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LXR Activation Attenuates Cardiac Hypertrophy
Activation of liver X receptors with T0901317 attenuates cardiac hypertrophy in vivo

Irma Kuipers1, Jiang Li1, Inge Vreeswijk-Baudoin1, Johan Koster1, Pim van der Harst1,
Herman HW Silljé1, Folkert Kuipers2, Dirk J van Veldhuisen1, Wiek H van Gilst1, Rudolf A de Boer1
Departments of Experimental Cardiology1 and Experimental Pediatrics2, University Medical Center
Groningen (UMCG), University of Groningen, Groningen, The Netherlands
Eur J Heart Fail 2010; 12:1042-1050

CHAPTER 3

ABSTRACT
Liver X receptor (LXR) is a nuclear receptor regulating cholesterol metabolism. LXR has also been
shown to exert anti-proliferative and anti-inflammatory properties. In this study, we evaluated the
effect of LXR activation on cardiac hypertrophy in vitro and in vivo. Treatment with the synthetic LXR
agonist T0901317 (T09) attenuated the hypertrophic response of cultured cardiomyocytes to endothelin-1 almost to control levels. siRNA interference showed that this effect was indeed LXR specific. To
corroborate these findings in vivo, abdominal aortic constriction (AC) was used as a pressure overload
model to induce cardiac hypertrophy in wildtype and LXR-α-deficient (LXR-α-/-) mice. In wildtype mice,
T09 treatment resulted in a decrease of cardiac wall thickening 4 and 7 weeks after AC. Also, after 7
weeks of AC, mean arterial blood pressure and left ventricular weight/body weight (LVW/BW) ratios
were decreased in T09 treated mice. These effects were not observed in LXR-α-/- mice, indicating that
the beneficial effect of LXR activation on cardiac hypertrophy is attributable to the LXR-α isoform. T09
induced robust cardiac expression of metabolic genes which are downstream of LXR-α, such as SREBP1c, ABCA1, and ABCG1. Together these results indicate that LXR exerts salutary effects in cardiac hypertrophy, possibly via metabolic remodeling.
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INTRODUCTION
Chronic pressure overload leads to cardiac hypertrophy, which is a major risk factor for the development of heart failure.1 Cardiac hypertrophic growth is associated with neurohormonal2 and metabolic3
changes as well as with the activation of inflammatory signaling.4,5 Initially an adaptive mechanism,
chronic pressure overload leads to cardiac hypertrophy, which later on can turn into cardiac failure.
The reprogramming of gene expression underlying the development of left ventricular (LV) hypertrophy is highly complex.6 Several nuclear hormone receptors that act as transcription factors have
been indicated in metabolic changes as well as in inflammatory pathways and may therefore serve as
potential targets in the treatment of cardiac failure in response to cardiac hypertrophy.7,8 Liver X receptors (LXRs) serve as ligand-activated transcription factors involved in metabolic pathways as well as in
inflammatory responses.9 In addition, LXRs have also been reported as regulators of the renin–angiotensin–aldosterone system (RAAS) and of cell proliferation.10-12 There are two known isoforms of LXR:
LXR-a (expressed mainly in liver, adipose tissue, macrophages, intestine, and spleen, but also in heart
and kidney) and LXR-b (expressed ubiquitously).13 Although LXR-α expression has been identified in
cardiac tissue, data on its role in cardiac responses to pathophysiological conditions remain scarce.
In this study, we aimed to establish the role of LXRs in cardiomyocytes during the development of
cardiac hypertrophy. Cultured cardiomyocytes with or without pro-hypertrophic stimuli were used to
study the response to the synthetic LXR agonist T0901317 (T09). To corroborate our in vitro findings,
an in vivo mouse model of cardiac pressure overload induced by aortic constriction (AC) was used.

METHODS
Culturing of cardiomyocytes
HL-1 cells (a gift from Dr. W.C. Claycomb, Louisiana State University Medical Center) were grown in
Claycomb MediumTM (JRH Bioscience, Lenexa, KS, USA) supplemented with 10% foetal bovine serum
(Invitrogen Corporation, Carlsbad, CA, USA), 0.1 mM norepinephrine, 2 mM L-glutamine (Invitrogen
Corporation), and antibiotic/antimycotic solution (complete medium). All culture dishes and flasks
were precoated with 0.5% fibronectin (BD Biosciences, Breda, The Netherlands) in 0.02% gelatin (Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands). Cells were maintained in complete medium
at 37°C in a humidified atmosphere of 95% air plus 5% CO2. At 70–80% cell confluence, the complete
medium was replaced with serumand norepinephrine-free medium containing 0.5% BSA. Neonatal rat
ventricular myocytes (NRVMs) were isolated from ventricles of 1–2 days old Sprague Dawley rats, as
described previously.14 After 24 h serum starvation, cells were treated for 24 h with endothelin-1 (ET-1)
(10 nM) with or without the LXR ligand agonist T09 (Cayman Chemicals, Ann Arbor, MI, USA). T09 was
added to the cells 30 min prior to the ET-1 administration.

