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      Liver X receptor agonist downregulates growth hormone 
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   Abstract 

 Liver X receptor (LXR) agonists have been shown to infl u-
ence the development of hyperlipidemia and atherosclerosis in 
mouse models. It has also been demonstrated that some LXR 
agonists can cause hepatic steatosis in experimental animals. 
Growth hormone (GH) is known to regulate hepatic metabo-
lism and the absence of hepatic GH receptors (GHR) leads 
to hepatic steatosis. In this study, we analyzed whether the 
actions of LXR agonists could involve interference with GH 
signaling. We showed that LXR agonists impair GH signaling 
in hepatocytes. LXR agonist treatment attenuated GH induc-
tion of suppressor of cytokine signaling 2 (SOCS2), SOCS3, 
and CIS mRNA levels in BRL-4 cells. Likewise, the activity 
of a luciferase reporter vector driven by the GH response ele-
ment (GHRE) of the SOCS2 gene was inhibited by simultane-
ous treatment with an LXR agonist. The inhibitory effect of 
LXR agonists on GH signals can be mimicked by overexpres-
sion of the LXR regulated factors, sterol regulatory element 
binding protein 1 (SREBP1) and SREBP2, in hepatic cells. 
In both cases total and phosphorylated signal transducers and 
activators of transcription 5b (STAT5b) protein levels were 
signifi cantly reduced. DNA binding assays demonstrated 
that SREBP1 binds to an E-box within a previously defi ned 
GHRE in the SOCS2 gene promoter, but does not compete 
with STAT5b binding to a nearby site in the same promoter 

construct. Taken together, our fi ndings indicate that the inhib-
itory effects of LXR agonists on GH signaling are mediated 
by SREBP1, through the downregulation of STAT5b gene 
transcription and stimulation of STAT5b protein degradation. 
The fi ndings provide a new insight into the understanding 
of the molecular actions of LXR agonists, which may be of 
relevance to their pharmacological actions.  

   Keywords:    9-cis retinoic acid;   growth hormone;   lipid;   LXR; 
  RXR;   SOCS2;   T0901317.     

  Introduction 

 The liver X receptor- α  (LXR α ) and LXR β  (also known as 
NR1H3 and NR1H2, respectively), belong to the nuclear recep-
tor superfamily of ligand activated transcription factors  [1] . 
LXRs heterodimerize with the retinoic acid receptor (RXR), 
to regulate transcription of target genes, upon activation by 
oxidized derivatives of cholesterol, also known as oxysterols 
 [1] . In the liver, LXR α  activation induces a complex transcrip-
tional network involved in the control of intracellular non-
esterifi ed cholesterol levels. Experimental studies with syn-
thetic ligands, T0901317 and GW3965, indicate that the 
pharmacological activation of LXR protects against atheroscle-
rosis, reduces plasma cholesterol levels and improves glucose 
tolerance in models of type 2 diabetes  [2] . Unfortunately, these 
positive effects are accompanied by hypertriglyceridemia and 
hepatic steatosis, which presents risks for the development of 
cardiovascular disease  [3] . This raises concerns regarding the 
application of LXR agonists in the management of common 
metabolic disorders linked to obesity and type 2 diabetes. A 
better understanding of the molecular basis for the pleiotropic 
effects of LXR in the liver, may lead to an improved safety 
profi le for future LXR modulators. 

