia. 

Initially,  correlations  between the  expression  of  ACTN1,  DPT and  ECM2 mRNA  in  whole 
adipose tissue or isolated adipocytes and body mass index (BMI) and/or cell volume were 
found  (Table  2).  I  could  also  confirm  that  mRNA  levels  of  DPT  and  ECM2  are  slightly 
downregulated by the LXR agonist  GW3965 (Fig.  6),  although at  present I  don’t  know if 
expression of these proteins is affected by LXR and if LXR is indeed important for the levels 
of these structural proteins in human adipocytes. Neither ACTN1 mRNA (Fig. 6) nor protein 
expression (Fig. 7,8) was affected by LXR agonist suggesting that LXR is not a regulator of 
ACTN1.
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Stimulation of LXR leads to increased lipolysis in in vitro differentiated adipocytes (Stenson, 
B., Rydén, M., Dahlman, I. Mairal, A., Åström, G., Wang, V., Jocken, J.W.E., Langin, D., Arner, 
P. & Laurencikiene, J. Manuscript in preparation). Possibly, there could be a connection to 
the observed decreased expression of ACTN1, DPT and ECM2. Both obesity and cachexia are 
associated  with  dysregulated  lipolysis,  and  I  aimed  to  investigate  if  an  siRNA-mediated 
knock-down  of  these  genes  at  an  mRNA  level  would  affect  lipolytic  rates  in  in  vitro  
differentiated human adipocytes. Since these results and the initial microarray analysis point 
in different directions, it is too early to draw conclusions regarding the possible regulation of 
ACTN1 expression by LXR.  The lipolytic rate was however not altered by siRNA mediated 
knock-down of ACTN1 (Fig. 9). 

It  would be of  interest  to proceed with knock-down experiments (perhaps  performing a 
double knock-down to effectively downregulate mRNA and protein levels) on DPT and ECM2 
and subsequent lipolysis measurements. In addition, these proteins might affect lipogenesis, 
not studied here. Lipogenesis may be impaired as a result of a decrease in the expression of 
these structural proteins. However, lipogenesis does not seem to be the main mechanism 
affected in  cachexia  (Rydén & Arner,  2007).  Interestingly,  DPT and ECM2 have  opposite 
functions in the extracellular matrix. DPT has pro-adhesion properties while ECM2 mediates 
non-adhesion. Therefore, it is difficult to draw a common conclusion. Downregulation of DPT 
might be a compensatory mechanism for ECM2 downregulation in vivo or vice versa. It could 
also  be  of  interest  to  perform  immunostaining  of  the  three  proteins  to  find  a  possible 
localization pattern, which might give a clue to other functions of these proteins than those 
known at present. 

It  should  be  mentioned  that  DPT  and  ECM2  are  extracellular  proteins.  This  fact  might 
restrain studies of these proteins in cell  cultures. If  excretion of DPT and ECM2 is rapid, 
intracellular amounts of these proteins might be low. Rapid excretion may indeed explain 
the unsuccessful Western blot of ECM2. 

One should also have in mind that decreased expression of structural proteins observed in 
adipose tissue of cachectic versus weight stable patients may be secondary to a decrease in 
cell  size.  Smaller adipocytes mean a lowered need for cytoskeletal  proteins and also for 
various extracellular molecules. And a decrease in cell size has indeed been observed as well 
after LXR stimulation (Commerford  et al.,  2007). Therefore, it is imaginable that DPT and 
ECM2 are not actually regulated by LXR itself but by the accompanied reduction in cell size. 
Therefore,  the role of  these structural  proteins in the connection of fat  cell  plasticity to 
different metabolic statuses requires further investigations.
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Materials and methods

Experimental subjects

Subcutaneous  white  adipose tissue was obtained from liposuctions  or  abdominal  plastic 
surgery  at  Danderyd's  hospital,  Södersjukhuset,  Erstakliniken  and  Karolinska  hospital, 
Stockholm. The subjects were healthy, aged 22-57 and had body mass index (BMI) of 24.4-32 
kg/m2. Both sexes are represented within the material. The study was approved by the Ethics 
Committee at Huddinge Hospital. All participating subjects had given their informed consent.