Staining of LXR-α and determination of cell size
After treatment, cells were washed three times with PBS and either used for RNA isolation (described
below) or fixed in formaldehyde (4%). To visualize LXR-a expression, fixed cells were stained with a
mouse anti-human LXR-α/NR1H3 monoclonal antibody (R&D Systems Europe, Abingdon, Oxford43
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shire, UK) followed by an Alexa Fluor-555 labelled goat anti-mouse antibody (Invitrogen Corporation;
A21137) and visualized with fluorescent microscopy.
To visualize sacromeric actin filament organization, fixed cells were stained with fluorescent rhodamine phalloidin (Invitrogen Corporation) (1.5% in 1% BSA BPS) for 20 min at room temperature. Thereafter, cells were counterstained with DAPI (Vector Laboratories, Inc., Burlingame, CA, USA). Image
processing software (NIH Image J1.41/Windows; National Institutes of Health, Bethesda, MD, USA)
was used to determine cell size (n=40). Cell surface area is depicted as a percentage of the surface
area of control cells.

RNA interference
HL-1 cells were transfected with siRNA on the third day of plating (cell confluence at about 90%). Cells
were transferred to 12-well plates and incubated for 8 h with 100 nM LXR-α: sense r(GAC AGA GCU
UCG UCC ACA A) dTdT and antisense r(UUG UGG ACG AAG CUC UGU C) dGdG, LXR-β: sense r(GCC ACG
UCA CCC ACU AUU A) dTdT and antisense r(UAA UAG UGG GUG ACG UGG C) dGdG (QIAGEN, Venlo,
The Netherlands), or a silencer negative control small interference RNA of 19-base oligonucleotide derived from a scrambled sequence in a 200 µL Opti-MEM (QIAGEN, Venlo, The Netherlands). Reduced
serum medium (Invitrogen Corporation) and serum-free medium containing 2 µL LipofectamineTM
2000 (Invitrogen Corporation) was used. After 48 h transfection, the siRNA–target cells were treated
with ET-1, with or without T09 incubation. The isolated RNA was analysed by real-time PCR.

Animals and housing conditions
The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No. 85-23, revised 1985). Male C57Bl/6j wildtype
mice were obtained from Harlan (The Netherlands) at the age of 9 weeks. LXR-α deficient (LXR-α-/-)
mice on a C57Bl/6j background were generated by Deltagen, Inc. (Redwood City, CA, USA), as previously described.15 During the entire experiment, animals were kept on a 12 h light:12 h dark cycle with
ad libitum access to food and water.

Surgical procedures
Mice (n=8) were fed either standard laboratory chow or chow supplemented with the synthetic LXR
agonist T09 (50 mg/kg/day) throughout the entire experiment. Three days after the start of the diet intervention, mice were anaesthetized using isoflurane (2% in O2). After opening the abdomen, the aorta was constricted at the suprarenal level with an 8-0 nylon suture together with a blunted 29-gauge
needle, which was pulled out thereafter. Sham operations were performed by isolation of the aorta
without the ligation. Analgesic medication was administered subcutaneously, immediately after operation (Temgesic; 0.05 mg/kg).

Echocardiographic and haemodynamic measurements and blood serum analysis
Four and 7 weeks after AC or sham operation, cardiac dimensions were measured using transthoracic
echocardiography with a 14 MHz transducer (Vivid 7, GE Healthcare, Diegem, Belgium). Mice were
anaesthetized as described above and body temperature was maintained by placing the mouse on a
heating pad. Short-axis view and M-mode tracings were used to determine end-diastolic LV internal
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diameter (LVIDd), posterior wall thickness (LVPWd), and interventricular septal thickness (IVSd). Left
ventricular mass was calculated using the formula described by Troy et al.16; LVmass = 1.05 ([LVIDd +
LVPWd + IVSd]3 - [LVIDd]3) gram. Mitral valve Doppler signals were used to measure E/A ratio.
Heart rate (HR) and mean arterial pressure (MAP) were measured 7 weeks after AC or sham operation, using a Millar catheter (Mikro-tip 1.4F; SPR-839, Millar Instruments, Houston, TX, USA). Mice
were anaesthetized as described above and a pressure transducer catheter was inserted into the right
carotid artery. After the haemodynamic measurements, blood samples were taken and mice were
sacrificed by excision of the heart. The atria and the right ventricle were removed and the remaining
LV was snap-frozen for RNA analysis. Blood serum cholesterol levels were measured using Demecal
Sets (LabAnywhere B.V., Haarlem, The Netherlands).