 Growth hormone (GH) actions are triggered by its binding 
to the GH receptor (GHR) and the activation of its associated 
kinase, JAK2. This, in turn, results in the tyrosine phosphory-
lation of the transcription factor signal transducers and activa-
tors of transcription 5b (STAT5b), which translocates to the 
nucleus to modulate expression of GH target genes, such as 
insulin growth factor-1 (IGF-1) and the suppressor of cytokine 
signaling 2 (SOCS2)  [4] . The main metabolic actions of GH are 
anabolic, promoting protein synthesis in the muscle through the 
catabolism of fatty acids as the energy source. Because of GH 
effects on lipid mobilization from the liver, GH defi cient patients 
and mice where GH signaling is specifi cally inactivated in the 
liver  [5] , are characterized by hepatic steatosis  [6] . It is inter-
esting to note that treatment of animals with the LXR agonist 
T0901317 also causes severe hepatic steatosis  [3]  and LXR α / β  
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knockout mice (LXR -/- ) are resistant to high fat diet induced 
hepatic steatosis  [7, 8] . Interestingly, in this model, the levels 
of hepatic type 2 deiodinase mRNA, which is under GH con-
trol, were elevated  [7] . LXR and GHR activations in the liver 
also lead to antagonizing effects on glucose metabolism. LXR 
agonists show an antidiabetic effect by inhibition of gluconeo-
genesis and reduction of the expression of phosphoenolpyruvate 
carboxykinase (PEPCK) and glucose-6-phosphatase  [2] , while 
GHR activation induces hepatic gluconeogenesis and increases 
the mRNA levels of gluconeogenic enzymes  [9] . 

 The key regulatory role of GH on liver lipid metabolism 
and insulin sensitivity opens the question of whether some 
of the physiological actions that are attributed to the LXR 
ligands could be explained by interference with GH signaling. 
We performed this study to provide new insights into the rela-
tionship between LXR and GHR signaling in hepatocytes.  

  Materials and methods 

  Materials 

 Recombinant rat GH was from the National Hormone and Pituitary 
Program, National Institutes of Health (NIH, Bethesda, MD, USA) 
and recombinant human GH was from Novo Nordisk A/S (Gentofte, 
Denmark). Oligonucleotides were obtained from ThermoElectron 
(Bremen, Germany). T0901317 and GW3965 (LXR agonists), 9-cis 
retinoic acid (RXR agonist) and cycloheximide (CHX) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).  

  Plasmid cloning and site-directed mutagenesis 

 The luciferase reporter vector containing the GHRE (696bp) in the 
fi rst intron of SOCS2 human gene, named P5, has been previously 
described  [10] . The fatty acid synthase (FAS) promoter constructs 
(pFAS) were a generous gift of Dr. T. Osborne  [11]  and the pro-
moter construct of ATP-binding cassette (pABCA1) was a gift from 
Dr. Castrillo A  [12] . Myc-SREBP1a and myc-SREBP2 (sterol regu-
latory element binding protein) expressing vectors were a generous 
gift from Dr. J. Ericsson  [13] .  

  Cell culture and transfection assays 

 Buffalo rat liver (BRL) cells stably transfected with the rat GHR, 
designated BRL-4 cells, were cultured as described  [10] . Primary 
human hepatocytes were isolated from discarded organ-donor tissue. 
Isolated hepatocytes were obtained from the liver cell laboratory, KI-
CLINTEC, Huddinge University Hospital. Ethics approval to use he-
patocytes was given by the local Ethical Committee, Stockholm (DNr: 
2010/678-31/3). Cells were maintained in Williams E medium as de-
scribed previously  [14] . DNA plasmid transfections were carried as 
recommended by the manufacturer ’ s instructions on 70 %  – 80 %  confl u-
ent cells using lipofectamine with Plus reagent (Invitrogen, Carlsbad, 
CA, USA). Cells were treated with 1    µ M LXR agonists, 10    µ M RXR 
agonist or 0.1 %  DMSO as vehicle control and with GH 50   nM.  

  Reporter gene assay 

 pSOCS2-TK-LUC (1   ug) was co-transfected with 10 or 50   ng of the 
nuclear form of SREBP1a, SREBP2 or pCDNA3 (Invitrogen), and 
50   ng  β -galactosidase reporter plasmid. Medium was replaced with 

serum-free DMEM 16 – 18   h posttransfection, and cells were treated 
with rGH and harvested 36   h after transfection in reporter lysis buffer 
for luciferase assays (Promega, Madison, WI, USA). Transfection 
experiments were performed at least three times.  

  Analysis of gene transcription 

 Total RNA was isolated from treated cells using the RNeasy Mini Kit 
(Qiagen, Valencia, CA, USA). cDNA synthesis and quantitative real-
time PCR were performed as described previously  [10] . Expression 
levels of genes were normalized to those of ribosomal RNA S18 or 
cyclophilin genes.  