Cell cultures

Preadipocyte isolation

The adipose tissue was manually rid off fibrous tissue and finely cut into 3-4 mm pieces. In 
order to remove collagen and make single cell suspension, the tissue was incubated, in an 
equal  tissue-buffer  volume ratio,  in  Krebs-Ringer  phosphate  buffer  (7.4% NaCl,  1.5  mM 
NaH2PO4, 616 µM KCl, 165 µM CaCl2, 154 µM MgSO4; pH 7.35-7.45) containing 0.4 g/l bovine 
serum albumin (fraction V,  Sigma-Aldrich,  St.  Louis,  USA)  and 0.05% collagenase (Sigma-
Aldrich) for 1 h, at 37°C. Erythrocytes were lysed in an erytrocyte lysis buffer (155 mM NH4Cl, 
5.7 mM K2HPO4, 0.1 mM EDTAx2H2O; pH 7.3), and the tissue was thereafter centrifuged at 
200 x g in Falcon tubes. Through centrifugation, preadipocytes were isolated in the stromal-
vascular  fraction.  The  cell  pellet  was  then  resuspended  in  Dulbecco's  Modified  Eagle 
Medium: Nutrient Mixture F-12 (DMEM/F12)  from Gibco® and filtered through a 70 µm 
Falcon filter (BD Sciences, Bedford, MA, USA). They were once again centrifuged at 200 x g, 
resuspended, and seeded onto 12-well plates (Costar®, Corning Inc. Corning, NY, USA). Post 
seeding,  the  preadipocytes  were  kept  in  a  growth  medium  (Gibco®  DMEM/F12  + 
GlutaMAX™-1  (Invitrogen,  Carlsbad,  CA,  USA)  supplemented  with  10%  fetal  calf  serum 
(Gibco®) and 2% Pen-Strep (Gibco®) for approx. 20 h. The cells were seeded with a density of 
approx. 50 000 cells/cm2.

Differentiation of adipoctytes

Approx.  20 h after  seeding,  DMEM/F12 was used to wash the cells  once by adding and 
removing 1 ml per well, after which a serum-free differentiation medium (100 nM cortisol, 
66  nM  insulin,  10  µg/ml  transferrin,  33  µM  biotin,  17  µM  panthothenate,  1  nM 
triiodothyronine (all from Sigma), 100 µg/ml penicillin-streptomycin, 15 mM Hepes and 2.5 
µg/ml Fungizone (three last mentioned from Gibco®) in DMEM/F12) was added. To induce 
differentiation, 10 µM rosiglitazone (GlaxoSmithKline, Durham, UK) was added in addition to 
the other components of the maintainance medium. This differentiation medium was kept 
for  3-4  days  and  changed  to  maintainance  medium,  which  contained  all  components 
mentioned  above  except  rosiglitasone.  During  the  whole  process,  the  medium  was 
exchanged every second day and the cultures were kept at 37°C in a 5.0% CO2 atmosphere. 
An occurrence of fat droplets implying a 75-100% differentiation rate was desired prior to 
experiment initiation, which took place 10-12 days after seeding.

Differentiation of 3T3-L1 murine cell line 
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3T3-L1  cells  were  thawed  from  frozen  samples.  They  were  grown  until  24-hours  post-
confluence in a complete growth medium (DMEM/F12 Glutamax I containing 4.5 g/l glucose, 
10%  fetal  bovine  serum  and  1%  Pen-Strep  (Gibco)).  After  that,  differentiation  medium 
(complete  growth  medium  supplemented  with  10  µg/ml  insulin,  1  µM  dexamethasone 
(Sigma), 0.2 mM isobutylmethylxhantine (Sigma) and 10 µM rosiglitazone) was added for 72 
h. Post-differentiation medium (complete growth medium supplemented with insulin) was 
used for the following 5 days. The cell density at seeding was ~ 13000/cm2.

Treatment with liver X receptor agonist

To stimulate LXR activity,  cells  were treated with 1 µM Glaxo Welcome 3965 (GW3965; 
Sigma) dissolved in DMSO (Sigma) or equal amount vehicle (DMSO) as control. The optimal 
concentration  of  GW3965  had  been  determined  previously  (Stenson  et  al,  2009).  Toxic 
effects of this agonist have been noted at higher concentrations. 

mRNA expression

Isolation of total RNA

RNA  extraction  was  performed  approx.  24  h  after  treatment  with  GW3965  using 
NucleoSpin® RNA II  isolation kit  (Machery-Nagel,  Düren,  Germany).  The method includes 
RNA-affinity columns and DNase treatment. The RNA was eluted in 40 µl RNase-free water 
(Promega, Madison, WI, USA). RNA concentrations were measured using a NanoDrop 2000 
Spectrophotometer (Thermo Scientific, Waltham, MA, USA). 

cDNA synthesis by reverse transcription

mRNA was reversely transcribed into cDNA using Omniscript® Reverse Transcription kit (200) 
(Qiagen GmbH, Hilden,  Germany)  in PTC-100® Thermal  Cycler  (Bio-Rad Laboratories Inc., 
Hercules, CA, USA). The amount of mRNA used ranged between 150 – 1450 ng. Random 
primers were obtained from Invitrogen (Carlsbad, CA, USA). There were minor deviations 
from the kit protocol; 3.4 µl 10 µM Oligo-dT random primer, but no RNase inhibitor, was 
used. The samples were diluted to 2 µg/µl in Nuclease-Free Water (Promega, Madison, WI, 
USA). 