RNA analysis
All disposable products were purchased from Greiner Bio-One B.V., Alphen a/d Rijn, The Netherlands.
Total RNA from cells or tissues were extracted with TRIzol reagent (Invitrogen Corporation). cDNA synthesis was performed using standard methods. Briefly, first-strand cDNA was prepared using random
primer mix and thereafter used as a template for quantitative real-time reverse-transcriptase–PCR
(qRT–PCR) (25 ng/reaction). mRNA levels are expressed in relative units based on a standard curve
obtained by a calibrator cDNA mixture. All measured mRNA expression levels were corrected for 36B4
reference gene expression. Primers used for analysis are listed in table S1.
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Western blot
All disposable products were purchased from Greiner Bio-One B.V., Alphen a/d Rijn, The Netherlands.
Protein was isolated by homogenizing approximately 100 mg of frozen tissue in 1 ml radioimmunoprecipitation-assay (RIPA) buffer (0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1%
Igepal ca-630 in 1xPBS) supplemented with protease inhibitor cocktail (Roche Diagnostics Corp., Indianapolis, IN, USA). After centrifugation at 14000 rpm for 20 minutes at 4°C, supernatant was collected
and protein concentrations were determined using the DC assay (Bio-Rad, Veenendaal, The Netherlands) with a bovine albumin standard. SDS sample buffer was added to 20 μg of protein and samples
were denaturized by heat at 99°C for 5 minutes.
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) (Thermo Scientific,
Breda, The Netherlands), and transferred to PVDF membranes (Bio-Rad). Blots were incubated overnight in anti-ATP-binding cassette G1 (ABCG1) polyclonal antibody (1:500, Novus Biologicals, Littleton,
CO, USA), diluted in milk. To ensure equal amounts of protein were analysed on the blots, blots were
also incubated in anti-α-tubulin (1:4000, Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands).

Statistical analysis
Results are expressed as mean+standard error of the mean. Statistical analysis was performed using a
one-way analysis of variance (ANOVA) followed by post hoc omparisons (Tukey’s test) when the data
were normally distributed. When the data were not normally distributed, we used a Kruskal–Wallis H test, followed by individual comparisons of means (Mann–Whitney U test). All analyses were
performed using SPSS (Version 16, SPPS Inc., Chicago, IL, USA). Values of P < 0.05 were considered
statistically significant.

RESULTS
LXR activation inhibits ET-1 induced hypertrophy in cultured cardiomyocytes
Expression of LXR-α protein was assessed in HL-1 cells using a specific antibody targeted against LXR-α
(figure 1A). To investigate if T09 could exert anti-hypertrophic effects on cardiomyocyte hypertrophy in
vitro, we induced hypertrophy with ET-1 and measured atrial natriuretic peptide (ANP) mRNA expression and performed morphometric analysis.We used both HL-1 cardiomyocytes and NRVMs (except
for the siRNA experiments which were only performed with HL-1 cells). Results were comparable in
HL-1 cells and NRVM; only data obtained in HL-1 cells are shown. Treatment of HL-1 cardiomyocytes
with T09 alone caused a sustained increase in sterol receptor element binding protein (SREBP)-1c
mRNA (an established target gene of LXR17) after 12 h of incubation and a sustained decrease in ANP
mRNA levels after 6 h of incubation (figure 1B). Based on these outcomes, the time point of 24 h T09
incubation was chosen for further experiments.
ET-1 treatment caused an increase in ANP mRNA expression (figure 1C). This increase was inhibited when cells were pre-treated with T09. Morphometric analysis revealed that the surface area of
cells treated with ET-1 increased by 164% over that of control cells (figure 1D). The surface area of
cells treated with T09 was increased by 122% over that of controls, significantly less compared with
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ET-1 treatment alone (P < 0.05). Identical results were obtained in experiments with NRVM (data not
shown). To address whether the inhibitory effect observed with T09 treatment is indeed conferred
via LXRs, we employed siRNAs to knockdown LXR-α and LXR-β. HL-1 cells were transfected with either scrambled siRNA or LXR-α/β siRNA. Transfection of cells with LXR-α/β siRNA resulted in a near
complete knock-down of mRNA expression of LXR-α and LXR-β (data not shown). This inhibition of
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LXR-α/β expression in HL-1 cardiomyocytes almost completely abolished the inhibitory effects of T09
on cardiomyocyte hypertrophy evoked by ET-1 (figure 1E), implying that the inhibitory effect of T09 is
a receptor-specific mechanism. Together these results indicate that LXR is involved in the hypertrophic
response of HL-1 cells following ET-1 treatment and that activation of LXRs attenuates cardiomyocyte
hypertrophy in vitro.