  Cell lysis and immunoblotting 

 Cells were treated as described in the fi gure legends. Protein extrac-
tion and SDS-PAGE were performed as described previously  [10] . 
Antibodies against STAT5, pSTAT5 (Tyr694) and SOCS2 were pur-
chased from Cell Signaling Technology (Frankfurt A. M., Germany) 
and, SREBP1, SREBP2,  β -actin, myc and GHR antibodies were pur-
chased from Santa Cruz Biotechnology (Beverly, MA, USA).  

  CHX chase experiments 

 BRL-4 cells were transfected with myc-SREBP1a, myc-SREBP2 or 
control plasmid. Cells were split into different plates for treatment 
with 100    µ g/mL CHX (Sigma-Aldrich) 24   h post-transfection and 
then lysed at different time points for protein extraction.  

  ABCD assay (avidin, biotin, complex, DNA) 

 In this assay, protein-DNA complexes were immobilized by bioti-
nylated oligonucleotides to a streptavidin matrix. BRL-4 cells were 
treated with LXR/RXR agonists for 48   h and then stimulated with GH 
for 10   min, before lysis in 50   mM HEPES pH 7.5, 150   mM KCl, 1   mM 
EGTA, 1 %  NP-40, 10 %  glycerol, 1.5   mM MgCl 2 , 1   mM Na 3 VO 4 , 1X 
cocktail inhibitor, 50   mM NaF and 1   mM PMSF. BRL4 cell extracts 
(250    µ g) were incubated with 2    µ g biotinylated oligonucleotide and 
5    µ g salmon sperm DNA (Stratagene, La Jolla, CA, USA). Mixtures 
were incubated overnight at 4 ° C under constant rotation. Then 40    µ L 
equilibrated streptavidin agarose beads (Amersham, Arlington 
Heights, IL, USA) were added to the mix and further incubated for 2   h 
at 4 ° C on a rotator. After centrifugation, beads were washed repeatedly 
with lysis buffer containing 50   mM KCl, then boiled in sample buffer 
and separated by SDS-PAGE. SREBP1 and STAT5b bindings were 
detected by Western blot. We also repeated the ABCD assay using 
extracts from separately treated cells after 48   h treatment with LXR/
RXR agonist or after 10   min treatment with GH. Equal amounts of 
total protein from each cell lysate were used for the assay. As control 
oligonucleotides for SREBP1 and STAT5b binding, we used sterol re-
sponse element (SRE) element in the acetyl-CoA carboxylase (ACC1) 
genes and GHRE, containing two STAT5b sites, in SPI-2.1 gene. 3 ′  
Biotinylated oligonucleotides were ordered from Thermo Electron 
(Bremen, Germany) with the following forward oligonucleotides 
sequences: WT: 5 ′ -cccgcg-gtcacgtgaggccgattcctggaaagttcctggaaagcc 
g-3 ′ , mut-Ebox: 5 ′ -cccgcggt gt cgtgaggccgatt-cctggaaagttcctggaaagcc 
g-3 ′ , mut-STAT5b: 5 ′ -cccgcggtcacgtgaggccga aa cctggaaag aa cc tg-
gaaagcc g-3 ′ , mut-Ebox/STAT5b: 5 ′ -ccc cggt gt cgtgaggccga aa cctg-
gaaag aa cctggaaa gccg-3 ′ , SRE: 5 ′ -tcgcatcacaccaccgcg g-3 ′ , GHRE: 
5 ′ -tcgacgctt ctactaatcccatgttctgag aaatcatccag-3 ′ . The forward and 
complementary oligonucleotides were heated for 10   min at 95 ° C then 
cooled down to anneal at room temperature.  
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  Statistical analysis 

 Statistically signifi cant differences were assessed with the two-tailed 
Student ’ s t-test. All statistical analysis was performed using SPSS for 
Windows (version 10.0, Chicago, IL, USA). Statistical signifi cance 
was reported for p < 0.05.   