Quantitative reverse transciption polymerase chain reaction

Specific multiplication and relative quantification of mRNA was performed by quantitative 
reverse  transciption  PCR (qRT-PCR)  employing  an  iCycler  IQTM  (Bio-Rad  Laboratories  Inc., 
Hercules,  CA, USA) and TaqMan® specific probes. Reference (housekeeping) gene for the 
PCR  on  human  preadipocyte  RNA  was  18S  ribosomal  RNA,  whereas  Acid  ribosomal 
phosphoprotein  (ARBP) was  used  for  experiments  on  the  3T3-L1  mouse  cell  line.  As  a 
positive control of successful GW3965 treatment, the expression of cholesterol transporter 
ATP-binding cassette sub-family G member 1 (ABCG1) RNA was used, as transcription of the 
Abcg1 gene is known to be strongly induced by LXR (Gerin et al., 2005). TaqMan® probes and 
primers for amplification were purchased from Applied Biosystems (Foster City, CA, USA) for 
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RNAs of human ACTN1,  DPT,  ECM2, GLUT1,  GLUT4,  ABCG1 and 18S, and mouse GLUT1, 
GLUT4 and ARBP. 11.5 µl cDNA (2 µg/µl) was mixed with 23 µl of TaqMan® Universal PCR 
Master  Mix  (Applied  Biosystems,  Branchburg,  USA),  9.2  µl  RNase-free  water  from  the 
Omniscript® Reverse Transcription kit (200) and 2.3 µl of the specific TaqMan®  probes and 
primers. Samples were loaded onto 96-well plates in duplicates. After loading, the plate was 
centrifuged for 1 min at 664 x g. PCR was performed using an iCycler and the following PCR 
program: 95°C for 10 min, 95°C for 40 cycles (15 sec each) and 60°C for 1 min. Calculations of 
relative  RNA  expression  were done according to the comparative  Ct  2-∆∆CT Livak  method 
(Livak et al., 2001).

Glucose transport assay

48  h  after  LXR  agonist  treatment  the  cells  were  washed  three  times  with  Dulbecco’s 
modified Eagle Medium without glucose (Biochrom AG, Berlin, Germany). Half a ml of a 1:1 
mix of DMEM without glucose and HAM: Nutrient mixture F12 (HAM/F12) (1:1) was added, 
and cells were incubated for 3 h in order to induce glucose and insulin deprivation. 1000 ml 
HAM/F12 was prepared from powdered medium (Gibco, Invitrogen) with the addition of 2.4 
g NaHCO3, 16 mg biotin, 8 mg D-panthothenate and 7.14 g Hepes (final pH 7.4). Insulin was 
added to a final concentration of 10-5 M and the cells were incubated for 15 min. Control 
cells were left untreated. 5 µl radioactive tritium labeled glucose (2-Deoxy-D-[1-3H]-glucose; 
1:10  dilution,  333  GBq/mmol,  Amersham  Biosciences,  UK)  was  added  and  the  samples 
incubated for 20 min. All incubations were carried out at 37°C in 5.0% CO2. Subsequently, 
the cells were washed tree times with cold PBS (phosphate buffer saline tablets, pH 7.5; 
Sigma). The cells of each well were lysed in 350 µl 0.1% SDS dissolved in H2O. 3 ml Optiphase 
‘HiSafe’  scintillation fluid (Fisons Chemicals,  Loughborough Leics,  UK) was added to each 
lysate and the radioactivity of the samples was measured as counts per minute in a 1214 
Rackbeta Liquid Scintillation Counter (LKB Wallac, Turku, Finland) or a LS6500 Multi-Purpose 
Scintillation Counter (Beckman Instruments, Fullerton, CA, USA). 