LXR activation attenuates cardiac hypertrophy in vivo following aortic constriction
To examine if the inhibitory effect of T09 on cardiomyocyte hypertrophy in vitro also holds true in vivo,
wildtype and LXR-α-/- mice were subjected to AC and then treated with T09 or placebo. The experimental design of this study is shown in Figure 2. To confirm LXR activation following T09 treatment, liver

Table 1

weight/body weight (LW/BW) ratios, total blood serum cholesterol, and HDL cholesterol levels were

Wildtype mice
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LXR-

-/-

mice

sham

AC

AC+T09

sham

AC

AC+T09

body weight (g)

28.4±0.7

27.0±0.5

24.9±0.7

30.7±1.2

32.3±0.9

30.5±1.0

LV weight (mg)

160±6

195±3 *

161±9 †

133±4

200±5 *

213+12 *

liver weight (mg)

1335±65

1405±43

2072±74 *†

1550±

1561±69

1711±60 *†

LW/BW (mg/g)

47.0±1.7

52.0±1.4

83.3±1.0 *†

50.6±2.5

48.2±1.0

56.2±1.5 *†

HR (bpm)

440±21

398±19

498±14 *†

420±16

399±20

406±14

total cholesterol (mmol/l) 2.80±0.60 3.45±0.45 4.43±0.05 *

2.38±0.51

2.93±0.13

3.54±0.27

HDL cholesterol (mmol/l) 0.80±0.06 0.90±0.10 1.30±0.07 *

0.76±0.12

0.88±0.11

1.40±0.09 *

LDL cholesterol (mmol/l) 0.17±0.07 0.15±0.05

0.16±0.07

0.20±0.00

0.14±0.02

0.23±0.03
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measured (table 1) after 7 weeks of AC. In wildtype mice, all these variables were increased following
treatment with T09, indicative of LXR activation. In LXR-α-/- mice, T09 treatment increased LW/BW and
HDL blood serum cholesterol levels to a lesser extent than in wildtype mice. These increases are probably attributable to activation of LXR-β.
In wildtype and LXR-α-/- mice, total LV weight and LV weight normalized to body weight (LVW/BW)
were increased following AC (table 1, figure 3A; P < 0.01 vs. sham). LXR activation by T09 treatment
attenuated the increase in total LV weight in wildtype mice but not in LXR-α-/- mice, indicating that
this effect is attributable to specific LXR-α activation. Cardiac B-type natriuretic peptide (BNP) mRNA
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levels were measured using qRT–PCR. In wildtype and LXR-α-/- mice, cardiac BNP mRNA levels (figure
3B) were increased following AC (P < 0.01). In wildtype mice, these increases were attenuated in mice
treated with T09. In LXR-α-/- mice, T09 had no effect on cardiac BNP mRNA expression after AC. Using
the data obtained by echocardiography, we calculated LV mass and outcomes were concordant with
measured LV weights (Figure 3C).
Echocardiography was performed 4 and 7 weeks after AC or the sham operation. Interventricular
septum (IVS) (figure 4A and C) and left ventricular posterior wall thickness (LVPW) (figure 4B and D)
were equal in sham-operated wildtype and LXR-α-/- mice, both after 4 and 7 weeks. After AC surgery,
diastolic IVS and LVPW thicknesses were increased after 4 and 7 weeks, both in wildtype and LXR-α-/mice. In wildtype mice, T09 treatment attenuated the increases in (diastolic and systolic) IVS and LVPW
thickness 4 and 7 weeks after AC surgery (P < 0.05 vs. AC). In LXR-α-/- mice, no significant effect of T09
treatment was found. Together, these results indicate that LXR activation attenuates cardiac hypertrophy following pressure overload.