  Results 

  GH induced gene expression is inhibited 

by LXR agonist 

 We used BRL cells stably transfected with the rGHR (BRL-4) 
 [15]  to analyze GH signals. These cells express endogenous 
JAK2 and STAT5b and respond to GH with the transcrip-
tional induction of STAT5b-regulated genes, such as CIS 
and SOCS2, although they express little IGF-1  [15] . We 
fi rst performed a dose-response experiment in BRL-4 cells 
to assess their response to T0901317, by measuring changes 
in SREBP1c expression (Figure  1  A). Maximal activity was 
observed at 1    µ M, thus this was chosen as the working con-
centration for the following experiments. In order to under-
stand the interaction between LXR and GH signaling, we 
studied the effect of the LXR synthetic ligand T0901317 on 
the mRNA levels of selected genes. As shown in Figure  1 B, 
40   h treatment of BRL-4 cells with the LXR agonist resulted 
in signifi cantly increased mRNA levels of LXR α , SREBP1a 
and SREBP2, as well as its downstream target fatty acid 
synthase (FAS) gene. In addition, we observed a marked 
downregulation of GH-regulated genes, SOCS2, SOCS3 and 
CIS. We further studied the LXR agonist effect after 2   h stimu-
lation in the presence or absence of GH. As expected, GH has 
a signifi cant stimulatory activity on the expression of SOCS2, 
SOCS3 and cytokine-induced SH2 protein (CIS) (Figure  1 C). 
It also increased SREBP2 expression but failed to stimulate the 
expression of SREBP1a (Figure  1 D). In a combined treatment 
with the LXR agonist, signifi cant inhibition of GH induced 
gene expression was detected (Figure  1 C). 

 LXRs form heterodimeric complexes with RXRs  [1] . 
Hence, we examined the effect of short-term treatment 
(4   h) with the RXR ligand, 9-cis retinoic acid, alone or in 
combination with the LXR agonist, in the regulation of GH 
induction of SOCS2 gene expression. Treatment of BRL-4 
cells with GH resulted in a 14-fold increase in the levels of 
SOCS2 mRNA while 4   h pretreatment with the RXR and 
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 Figure 1    Effects of T0901317 on GH-dependent expression of 
SOCS2 mRNA in BRL-4 cells. (A) BRL-4 cells were treated for 4   h 
with different doses of LXR agonist (T0901317) or vehicle (VEH) 
then followed with 2   h rGH stimulation before quantifi cation of gene 
expression, normalized to cyclophiline gene expression. (B) BRL-4 
cells were treated for 40   h with 1    µ M LXR agonist (T0901317) fol-
lowed by quantifi cation of gene expression. (C) + (D) BRL-4 cells 
were treated similarly as (B) then followed with rGH (50   nM) stimu-
lation for 2   h before quantifi cation of gene expression. VEH = 0.1 %  
DMSO, Me 2 SO. Values are expressed as means ± SEM. 
 *Indicates signifi cant differences compared to GH-unstimulated cells, 
 #  indicates signifi cant differences to cells treated with GH alone. 
 **p < 0.01, ***p < 0.001.    
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 Figure 2    LXR and RXR agonist represses GH-dependent tran-
scriptional activation of SOCS-2. (A, B) Expression of SOCS2 and 
SREBP1c was measured after 4   h treatment with LXR (T0901317), 
RXR (9-cis RA) agonists or a combination of both. The relative 
expression levels were scaled to the vehicle-matched control group. 
(C) Luciferase activity of SOCS2 promoter (pSOCS2) from BRL-4 
cells after treatment with LXR agonist (T0901317) for 3, 6, and 24   h 
with or without 12   h stimulation with rGH. Transfection of plas-
mids pFAS (marker of SREBP1 activity) and pABCA1 (marker of 
SREBP2 activity) were used as positive controls for LXR agonist 
treatment. Data shown are means ± SD. 
 *Indicates signifi cant differences compared to GH-unstimulated cells, 
 #  indicates signifi cant differences to cells treated with GH alone. 
 *p < 0.05, **p < 0.01, ***p < 0.001.    

LXR agonist alone or in combination resulted in a moderate 
induction of SOCS2 mRNA levels (Figure  2  A). Individual 
pretreatment with each of the agonists did not have an effect 
on GH-stimulated SOCS2 expression. In contrast, the com-
bined pretreatment resulted in a signifi cant inhibition of the 
GH effect parallel to maximal induction of SREBP1c (Figure 
 2 B). Together, these data demonstrate that GH-dependent 
gene expression is negatively regulated by LXR activation 
in hepatic cells.  