Immunocytochemistry

To study the translocation of GLUT4 to the plasma membrane with or without insulin, GLUT4 
protein was stained using immunocytochemistry. Preadipocytes were seeded onto poly-D-
lysine coated BioCoat™ slides (BD Sciences) and differentiated as described above. The cells 
were washed and treated with insulin as described above. After 15 min insulin-treatment 
cells  were  washed  twice  with  cold  PBS.  Thereafter,  they  were  fixed  with  400  µl  4% 
paraformaldehyde (containing 1.7% NaH2PO4xH2O, 0.4% NaOH and 0.54% glucose) for 10 
min at room temperature. After fixation, the cells were once again washed twice with PBS 
and an additional two times with wash buffer (PBS containing 0.01% saponine; Fluka Chemie 
GmbH,  Buchs,  Switzerland).  Then  slides  were  blocked  at  room  temperature  for  1  h  in 
blocking buffer (wash buffer supplemented with 5% fetal calf serum and 0.2 M glycine (MP 
Biomedicals Inc., Aurora, OH, USA)). Incubation with primary antibodies followed, using anti-
GLUT4  (E-20)  diluted  to  1:50  in  incubation  buffer  (wash  buffer  containing  5%  fetal  calf 
serum) at +4°C over night with gentle shaking. After washing three times with wash buffer, 
the cells were stained with 400 µl of the secondary green fluorescent antibody Alexa Fluor® 
488 for 1 h at room temperature and gentle shaking protected from light. The antibodies are 
listed in table 3. 
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Table 3. Antibodies used in this study.
Antibody Application Dilutio

n
Description Source Catalogue/

product 
No.

Pr
im

ar
y 

an
ti

bo
di

es Anti-GLUT4 
(E-20)

Immunocytochemistry 1:50 Polyclonal 
goat

SC 1 Sc-1607

Anti α-
Actinin 1

Western blot 1:1000 Monoclonal 
mouse, 
clone 
AT6/172

Millipore2 05-384

Anti-β-actin Western blot 1:1000 Polyclonal 
rabbit

Sigma3 A 2066

Anti-DPT Western blot 1:100 Polyclonal 
rabbit

NB4 NB110-681
35

Anti-ECM2 
(SPARCL1)

Western blot 1:2000 Polyclonal 
chicken

NB NB100-755
69

Anti-GLUT1 
(H-43)

Western blot 1:200 Polyclonal 
rabbit

SC Sc-7903

Anti-GLUT1 
(N-20)

Western blot 1:1000 Polyclonal 
goat

SC Sc-1603

Anti-GLUT4 Western blot Polyclonal 
goat

ABD5 4670-1704

Se
co

nd
ar

y 
an

ti
bo

di
es Green 

fluorescent 
Alexa Fluor 
488

Immunocytochemistry 1:1500 Donkey MP6

Anti-rabbit 
IgG

Western blot 1:12000 Polyclonal, 
HRP7-
conjugated

Sigma A 9169

Anti-mouse 
IgG

Western blot 1:10000 Polyclonal, 
HRP-
conjugated

Sigma A 5278

Anti-
chicken IgG

Western blot 1:10000 Polyclonal, 
HRP-
conjugated

Sigma

Anti-goat 
IgG

Western blot 1:10000 Polyclonal, 
HRP-
conjugated

Sigma

1 Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA
2 Millipore, Billerica, MA, USA
3 Sigma-Aldrich, St. Louis, USA
4 Novus Biologicals Inc., Littleton, CO, USA
5 ABD Serotec, Oxford, UK
6 Molecular Probes, Invitrogen detection techniques, Eugene, OR, USA
7 Horseradish peroxidase
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The cells were washed twice with wash buffer and twice with PBS. One drop of fluorescent 
mounting medium (Dako North America Inc., Carpinteria, CA, USA) was added, cover slips 
were mounted and the slides were dried over night at +4°C and subsequently kept at -20°C. 
The staining was evaluated with fluorescence microscopy using a Axio Observer.Z1 inverted 
microscope (Carl  Zeiss MicroImaging GmbH, Göttingen, Germany).  Images were obtained 
with a 20x/0.80 Plan-Apochromat lens, Axiocam Mrm camera and Axio Vision version 4.7 
software (Carl Zeiss Imaging Solutions GmbH, Hallbergmoos, Germany). The filter used for 
Alexa 488 was 489038. Negative  controls  were cells  not  treated with insulin  or  primary 
antibodies. 

Protein expression

Protein isolation

Protein was isolated from the cells at 48 or 72 h after stimulation of LXR with GW3965. The 
12-well cell plate was placed on ice and washed twice with cold PBS. Thereafter, the cells in 
each well were lysed in 150 µl radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl 
(pH 7.4), 1% nonyl phenoxylpolyethoxylethanol-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 
mM EDTA) supplemented with 1 µM phenylmethanesulphonylfluoride, 1 µM Na3VO4, 1 µM 
NaF and a protease inhibitor cocktail from Millipore, Billerica, MA, USA (1 µg/ml aprotinin, 1 
µg/ml leupeptin and 1 µg/ml pepstatin) and lysates were centrifuged for 10 min at 20820 g. 
The  supernatant  –  avoiding  the cell  debris  pellet  –  was  transferred to  a  new tube and 
subsequently used for measurement of protein concentrations and western blotting. 

