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LXRs and Statins
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CHAPTER 4

ABSTRACT
Statins (HMG-CoA reductase inhibitors) are well known for their cholesterol-lowering effects. Experimental studies have shown that statins also reduce the development of left ventricular hypertrophy
(LVH). To study how these cholesterol lowering drugs are capable of reducing LVH, we induced LVH
in mice that are liver X receptor-α (LXR) deficient (LXR-α-/- mice) and treated them with statins. LXR
is a nuclear receptor that plays a crucial role in the regulation of cholesterol metabolism, but its role
in the cholesterol-lowering effects of statins is yet to be defined. LVH was induced in wildtype and
LXR-α-/- mice, using abdominal aortic constriction (AC). In both wildtype and LXR-α-/- mice, AC caused
significant LVH as was measured by wall thickening, increased LV weight, and increased levels of cardiac BNP mRNA expression. Also, MAP was increased in both wildtype and LXR-α-/- mice after AC. In
wildtype mice, all these variables were reduced when mice were treated with pravastatin (50 mg/kg/
day). In LXR-α-/- mice however, pravastatin appeared to have no effect on these variables. All results
were present 4 weeks after AC and more pronounced 7 weeks after AC. This study shows that although
statin treatment attenuates LVH in wildtype mice, LVH development in LXR-α-/- mice is not affected by
statins. These results suggest that LXR is involved in the attenuative effect of statins in the development of LVH.
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INTRODUCTION
Left ventricular hypertrophy (LVH) is the structural remodeling of the left ventricle as a response to
long-lasting haemodynamic overload. Despite its adaptive nature, LVH is associated with an increased
risk of cardiovascular morbidity and mortality1 and the prevention or regression of LVH is considered
to be of high therapeutic importance. Recently we showed that activation of liver X receptors (LXRs)
leads to attenuation of LVH in a mouse model of cardiac pressure overload.2 LXRs are well known for
their important role in cholesterol metabolism3 but are also involved in inflammatory responses,4 cell
proliferation5 and serve as regulators of the renin-angiotensin-aldosterone system (RAAS).6 There are
two known isoforms of LXR: LXR-α (expressed mainly in liver, adipose tissue, macrophages, intestine,
and spleen, but also in heart and kidney) and LXR-β (expressed ubiquitously).7 Although LXR-α is expressed in cardiac tissue, its role in cardiac responses to pathophysiological conditions remains largely
unclear.
The 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors (i.e., statins) are known
for their plasma cholesterol lowering capacity.8 Lowering serum lipid levels leads to regression or stabilization of atherosclerotique plaques, which may cause the reduced morbidity and mortality seen
in patients with coronary artery disease treated with statins. Additional clinical evidence shows that
statins also excert beneficial effects independent of diminished plasma lipid levels, likely caused by
various effects statins have on a cellular or subcellular level or indirectly by lowering cholesterol accumulation in tissues.9 These ‘pleiotropic’ effects include attenuation of the pathological remodeling
of the heart and vessels, e.g. regression of LVH.10
Recent studies have shown an interaction between the molecular pathways activated by LXRs and the
effects of statin treatment.11,12,13 We therefore hypothesize that the attenuation of LVH by statin treatment is mediated by LXR activation. To test this hypothesis, we tested how mice deficient for the LXR-α
isotype (LXR-α-/- mice) respond to statin treatment in a model of cardiac pressure overload.

METHODS
Animals and housing conditions
All experiments were approved by the local Committee on Animal Experimentation and were performed under international guidelines on animal experimentation. Male C57Bl/6j WT mice were obtained from Harlan (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 hour light:12 hour 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 pravastatin (SigmaAldrich Chemie B.V., Zwijndrecht, The Netherlands) (50 mg/kg/day) throughout the entire experiment.
3 days after the start of the diet intervention, mice were anesthetized using isoflurane (2% in O2).
After opening the abdomen, the aorta was constricted at the suprarenal level with an 8-0 nylon suture
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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; 0.1 mg/kg).

Echocardiographic and haemodynamic measurements and blood serum analysis
4 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
anesthetized 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
diameter (LVIDd), posterior wall thickness (LVPWd), and interventricular septal thickness (IVSd). Mitral
valve Doppler signals were used to establish 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
anesthetized as described above and the right carotid artery was inserted with the pressure transducer catheter. After the haemodynamic measurements, mice were sacrificed by excision of the heart.
Atria and the right ventricle were removed and the remaining LV was snap-frozen for RNA analysis.
Whole blood samples were taken and analyzed using the Demecal Lifestyle SetTM (LabAnywhere b.v.,
Haarlem, The Netherlands) to measure serum levels of cholesterol and tryglicerides.

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 was extracted with TRIzol reagent (Invitrogen Corporation, Carlsbad,
CA, USA). 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 ReverseTranscriptase PCR (qRT-PCR) (50 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 1.