  LXR agonist inhibits STAT5b activation by GH 

 We have previously identifi ed two evolutionary conserved 
 cis  GAS-like elements (TTCNNNAGG) in the SOCS2 gene 
that bind to STAT5b and mediate GH transcriptional activ-
ity  [10] . In order to better understand the effects of the LXR 
ligand T0901317 on GH signaling, we analyzed the activity 
of a luciferase reporter gene driven by the GHRE identifi ed 
in the SOCS2 promoter  [10] . As controls, we used promot-
ers of LXR responsive genes: ABCA1 transporter (pABCA1) 
and FAS (pFAS). The latter contains an SREBP1 binding site 
that indirectly mediates LXR actions. As shown in Figure  2 C, 
GH stimulates the luciferase activity of pSOCS2 while 6 and 
24   h treatment with the LXR agonist resulted in inhibition of 
this effect, while stimulating its targets pABCA1 and pFAS. 
This fi nding suggests that the mechanisms of LXR mediated 
inhibition of GH signaling involve the regulation of STAT5b 
activity. 

 Having demonstrated the antagonistic effect of the LXR 
ligand T0901317 on STAT5b mediated transcription, we 
next analyzed its effects on GHR signaling. Firstly, we 
analyzed GH activation of STAT5b in BRL-4 cells treated 
with the LXR and RXR agonists, alone or in combination. 
As observed in Figure  3  A, GH treatment increased STAT5b 
phosphorylation, but had minor effects on SREBP1 protein 
precursor levels. On the other hand, treatment with either the 
LXR or RXR agonist did not alter basal STAT5b phospho-
rylation levels, but led to an increased level of SREBP1, an 
effect that was further enhanced by the combined treatment. 
In this setup, pretreatment with either the RXR or LXR ago-
nist, or the combination of both, signifi cantly decreased the 
levels of STAT5b in the presence of GH, while the amount 
of active (phosphorylated) STAT5b was only signifi cantly 
affected by the combined treatment. In order to explore the 
wider relevance of these fi ndings, we analyzed the effects 
of LXR and RXR agonists in human primary hepatocytes, 
which express high GH receptor levels endogenously. As 
shown in Figure  3 B, treatment with LXR and RXR agonists 
enhanced the expression of premature and mature forms of 
SREBP1 protein. After 30   min of GH treatment, we observed 
reduced levels of total and phosphorylated STAT5b as well 
as GHR in cells treated with the LXR and RXR agonists, 
as compared with cells treated with vehicle control. To con-
fi rm our fi ndings, we analyzed the effects of another LXR-
specifi c, but weaker, agonist GW3965  [16] . As can be seen 
in Figure  3 C, GW3965 treatment of BRL-4 cells increased 
SREBP1 expression and decreased STAT5b protein levels, 
similar to the effects observed for T0901317.  

  SREBP-1 downregulates SOCS2 promoter activity 

 The effects of the LXR ligand T0901317 on GH induction of 
SOCS2 expression, coincide with the elevated expression of 
SREBP1a, suggesting the involvement of this transcription 
factor in the negative regulation of SOCS2 gene transcription 
at the promoter level. Therefore, we tested the infl uence of 
SREBP1a overexpression on the activity of the SOCS2 pro-
moter. The luciferase-driven SOCS2 promoter was transiently 
co-transfected in BRL-4 cells, with different concentrations 
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 Figure 3    LXR activation downregulates STAT5b in primary hepatocytes and in cultured liver cells. (A) Western blot of protein extracts from 
BRL-4 cells treated for 8   h with 1    µ M LXR agonist (T0901317) and 10    µ M RXR, with or without 4   h stimulation with rGH. (B) Primary human 
hepatocytes were treated for 16   h with LXR (T0901317) and RXR (9-cis RA) agonists followed by GH stimulation as indicated. (C) BRL-4 
cells were treated with 1    µ M LXR agonist, GW3965, at different time points.    