Protein concentration measurements

Protein concentrations were determined on microplate with the BCA™ Protein Assay Kit 
(Thermo Scientific, Rockford, IL,  USA) according to the test tube protocol. The method is 
based on the reduction of Cu2+ ions by peptide bonds in proteins and subsequent chelation 
of Cu+ ions by bicinchoninic acid (BCA), resulting in a purple complex absorbing light at 562 
nm.  The microplate was  incubated for  30 min at  37°C.  Concentrations were determined 
spectrophotometrically at 562 nm against a standard curve of 0-2000 µg/ml using an Infinite 
M200 multimode microplate reader (Tecan Austria GmbH, Grödig, Austria). 

Polyacrylamide gels

Samples to be compared were, if needed, diluted in double-distilled water (ddH2O) to equal 
protein concentrations. The amount of protein loaded per well ranged between 10 and 30 
ng. 40 µl of the protein lysates were heated to 100°C for 5 min in 10 µl 5x sodium dodecyl 
sulfate loading buffer (ddH2O, 0.5 M Tris-HCl pH 6.8, glycerol, 10% SDS, 2-mercaptoethanol, 
10% bromophenol blue) supplemented with 10% dithiothreitol. The samples were loaded 
onto 12% Tris-HCl Ready Gel® Precast Gels from Bio-Rad Laboratories (Hercules, CA, USA). 
Two protein ladders were employed: MagicMark™ (protein sizes range 20 kDa – 220 kDa; 
Invitrogen Ltd., Paisley, UK) and prestained Kaleidoscope (Precision Plus Protein™ Standards; 
protein size range 10 kDa – 250 k Da; Bio-Rad Laboratories Inc., Hercules, CA, USA).  The 
samples were separated in a running buffer (ddH2O, 25 mM Tris base, 192 mM glycine, 0.1% 
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SDS),  initially  at  20  mA until  samples  had  moved approx.  1  cm into  the separating  gel, 
followed by a raise to 30 mA. 

Western blotting and hybridization

The gels were placed in transfer buffer (ddH2O, 20 % methanol, 25 mM Tris base, 192 mM 
glycine)  for  10  minutes  and  subsequently  in  100  % methanol  for  30  sec.  Next,  electro-
blotting was performed in a cassette connected to electrodes at 250 mA and 120 V for 2 h or 
at  100  mA  and  35  V  and  maximum  mA  overnight  onto  membranes  of  polyvinylidene 
difluoride  (GE  Healthcare,  Amersham  Place,  Little  Chalfont,  UK).  The  membranes  were 
thereafter washed in PBS with shaking for ~5 min and blocked for 1 h in room temperature 
with gentle shaking or overnight at 4°C in 2% ECL blocking agent (GE Healthcare) in TBS-
Tween,  incubated  with  antibodies  and  developed  according  to  Amersham  ECL  Advance 
Western  Blotting  Detection  Kit  (GE  healthcare  UK  Ltd.,  Buckinghamshire,  UK).  The 
membranes were reprobed with anti-β-actin antibody as  a  reference to check for  equal 
loading  among  samples  to  be  compared.  Quantification  was  done  using  the  software 
Quantity One. The antibodies used are listed in table 3.

RNA interference

Down-regulation of mRNAs was performed using RNA interference. Single short interfering 
RNA  (siRNA)  treatments  were  performed  in  12-well  cell  culture  plates  on  day  10-12  of 
differentiation in maintenance medium (see Cell cultures) without antibiotics, for 48 h. ON-
TARGETplus™ SMARTpool siRNAs were used. They were purchased from Thermo Scientific 
Dharmacon (Lafayette, CO, USA) and are listed in table 4. 

Table 4. siRNAs used in this study.
siRNA target Catalogue no.
Human ACTN1 L-011195-00-0005
Human DPT L-011641-02-0005
Human ECM2 L-011259-00-0005

Scrambled siRNA (non-targeting pool) was used as control.  The siRNAs were dissolved in 
RNase-free water (Promega, Madison, WI, USA) to a stock concentration of 20 µM. A master 
mix  was  made  by  incubating  siRNAs  (concentrations  of  which  are  indicated  at  each 
experiment) for 15 min at room temperature with 9 µl HiPerfect lipid-based transfection 
agent (Qiagen GmbH, Hilden, Germany) in medium without antibiotics, which was added in 
an  amount  to  reach  a  total  volume of  100  µl  mastermix  for  each  sample.  900  µl  fresh 
medium  without  antibiotics  was  added  to  each  well  and  then  the  100  µl  mastermix 
containing siRNA was added. To ensure even distribution of  siRNA, the plate was gently 
swirled after each addition of siRNA mix.
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Lipolysis

Lipolysis

Cells were treated with ACTN1-targeting specific siRNA or  scrambled siRNA (100 nM) for 
48 h as described in RNA interference above. The cells were then washed and the medium 
was switched to lipolytic medium (DMEM/F12 + 2% albumin, pH 7.4 – adjusted with NaOH). 
The glycerol  amount released into this medium corresponded to basal  lipolysis.  To study 
catecholamine-induced lipolysis, 1 nM isoprenaline (Apoteket Produktion & Laboratorier AB, 
Stockholm,  Sweden),  an  agonist  of  beta  adrenergic  receptors,  was  added.  Cells  were 
incubated for 3 h and the medium was collected. Medium samples were stored at -20°C until 
glycerol amount was measured.