LXR activation improves haemodynamic function following aortic constriction
To evaluate systolic and diastolic function, we used 2D/M-mode echocardiography and flow Doppler
assessment of mitral inflow. Left ventricular diameters were not increased (data not shown) and contractility (expressed as fractional shortening) was constant throughout the groups (figure 4C and F).
Four and 7 weeks after AC surgery, no decrease in E/A ratio was found in wildtype mice or LXR-α-/mice, indicating that although cardiac hypertrophy was present (as was established by an increase in
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cardiac weight and an increase in cardiac wall thickening), no diastolic dysfunction had ensued (figure
5A and B). Interestingly, treatment of wildtype mice with T09 caused a substantial increase in E/A ratio
after 4 and 7 weeks of AC. The increase in E/A ratio is due to both an increase in the peak velocity of
the E wave (indicating enhanced relaxation of the LV) and a decrease in peak velocity of the A wave
(indicating decreased passive compliance; separate peak velocities not shown). This increase in E/A
ratio following T09 treatment was found in wildtype mice, but not in LXR-a2/2 mice.
A pressure transducer catheter was inserted into the right carotid artery to measure blood pressure.
After 7 weeks of AC, there was an increase in MAP in wildtype and LXR-α-/- mice (figure 5C), this was
due to an increase in systolic pressure rather than diastolic pressure (data not shown). In wildtype
mice, the increase in blood pressure was blunted by T09, whereas in LXR-α-/-, T09 treatment had no
effect on blood pressure.

LXR activation alters cardiac mRNA expression after aortic constriction
To uncover potential mechanisms for the observed beneficial effects of activation of LXR on cardiac
hypertrophy, we measured several well-known downstream genes of LXR-α. T09 treatment caused
a marked increase in ATP-binding cassette (ABC) subfamilies ABCG1 (figure 6A) and ABCA1 (figure
6B) mRNA expression, as well as in SREBP-1c (figure 6C) mRNA expression (all: P < 0.01). This effect
of T09 on ABCG1 and SREBP-1c mRNA was less pronounced in LXR-α-/- mice, although not absent
(ABCG1; fivefold increase in wildtype mice and four-fold increase in LXR-α-/- mice, SREBP-1c; four-fold
increase in wildtype mice and three-fold increase in LXR-α-/- mice; all AC vs. AC+T09, P < 0.01). In
both wildtype and LXR-α-/- mice, AC surgery itself had no effect on
the expression of ABCG1, ABCA1, and SREBP-1c mRNA. Protein
expression of ABCG1, assessed by western blotting, corresponded
with the increase in mRNA expression of ABCG1 found following
T09 treatment in wildtype mice (see figure S1). In LXR-α-/- mice,
T09 treatment showed no effect on ABCG1 protein levels. Expression of peroxisome proliferator activated receptor (PPAR)-α mRNA
showed a trend towards a decrease following T09 treatment in
wildtype mice (figure 6D) (P = NS). LXR-α mRNA expression was
not altered after AC or T09 treatment in wildtype mice (figure 6E),
neither was LXR-β mRNA expression (figure 6F). In LXR-α-/- mice,
however, mRNA expression of LXR-β was increased following AC.