of a plasmid encoding the active nuclear form of SREBP1a. 
As a control experiment, transfection with SREBP1a plasmid 
induced the promoter activity of FAS gene (pFAS) (Figure  4  A). 
We observed a signifi cant downregulation of SOCS2 promoter 
activity after co-transfection with 10 and 50   ng of SREBP-1a 
(90 %  and 92 %  downregulation, respectively), (Figure  4 B). 
These data mimic the fi ndings observed in Figure  1 A, where 
LXR agonist treatment of BRL-4 cells resulted in reduced 
SOCS2 expression, coinciding with enhanced expression of 
SREBP1a. 

 A highly conserved putative SREBP1 binding site, E-box, 
CANNTG, exists 13   bp upstream of the STAT5b binding site 
in the GHRE found in the SOCS2 gene promoter  [10] , Figure 
 4 C. Thus, the inhibitory effect of SREBP1 on GH-induced 
SOCS2 expression, could potentially be explained by a steri-
cal hindrance of STAT5b binding to the promoter. To analyze 
this possibility, we performed protein-DNA binding assays 
using biotinylated DNA fragments of the SOCS2 promoter 
carrying the E-box and the STAT5b binding sites (Wild 
type, WT), or the mutant version of E-box and STAT5b. We 
used two oligonucleotide fragments as positive controls for 
SREBP1 and STAT5b DNA binding activity (Figures  4 C ,   D). 
The fi rst consists of a DNA fragment containing an SREBP 
binding site (SRE) found in the ACC1 gene promoter  [17] . 
The second control consists of a DNA fragment contain-
ing two STAT5b binding sites (GHRE) found in the SPI-2.1 
rat gene promoter  [18] . Treatment with LXR and RXR ago-
nists increased the SREBP1 protein levels in the total cell 
lysates and accordingly enhanced the binding to the WT and 
STAT5b mutated fragments, but not to the E-box mutated 
construct. This fi nding demonstrates that SREBP1 can bind to 
the SOCS2 promoter. On the other hand, STAT5b binding to 
the WT and E-box mutated DNA fragment was enhanced by 

GH stimulation. However, the binding was attenuated when 
cells were co-treated with LXR and RXR agonists, coinciding 
with the reduction in the total STAT5b levels detected in the 
total cell lysates. In an additional analysis, we treated BRL-4 
cells with the LXR/RXR agonist and GH separately, to avoid 
the LXR mediated downregulation of STAT5b protein levels. 
Lysates from independently treated cells were mixed in a 1:1 
ratio and incubated with DNA fragments as shown in Figure 
 4 C. The mixed lysates of cells independently treated with 
GH or T0901317 exhibited similar STAT5b protein levels, 
Figure  4 D. The binding of STAT5b to the WT construct was 
enhanced in the samples stimulated with GH and the bind-
ing was not affected by co-incubation with LXR/RXR agonist 
treated lysates, which exhibited high levels of SRBEP1 bind-
ing activity. This fi nding does not support the model where 
SOCS2 downregulation by LXR agonists is due to a competi-
tion between STAT5 and SREBP1 for their respective binding 
to the SOCS2 promoter. It adds support to the hypothesis that 
inhibition of SOCS2 promoter activity upon LXR activation 
is due to downregulation of STAT5b protein levels.  