Glycerol measurements

As an indication of lipolytic activity, released glycerol was measured in the culture medium 
using a method based on bioluminescence. Measurements were made on duplicates of 50 µl 
medium  in  450  µl  luciferase  buffer  (D-luciferin,  firefly  luciferase;  BioThema,  Stockholm, 
Sweden) diluted in 0.05 M Tris-EDTA buffered with CH3COOH (pH 7.75), 10 μl of 0.01 mM 
ATP  standard  solution  (BioThema,  Stockholm,  Sweden)  and  20  μl  glycerokinase. 
Luminescence was measured in a 1251 Luminometer (LKB Wallac, Turku, Finland). Glycerol 
concentrations  were  calculated  using  a  standard  curve  (0  –  1200  µM)  by  the  method 
described by Hellmér et al. (1989) and normalized to protein concentrations as an indication 
of total cell amount. 

The measurement of glycerol is based on two parallel reactions: Glycerokinase uses ATP and 
glycerol  to  catalyze  production of  glycerol-1-phosphate  and ADP.  Luciferase uses  ATP to 
catalyze production of oxyluciferin and light: 

The more glycerol the samples contain, the less light is produced, because the first reaction 
is competing with the second (luciferase-catalyzed) reaction. Thus, the competition between 
these two reactions that both require ATP will be expressed as the amount of glycerol being 
reversely correlated with the amount of light released. 

Data analysis

To  test  for  normal  distribution  among  samples,  the  Anderson-Darling  normality  test 
(Anderson & Darling, 1952) was employed. Student’s t test (two-sided, unpaired) was used 
on normally distributed samples, and the Mann-Whitney test in cases of non-normality.  P 
values <0.05 were accepted as statistically significant.

Thank you!

24



I would like to thank my supervisor Jurga Laurencikiene for her support, advice and good 
patience. I am grateful to Agné Kulyté, Gaby Åström, Eva Sjölin and Kerstin Wåhlén for help 
in the lab, and the whole group for good company. Sincere gratitude also to Ulf Lindh for 
being a mentor and friend during my student years.

25



References

Anderson, T.W. & Darling, D.A. 1952. Asymptotic Theory of Certain "Goodness of Fit" Criteria 
Based on Stochastic Processes. Ann. Math. Statist. 23:193-212.

Arner, P. 2002. Insulin resistance in type 2 diabetes; role of fatty acids. Diabetes Metab Res 
Rev. Suppl 2:S5-9.

Arner, P. 2005. Human fat cell lipolysis: biochemistry, regulation and clinical role. Best Pract 
Res Clin Endocrinol Metab. 19:471-82.

Asano, T., Katagiri, H., Takata, K., Lin, J.L., Ishihara, H., Inukai, K., Tsukuda, K., Kikuchi, M., 
Hirano,  H. & Yazaki,  Y.  1991.  The role of  N-glycosylation of  GLUT1 for glucose transport 
activity. J Biol Chem. 266:24632-6.

Baly,  D.L.  &  Horuk,  R.  1988.  The  biology  and  biochemistry  of  the  glucose  transporter. 
Biochim Biophys Acta. 947:571-90. 

Baranowski,  M.  2008.  Biological  role  of  liver  X  receptors.  J  Physiol  Pharmacol.  59  Suppl 
7:31-55.

Berger, J.,  Biswas, C., Vicario, P.P., Strout, H.V., Saperstein, R. & Pilch, P.F. 1989. Decreased 
expression  of  the  insulin-responsive  glucose  transporter  in  diabetes  and  fasting.  Nature 
340:70-2.

Bosaeus, I., Daneryd, P., Svanberg, E., Lundholm, K. 2001. Dietary intake and resting energy 
expenditure  in  relation to weight  loss  in  unselected cancer patients.  Int  J  Cancer.  2001. 
93:380-3.

Claeskens, A., Ongenae, N., Neefs, J.M., Cheyns, P., Kaijen, P., Cools, M. & Kutoh, E. 2000. 
Hevin is  down-regulated in many cancers  and is  a  negative  regulator  of  cell  growth and 
proliferation. British Journal of Cancer. 82:1123–1130.