DISCUSSION
This study demonstrates that the activation of LXRs attenuates cardiac hypertrophy. Using an in vitro
model of cultured cardiomyocytes, we show that LXR activation attenuates cardiomyocyte size and
cardiomyocyte expression of ANP, a marker gene for the onset of cardiac hypertrophy. In addition, we
show in an in vivo model of cardiac hypertrophy that LXR activation decreases cardiac hypertrophy
along with hypertension and improves diastolic parameters. These effects were substantially blunted
in LXR-α-/- mice, indicating that these are LXR-α- dependent effects.
51
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So far, only a few studies have specifically investigated the role of LXRs in cardiovascular function. Most
published data have suggested that LXRs may be promising novel targets in cardiovascular disease
through their effects on lipid metabolism and atherosclerosis.18 Very recently, however, Wu et al.19
reported that LXR activation in cultured rat cardiomyocytes reduces hypertrophy in response to angiotensin II treatment. Here we confirm and extend these results using the murine atrial cell line HL-1
and NRVMs. We provide further proof that this is indeed a LXR-dependent effect. We employed siRNA
interference, which causes knock-down of LXR expression, and showed that the attenuating effect of
T09 is absent in this condition.
To corroborate these in vitro findings in vivo, we employed a mouse model to test the effects of LXR
activation on myocardial hypertrophy. With this model, the possibility that LXR only counter-regulates
specific pro-hypertrophic stimuli (like ET-1 or AngII) is tested by using the ‘unspecific’ model of pressure overload, which induces a rather general hypertrophic response. Here we show that also in this
model, T09 exerts anti-hypertrophic effects. In their studies, Wu et al.19 report an increase of LXR-α
mRNA and protein expression following 14 days of AC in wildtype mice and more pronounced hypertrophy markers in LXR-α-/- mice compared with wildtype mice. We did not confirm this increase in
LXR-α expression in our study. We treated (wildtype and LXR-α-/-) with T09 to activate LXRs in pressure
overload. We report here that activation of LXRs with T09 blunts the hypertrophic response in vivo,
which was assessed by LV weight, echocardiography, and BNP expression, which were all reduced by
T09 treatment. However, this effect was not observed in LXR-α-/- mice, which supports the notion that
the effect is brought about by activation of LXR-α, and conferred via downstream effects. This observation is in line with Wu et al.19 who observed that cardiac hypertrophy following AC was more pronounced in LXR-α-/- mice. We could not confirm the increased susceptibility of these mice to pressure
overload - using echocardiography, we assessed cardiac hypertrophy and diameters 4 and 7 weeks
after AC surgery and observed no significant differences in wall thickening or E/A ratios between wildtype and LXR-α-/- mice. This discrepancy may be explained by the different time points chosen (14 days
vs. 4 weeks and 7 weeks).
In addition to a decrease in LV hypertrophy after AC surgery, we observed a decrease in blood pressure following treatment of wildtype mice with T09. Abdominal AC is associated with hypertension,
possibly due to hypoperfusion of the kidneys and an activated RAAS.20 LXR has been identified as a
regulator of renin transcription in vitro and in vivo.10 We have previously reported an inhibitory effect
of LXR activation on isoproterenol-induced renin transcription, together with decreased renal and
cardiac expression of angiotensin converting enzyme (ACE) mRNA.21 Data on the functional effects
of the interaction between LXR activation and the RAAS have hitherto remained scarce. Leik et al.22
reported that LXR activation reduces acute angiotensin II (AngII)-mediated pressor responses in rats.
They measured blood pressure immediately following AngII infusions after the rats had been treated
with a synthetic LXR agonist for 7–15 days. To our knowledge, the present study is the first to report
the long-term effects of LXR activation on blood pressure in a model in which hypertension is induced
in vivo. This observation clearly warrants further study.
It has been observed in clinical studies that changes in LV hypertrophy may not be exclusively explained
by the blood pressure lowering effect of a drug.23 In addition to the blood pressure lowering effect,
52
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direct LXR activation in the myocardium may also explain the observed changes in LV hypertrophy.
Several in vitro studies have described anti-proliferative effects of LXR activation in various cell types,
including VSMCs,24 pancreatic islet β cells,25 keratinocytes,26 and breast cancer cells.27 Our study demonstrates that LXR activation also inhibits cardiomyocyte hypertrophy. Of note, adult cardiomyocytes
respond to stress with hypertrophy rather than proliferation, so that the proposed anti-proliferative
mechanisms in previous studies, such as interference in the cell cycle24 or apoptosis,25 may not be operative in cardiomyocytes. The precise mechanisms in the heart are still unknown. Wu et al.19 recently
suggested that NF-kB may confer the antihypertrophic effects of LXR-α in cardiomyocytes. The NF-κB
complex is involved in cardiac remodeling and disruption of this transcription factor in genetically engineered mice produced attenuation of cardiac remodeling following AngII- and isoproterenol-induced
hypertrophy and after myocardial infarction.28,29 However, other cardiac transcription factors such as
Sp130 or other kinases such as MAPK31 may be controlled by LXRs as well and thus be involved in remodeling pathways of the hypertrophic heart. We show here that like in other tissues or cell types,17
the transcription factor SREBP-1c is increased in the hearts of mice treated with T09. SREBP-1c has
been shown to be involved in parasympathetic responses in the murine heart,32 however its role in the
development of cardiac remodeling remains to be elucidated. In addition, we also show an increase
in mRNA expression of other specific target genes of LXR, e.g. ABCA1 and ABCG1, combined with an
increase in protein levels of ABCG1. These changes in specific LXR target genes show increased activity
in the myocardium of LXR as a transcription factor. Together with the activation of systemic LXR targets
(as shown by serum cholesterol increases), these data strongly support the notion that LXR specific
pathways are activated by T09 treatment, both systemically and locally (in the myocardium).
In conclusion, our results show that the activation of LXRs attenuates hypertrophy in vitro and in vivo.
We therefore postulate that LXRs can be regarded as potential targets for novel therapeutic interventions in cardiovascular disease, especially LV hypertrophy and hypertension.