  SREBP1 downregulates STAT5b protein levels 

 To further elucidate the possible mechanisms whereby an LXR 
agonist mediated reduction of STAT5b, we analyzed STAT5b 
protein levels in BRL-4 cells overexpressing SREBP1a or 
SREBP2. In Figure  5  A, we showed that these cells exhibit a 
signifi cant reduction in both total and active phosphorylated 
STAT5 protein levels as compared to controls. To investigate 
if the reduction of STAT5b levels by LXR results from post-
translational instability, we treated BRL-4 cells with CHX and 
followed the degradation of STAT5b. As shown in Figure  5 B, 
a faster decrease of STAT5b proteins levels after CHX 
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 Figure 4    SREBP1 downregulates GH-induced SOCS2 pro-
moter activity and does not compete with STAT5b binding to the 
promoter. (A, B) BRL-4 cells were co-transfected with the pFAS 
luciferase reporter plasmid as a control of SREBP1a effect, and with 
SOCS2 promoter-driven luciferase reporter plasmid (pSOCS2) and 
SREBP-1a, SREBP-2, or the control vector pCDNA3 at the indi-
cated concentrations. Luciferase activity was measured accordingly. 
Values are expressed as means ± SD. 
 *Indicates signifi cant differences to non-stimulated control trans-
fected cells,  #  indicates signifi cant differences to control transfected 
cells treated with GH. 
 **p < 0.01. (C, D) BRL-4 cells were treated for 16   h with LXR and 
RXR agonists followed by 10   min rGH stimulation before lysis. 
Lysates were used for avidin-Biotin DNA complex assay using 
DNA fragments of wild type or mutation of response elements for 
SREBP1 (E-box) or STAT5b as described in the method section. 
SRE is a control DNA fragment for SREBP1 binding and GHRE is 
a control for STAT5b binding. A blot for whole cell lysate (WCL) 
is shown in the bottom panel. (C) GH stimulation was carried out 
on cells treated with LXR-RXR. (D) GH and LXR-RXR treatments 
were carried on cells separately and lysates were mixed together 
accordingly.    

treatment was observed in cells overexpressing SREBP1a and 
SREBP2. We then measured STAT5b mRNA levels after 40   h 
of treatment with LXR/RXR combination or after SREBP1a 
and SREBP2 overexpression. We found a modest decrease 
in the STAT5b expression in cells treated with LXR/RXR, 
or cells overexpressing SREBP1a and SREBP2 (Figure  5 C). 
These fi ndings indicate that elevation of SREBP1 and SREBP2 
levels may mediate the inhibitory effects of the LXR ligand 
T0901317 on GH stimulated transcription through inhibition 
of STAT5b gene expression and by increasing the degradation 
of STAT5b protein.   

  Discussion 

 In the present study, we demonstrated that LXR activation with 
the synthetic ligand T0901317 attenuates hepatic GH signal-
ing by reducing STAT5b activity and thereby inhibiting GH 
induced gene transcription. We also showed that the effects 
of LXR agonists on GH signaling are mimicked by overex-
pression of two LXR downstream target genes, SREBP1 and 
SREBP2. The inhibitory effects of these lipogenic factors on 
STAT5b protein levels can partly be explained by their inhibi-
tory effects on STAT5b gene transcription and the enhance-
ment of STAT5b protein degradation. 

 In this study, we provide several lines of evidence to sup-
port the inhibitory activity of the LXR agonist T0901317 on 
STAT5b activity in hepatocytes. T0901317 treatment sig-
nifi cantly reduced GH induction of mRNA levels of STAT5b 
regulated gene, SOCS2. Likewise, the reporter luciferase 
activity, driven by the STAT5b response element in the 
SOCS2 gene promoter, was inhibited by the LXR agonist. 
Direct measurements of T0901317 effects on STAT5b protein 
levels, and its DNA binding activity, also show the inhibitory 
effects. Finally, overexpression of a well-known LXR target 
gene, SREBP1a, can mimic the effects of LXR ligands in 
reducing GH activated transcription and STAT5b levels. The 
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CHX chase experiments demonstrated that SREBP1a pro-
motes the degradation of STAT5b. Little is known about the 
mechanisms that regulate STAT5b turnover. Previous work 
has implicated proteasomal degradation in the downregula-
tion of activated STAT5a and demonstrated its ubiquitination 
in the nucleus  [19] . Furthermore, a recent in depth proteome 
screening of ubiquitylation sites, has identifi ed the ubiq-
uitin modifi cation of lysine 567 of the human STAT5b  [20] . 
Proteasomal degradation of STAT5a is modulated by a short 
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 Figure 5    SREBPs downregulate STAT5b activity in liver cells. 
Myc tagged SREBP1a and SREBP2 proteins were overexpressed 
in BRL-4 cells followed by measurement of STAT5b protein and 
mRNA levels. (A) Western blot for phosphorylated and total STAT5b 
in cells transfected with myc-SRBEP1a, myc-SREBP2 or pCDNA3 
control vector. (B) Cycloheximide (CHX) chase experiments were 
performed after overexpression of SREBP1a and SREBP2 in 
BRL-4cells. Then stability of STAT5b was measured by follow-
ing the protein levels by Western blot. (C) Fold change in STAT5b 
mRNA expression after 48   h treatment of LXR and LXR agonist and 
in cells overexpressing SREBP1a and SREBP2. The ribosomal S18 
mRNA levels were used as controls and used to normalize the data. 
Data shown are means ± SD. 
 *Indicates a signifi cant difference to control cells. *p < 0.05.    