Commerford,  S.R.,  Vargas,  L.,  Dorfman,  S.E.,  Mitro,  N.,  Rocheford,  E.C.,  Mak,  P.A.,  Li,  X., 
Kennedy, P., Mullarkey, T.L. & Saez, E. 2007. Dissection of the insulin-sensitizing effect of liver 
X receptor ligands. Mol Endocrinol 21:3002-12.

Dalen, K.T., Ulven, S.M., Bamberg, K., Gustafsson, J.A. & Nebb, H.I. 2003. Expression of the 
insulin-responsive glucose transporter GLUT4 in adipocytes is dependent on liver X receptor 
alpha. J Biol Chem. 278:48283-91.

Flores-Riveros, J.R., Kaestner, K.H., Thompson, K.S. & Lane, M.D. 1993 Cyclic AMP-induced 
transcriptional  repression  of  the  insulin-responsive  glucose  transporter  (GLUT4)  gene. 
Biochem Biophys Res Commun 194:1148–1154. 

26



Gerin, .I, Dolinsky, V.W., Shackman, J.G., Kennedy, R.T., Chiang, S.H., Burant, C.F., Steffensen, 
K.R., Gustafsson, J.A. & MacDougald, O.A. 2005. LXRbeta is required for adipocyte growth, 
glucose homeostasis, and beta cell function. J Biol Chem. 280:23024-31.

Haslam, D.W. & James, W.P. 2005. Obesity. Lancet. 366:1197-209.

Hellmér, J., Arner, P. & Lundin, A. 1989. Automatic luminometric kinetic assay of glycerol for 
lipolysis studies. Analytical Biochemistry 177:132-7.

Houck, K.A., Borchert, K.M., Hepler, C.D., Thomas, J.S., Bramlett, K.S., Michael, L.F. & Burris, 
T.P. 2004. T0901317 is a dual LXR/FXR agonist. Mol Genet Metab. 83:184-7.

Huang, S. & Czech, M.P. 2007. The GLUT4 Glucose Transporter. Cell Metabolism 5:237-252.

Hummasti S, Laffitte BA, Watson MA, Galardi C, Chao LC, Ramamurthy L, Moore JT, Tontonoz 
P.  2004.  Liver  X  receptors  are  regulators  of  adipocyte  gene  expression  but  not 
differentiation: identification of apoD as a direct target. J Lipid Res 45:616-25.

Joseph, S.B., Laffitte, B.A., Patel, P.H., Watson, M.A., Matsukuma, K.E., Walczak, R., Collins, 
J.L.,  Osborne, T.F. & Tontonoz, P. 2002. Direct and indirect mechanisms for regulation of 
fatty acid synthase gene expression by liver X receptors. J Biol Chem. 277:11019-25.

Juvet, L.K., Andresen, S.M., Schuster, G.U., Dalen, K.T., Tobin, K.A., Hollung, K., Haugen, F., 
Jacinto, S., Ulven, S.M., Bamberg, K., Gustafsson, J.A. & Nebb, H.I. 2003. On the role of liver X 
receptors in lipid accumulation in adipocytes. Mol Endocrinol. 17:172-82.

Kaestner,  K.,  Flores-Riveros,  J.R.,  McLenithan,  J.C.,  Janicot,  M.  &  Lane,  D.  1991. 
Transcriptional repression of the mouse insulin-responsive glucose transporter (GLUT4) gene 
by cAMP. Proc. Natl. Acad. Sci. USA 88:1933-1937.

Khan, T., Muise, E.S., Iyengar, P., Wang, Z.V., Chandalia, M., Abate, N., Zhang, B.B., Bonaldo, 
P., Chua, S. & Scherer, P.E. 2009. Metabolic dysregulation and adipose tissue fibrosis: role of 
collagen VI. Mol Cell Biol. 29:1575-91.

Laffitte, B.A., Chao, L.C., Li, J., Walczak, R., Hummasti, S., Joseph, S.B., Castrillo, A.,  Wilpitz, 
D.C.,  Mangelsdorf,  D.J.,  Collins,  J.L.,  Saez,  E.  and Tontonoz,  P.  2003.  Activation of  liver X 
receptor improves glucose tolerance through coordinate regulation of glucose metabolism in 
liver and adipose tissue. Proc. Natl. Acad. Sci. 100:5419–5424.

Lafontan, M. & Langin, D. 2009. Lipolysis and lipid mobilization in human adipose tissue. 
Prog Lipid Res. 48:275-97.

Livak,  K.J.  &  Schmittgen,  T.D.  2001.  Analysis  of  relative  gene  expression  data  using 
quantitative reverse transcription PCR and the 2-ΔΔC(T) Method. Methods 25:402-8.