ACKNOWLEDGEMENTS
This study was supported by the Netherlands Heart Foundation; Grants 2004T004 and 2007T046.

REFERENCES
1.

Frey N, Olson EN. Cardiac hypertrophy: the good, the bad, and the ugly. Annu Rev Physiol 2003;65:45–79.

2.

Ladeiras-Lopes R, Ferreira-Martins J, Leite-Moreira AF. Acute neurohumoral modulation of diastolic function.
Peptides 2009;30:419–425.

3.

van Bilsen M, van Nieuwenhoven FA, van der Vusse GJ. Metabolic xysterols of the failing heart: beneficial or
detrimental? Cardiovasc Res 2009;81:420–428.

4.

Palmer JN, Hartogensis WE, Patten M, Fortuin FD, Long CS. Interleukin-1 beta induces cardiac myocyte
growth but inhibits cardiac fibroblast proliferation in culture. J Clin Invest 1995;95:2555–2564.

5.

Porter KE, Turner NA, O’Regan DJ, Ball SG. Tumor necrosis factor alpha induces human atrial myofibroblast
proliferation, invasion and MMP-9 secretion: inhibition by simvastatin. Cardiovasc Res 2004;64:507–515.

6.

Molkentin JD, Robbins J. With great power comes great responsibility: using mouse genetics to study cardiac
hypertrophy and failure. J Mol Cell Cardiol 2009;46:130–136.
53

3

CHAPTER 3

7.

Beaven SW, Tontonoz P. Nuclear receptors in lipid metabolism: targeting the heart of dyslipidemia. Annu Rev
Med 2006;57:313–329.

8.

Chen R, Liang F, Moriya J, Yamakawa J, Takahashi T, Shen L, Kanda T. Peroxisome proliferator-activated receptors (PPARs) and their agonists for hypertension and heart failure: are the reagents beneficial or harmful? Int
J Cardiol 2008;130:131–139.

9.

Hong C, Tontonoz P. Coordination of inflammation and metabolism by PPAR and LXR nuclear receptors. Curr
Opin Genet Dev 2008;18:461–467.

10. Morello F, de Boer RA, Steffensen KR, Gnecchi M, Chisholm JW, Boomsma F, Anderson LM, Lawn RM, Gustafsson JK, Lopez-Ilasaca M, Pratt RE, Dzau VJ. Liver X receptors alpha and beta regulate renin expression in vivo.
J Clin Invest 2005;115:1913–1922.
11. Kuipers I, van der Harst P, Navis G, van Genne L, Morello F, van Gilst WH, van Veldhuisen DJ, de Boer RA.
Nuclear hormone receptors as regulators of the renin-angiotensin-aldosterone system. Hypertension
2008;51:1442–1448.
12. Bensinger SJ, Bradley MN, Joseph SB, Zelcer N, Janssen EM, Hausner MA, Shih R, Parks JS, Edwards PA,
Jamieson BD, Tontonoz P. LXR signaling couples sterol metabolism to proliferation in the acquired immune
response. Cell 2008;134: 97–111.
13. Chen M, Beaven S, Tontonoz P. Identification and characterization of two alternatively spliced transcript variants of human liver X receptor alpha. J Lipid Res 2005;46:2570–2579.
14. Westenbrink BD, Ruifrok WP, Voors AA, Tilton RG, van Veldhuisen DJ, Schoemaker RG, van Gilst WH, de Boer
RA. Vascular endothelial growth factor is crucial for erythropoietin-induced improvement of cardiac function
in heart failure. Cardiovasc Res 2010;87:90-39.
15. Van der Veen JN, Havinga R, Bloks VW, Groen AK, Kuipers F. Cholesterol feeding strongly reduces hepatic
VLDL-triglyceride production in mice lacking the liver X receptor alpha. J Lipid Res 2007;48:337–347.
16. Troy BL, Pombo J, Rackley CE. Measurement of left ventricular wall thickness and mass by echocardiography.
Circulation 1972;45:602–611.
17. Schultz JR, Tu H, Luk A, Repa JJ, Medina JC, Li L, Schwendner S, Wang S, Thoolen M, Mangelsdorf DJ, Lustig
KD, Shan B. Role of LXRs in control of lipogenesis. Genes Dev 2000;14:2831–2838.
18. Bruemmer D, Law RE. Liver x receptors: potential novel targets in cardiovascular diseases. Curr Drug Targets
Cardiovasc Haematol Disord 2005;5:533–540.
19. Wu S, Yin R, Ernest R, Li Y, Zhelyabovska O, Luo J, Yang Y, Yang Q. Liver X receptors are negative regulators of
cardiac hypertrophy via suppressing NF-kappaB signalling. Cardiovasc Res 2009;84:119–126.
20. Johansson ME, Wickman A, Skott O, Gan LM, Bergstrom G. Blood pressure is the major driving force for
plaque formation in aortic-constricted ApoE2/2 mice. J Hypertens 2006;24:2001–2008.
21. Kuipers I, van der Harst P, Kuipers F, van Genne L, Goris M, Lehtonen JY, van Veldhuisen DJ, van Gilst WH, de
Boer RA. Activation of liver X receptor-alpha reduces activation of the renal and cardiac renin–angiotensin–
aldosterone system. Lab Invest 2010;90:630–636.
22. Leik CE, Carson NL, Hennan JK, Basso MD, Liu QY, Crandall DL, Nambi P. GW3965, a synthetic liver X receptor
(LXR) agonist, reduces angiotensin II-mediated pressor responses in Sprague-Dawley rats. Br J Pharmacol
2007;151:450–456.
23. Devereux RB, Dahlo¨ f B, Gerdts E, Boman K, Nieminen MS, Papademetriou V, Rokkedal J, Harris KE, Edelman
JM, Wachtell K. Regression of hypertensive left ventricular hypertrophy by losartan compared with atenolol:
the Losartan Intervention for Endpoint Reduction in Hypertension (LIFE) trial. Circulation 2004;110:1456–
1462.
24. Blaschke F, Leppanen O, Takata Y, Caglayan E, Liu J, Fishbein MC, Kappert K, Nakayama KI, Collins AR, Fleck E,
Hsueh WA, Law RE, Bruemmer D. Liver X receptor agonists suppress vascular smooth muscle cell proliferation
and inhibit neointima formation in balloon-injured rat carotid arteries. Circ Res 2004;95:e110–e123.
25. Wente W, Brenner MB, Zitzer H, Gromada J, Efanov AM. Activation of liver X receptors and retinoid X recep54