motif comprising amino acids 751 – 762 of the C-terminal 
domain  [19] . This region is highly conserved in STAT5b, cor-
responding to amino acids 757 – 768  [21] . The E3 ubiquitin 
ligase complex responsible for the ubiquitination of STAT5 
in the nucleus remains to be identifi ed. Our data would sug-
gest that the activity of this E3 ligase could be modulated by 
SREBP1a and SREBP2 activation. 

 Most of the mechanistic studies presented in this work 
were performed in rat BRL cells stably transfected with the rat 
GHR, with the key fi nding also confi rmed in primary human 
hepatocytes. In primary hepatocytes, we observed that LXR 
stimulation results in severe downregulation of GH receptor 
levels parallel to downregulation of STAT5b, suggesting that 
additional mechanisms exist whereby LXR agonists inhibit 
GH actions. Liver microarray analysis of human, mice, and 
rat livers have demonstrated that LXR activation leads to 
decreased GH receptor mRNA levels, providing the most 
likely explanation for these effects  [2, 22, 23] . We have also 
made an interesting observation that the GHR protein levels 
in rat BRL-4 cells, in which its expression is driven by the 
CMV promoter, were not changed by the LXR agonist treat-
ment, but yet we observed a signifi cant reduction of STAT5b 
levels. Therefore, the LXR driven mechanisms that target GH 
signals seem to operate on both the GHR as well as STAT5b. 
This level of redundancy suggests that GH antagonism may 
be an important aspect of LXR physiological actions. All data 
presented in this study concern experiments performed in cul-
tured cells. Therefore, further studies are warranted to evalu-
ate the contribution of GH on the pharmacological actions 
of LXR agonist in vivo. Additional studies are also needed 
to verify whether additional tissue specifi c actions of LXR 
involve STAT5b downregulation. Tissue variations in the 
expression of different LXR isoforms or SREBPs content, as 
well as differences in the treatment modalities, may infl uence 
LXR ligand actions on STAT5b levels. For example, it has 
been reported that T0901317 treatment in lymphocytes did 
not affect the induction of STAT5b serine and tyrosine phos-
phorylation by IL-2  [24] . 

 The demonstration that SREBP1 activation leads to STAT5b 
downregulation in hepatic cells may have wider implica-
tions, as several physiological situations are associated with 
increased hepatic expression of this factor. Notably, SREBP1 
is stimulated by insulin after feeding, which may serve as a 
mechanism to control GH sensitivity postprandially  [25] . Our 
fi ndings may also have important consequences towards the 
goal of designing selective LXR agonists with better activ-
ity profi les. If indeed, GH antagonism is a prominent feature 
of LXR activation, it may be very diffi cult to separate LXR 
driven hepatic steatosis from its benefi cial actions on insulin 
sensitivity, as they may be commonly regulated through the 
inhibition of STAT5b activity. In contrast, LXR agonists with 
reduced activity towards SREBPs, may still be of use in the 
treatment of hypercholesterolemia, which may rely on direct 
regulation of transporters, such as ABCDA1 and ABCDG1, 
and cholesterol metabolizing genes, such as 7 α -hydroxylase 
(CYP7A1) by LXR  [1] . 

 In conclusion, the results presented in this paper indicate 
that LXR agonists downregulate STAT5b protein levels and 
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suppresses GHR activity in hepatocytes. Further investigation 
of the physiological consequences of the LXR/GHR interac-
tion should provide evidence for a better informed use of LXR 
agonist and may explain some of its effect across a range of 
metabolic phenotypes.   
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