Mangelsdorf,  D.  2005.  Tissue-specific  expression  patterns  of  nuclear  receptors.  [WWW 
document] URL: www.nursa.org/10.1621/datasets.02001. Date visited 2009-12-17.

27



McEwan, I.J. 2009. Nuclear receptors: one big family. Methods Mol Biol 505:3-18.

Mîinea, C.P., Sano, H., Kane, S., Sano, E., Fukuda, M., Peränen, J., Lane, W.S., Lienhard, G.E. 
2005. AS160 the Akt substrate regulating GLUT4 translocation, has a functional Rab GTPase-
activating protein domain. Biochem J. 391:87-93.

Mitro, N., Vargas, L., Romeo, R., Koder, A. & Saez, E. 2007. T0901317 is a potent PXR ligand: 
implications for the biology ascribed to LXR. FEBS Lett. Epub 2007 Mar 30.

Nie, J. & Sage, E.H. 2009. SPARC functions as an inhibitor of adipogenesis. J Cell Commun 
Signal. Epub ahead of print.

Nishiu, J., Tanaka, T., & Nakamura, Y. 1998. Identification of a Novel Gene (ECM2) Encoding a 
Putative  Extracellular  Matrix  Protein  Expressed  Predominantly  in  Adipose  and  Female-
Specific Tissues and Its Chromosomal Localization to 9q22.3. Genomics 52:378–381.

Okamoto,  O.  &  Fujiwara,  S.  2006.  Dermatopontin,  a  Novel  Player  in  the  Biology  of  the 
Extracellular Matrix. Connective Tissue Research 47:177–189. 

Ross, S.E., Erickson, R.L., Gerin, I., DeRose, P.M., Bajnok, L., Longo, K.A., Misek, D.E., Kuick, R., 
Hanash,  S.M.,  Atkins,  K.B.,  Andresen,  S.M.,  Nebb,  H.I.,  Madsen,  L.,  Kristiansen,  K.  & 
MacDougald, O.A. 2002. Microarray analyses during adipogenesis: understanding the effects 
of  Wnt  signaling  on  adipogenesis  and  the  roles  of  liver  X  receptor  alpha  in  adipocyte 
metabolism. Mol Cell Biol. 22: 5989-99. 

Rydén, M. & Arner, P. 2007. Fat loss in cachexia—is there a role for adipocyte
lipolysis? Clinical Nutrition. 26:1–6.

Shen, H., Zhang, Y., Ding, H., Wang, X., Chen, L., Jiang, H. & Shen, X. 2008. Farnesoid X 
receptor induces GLUT4 expression through FXR response element in the GLUT4 promoter. 
Cell Physiol Biochem. 22:1-14.

Sjöblom,  B.,  Salmazo,  A.  &  Djinovic-Carugo,  K.  2008.  α-Actinin  structure  and regulation. 
Cellular and molecular life sciences. 65:2688-2701.

Steffensen, K.R. & Gustafsson, J.A. 2004. Putative metabolic effects of the liver X receptor 
(LXR). Diabetes. 1:36-42

Stenson, B.M., Rydén, M., Steffensen, K.R., Wåhlén, K., Pettersson, A.T., Jocken, J.W., Arner, 
P. & Laurencikiene, J. 2009. Activation of liver X receptor regulates substrate oxidation in 
white adipocytes. Endocrinology. 150:4104-13.

Stulnig, T.M., Steffensen, K.R., Gao, H., Reimers, M., Dahlman-Wright, K., Schuster, G.U. & 
Gustafsson, J.Å. 2002. Novel roles of liver X receptors exposed by gene expression profiling 
in liver and adipose tissue. Mol Pharmacol 62:1299–1305.

28



Tusher, V., Tibshirani, R. & Chu, G. 2001. Significance analysis of microarrays applied to tran-
scriptional responses to ionizing radiation. Proc. Natl. Acad. Sci. USA., 98:5116–5121, 2001.

Tontonoz, P., Hu, E. & Spiegelman, B.M. 1995. Regulation of adipocyte gene expression and 
differentiation by peroxisome proliferator activated receptor gamma. Curr Opin Genet Dev. 
5:571-576.

Ulven, S.M., Dalen, K.T., Gustafsson, J.A. & Nebb, H.I. 2004. Tissue-specific autoregulation of 
the LXR gene facilitates induction of apoE in mouse adipose tissue.  J Lipid Res. 45:2052–
2062.

Zmuda-Trzebiatowska,  E.,  Oknianska,  A.,  Manganiello,  V.  &  Degerman,  E.  2006.  Role  of 
PDE3B in insulin-induced glucose uptake, GLUT-4 translocation and lipogenesis in primary rat 
adipocytes. Cellular Signalling 18:382 – 390.

29