LXR ACTIVATION ATTENUATES CARDIAC HYPERTROPHY

tors induces growth arrest and apoptosis in insulin-secreting cells. Endocrinology 2007;148:1843–1849.
26. Komuves LG, Schmuth M, Fowler AJ, Elias PM, Hanley K, Man MQ, Moser AH, Lobaccaro JM, Williams
ML, Mangelsdorf DJ, Feingold KR. Oxysterol stimulation of epidermal differentiation is mediated by liver X
receptor-beta in murine epidermis. J Invest Dermatol 2002;118:25–34.
27. Vedin LL, Lewandowski SA, Parini P, Gustafsson JA, Steffensen KR. The oxysterols receptor LXR inhibits proliferation of human breast cancer cells. Carcinogenesis 2009;30:575–579.
28. Freund C, Schmidt-Ullrich R, Baurand A, Dunger S, Schneider W, Loser P, El Jamali A, Dietz R, Scheidereit C,
Bergmann MW. Requirement of nuclear factorkappaB in angiotensin II- and isoproterenol-induced cardiac
hypertrophy in vivo. Circulation 2005;111:2319–2325.
29. Frantz S, Hu K, Bayer B, Gerondakis S, Strotmann J, Adamek A, Ertl G, Bauersachs J. Absence of NF-kappaB
subunit p50 improves heart failure after myocardial infarction. FASEB J 2006;20:1918–1920.
30. Imayama I, Ichiki T, Patton D, Inanaga K, Miyazaki R, Ohtsubo H, Tian Q, Yano K, Sunagawa K. Liver X receptor
activator downregulates angiotensin II type 1 receptor expression through dephosphorylation of Sp1. Hypertension 2008;51:1631–1636.
31. Wang YY, Dahle MK, Steffensen KR, Reinholt FP, Collins JL, Thiemermann C, Aasen AO, Gustafsson JA, Wang
JE. Liver X receptor agonist GW3965 dose-dependently regulates lps-mediated liver injury and modulates posttranscriptional TNF-alpha production and p38 MAPK activation in liver macrophages. Shock
2009;32:548–553.

3

32. Park HJ, Georgescu SP, Du C, Madias C, Aronovitz MJ, Welzig CM, Wang B, Begley U, Zhang Y, Blaustein RO,
Patten RD, Karas RH, Van Tol HH, Osborne TF, Shimano H, Liao R, Link MS, Galper JB. Parasympathetic response in chick myocytes and mouse heart is controlled by SREBP. J Clin Invest 2008;118:259–271.

55