Statistical analysis

Table 1

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 comparisons (Tukey’s test) when the data

Reverse

Forward
BNP

GGGCTGTAACGCACTGAAGT

ABCG1

CCTTCCTCAGCATCATGCGC

ABCA1

GGACATGCACAAGGTCCTGA

SREBP-1c

ATCGGCGCGGAAGCTGTCGGGGTAGCGTC

ACTGTCTTGGTTGTTGATGAGCTGGAGCAT

TATTCGGCTGAAGCTGGT

CTGGCATTTGTTCCGGTTCT

AAGCGCGTCCTGGCATTGTC

GCAGCCGCAAATGCAGATGG

36B4
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GGAAAGAGACCCAGGCAGA
CGATCCCAATGTGCGA
CAGAAAATCCTGGAGCTTCAAA
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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
Pravastatin attenuates LVH in wildtype but not in LXR-α-/- mice
To assess LVH 7 weeks after AC, left ventricles were weighed (table 2). In wildtype mice and in LXR-α-/-,
AC caused an increased left ventricular weight compared to sham operated mice. In wildtype mice,
this increase was attenuated when mice were treated with pravastatin. In LXR-α-/- mice however, no
effect was seen on left ventricular weight in AC mice treated with pravastatin compared to AC mice on
standard control chow. Figure 1A shows the left ventricular weight as a ratio of the total body weight.
Correction for body weight shows the same results as the left ventricular weights alone; in wildtype
mice treatment with pravastatin attenuates LVH, but in LXR-α-/- mice no effect of pravastatin was found
compared to AC mice fed with normal standard chow. Total cholesterol, LDL cholesterol,
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HDL cholesterol, and triglyceride levels in blood serum were not affected by AC and/or treatment with
pravastatin (table 2).
Analysis of cardiac mRNA expression shows that transcription of B-type natriuretic peptide (BNP) is
increased 7 weeks after AC in both wildtype and LXR-α-/- mice (figure 1B). In wildtype mice this increase was less when mice were treated with pravastatin compared to control AC mice. In LXR-α-/-
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mice however, the pravastatin treatment seemed to have no effect on cardiac BNP mRNA levels.
Similar effects were found on mean arterial blood pressure (MAP) (figure 1C). In mice subjected to AC
MAP increased compared to sham operated animals in both wildtype and LXR-α-/- mice. Pravastatin
treatment attenuated this hypertension in wildtype mice, but not in LXR-α-/- mice.
Echocardiographic measurements were performed 4 and 7 weeks after AC to assess cardiac dimensions. 4 weeks after AC, wildtype mice showed increased IVSd and LVPWd compared to sham operated
mice. Both IVSd and LVPWd were attenuated when AC wildtype mice were treated with pravastatin.
In LXR-α-/- mice however, only IVSd was increased after 4 weeks AC while LVPWd remained unaltered.
At this 4 week time point, AC LXR-α-/- mice treated with pravastatin showed less thickening of the IVSd
than their control AC mice.
7 weeks after AC, wildtype mice showed similar, but more pronounced results as after 4 weeks AC.
Both IVSd and LVPWd were increased in AC mice and were attenuated when mice were treated with
pravastatin. In LXR-α-/- mice however, IVSd and LVPWd were also increased 7 weeks after AC, but treatment with pravastatin had no effect on the wall thickening in these area’s. Other variables measured
by echocardiography at 4 and 7 weeks after AC are listed in table 3.

Pravastatin alters gene expression of LXR-α target genes
To gain insight in the molecular processes underlying the interplay of pravastatin and LXR, we measured cardiac mRNA expression of several LXR-α specific target genes (figure 3). At baseline, expression of sterol receptor element binding protein type 1c (SREBP-1c), peroxisome proliferator activated
receptor (PPAR)-γ and ATP-binding cassette type A1 (ABCA1) is higher in wildtype mice compared
to LXR-α deficient mice (figure 3A-C). Treatment with pravastatin decreased the expression of these
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LXR-α target genes in wildtype mice, whereas the expression in LXR-α-/- mice remained unaltered. Expression of ABCG1, also a known LXR-α target gene, remained unchanged after AC or statin treatment
in both wildtype and LXR-α-/- mice.

DISCUSSION
Previously, we and others showed that activation of LXRs by a synthetic agonist attenuates the development of LVH.2,14 In this study we confirm that in a model of pressure overload, treatment with
pravastatin attenuates LVH in wildtype mice. In addition, we show that these anti-hypertrophic effects
are abolished in LXR-α-/- mice. Together, these results suggest an important role for LXRs in the pathway through which statins are able to attenuate the development of LVH.
A wide body of evidence supports the notion that statins attenuate LVH as a pleiotropic effect of these
drugs (reviewed in15). However, it remains unclear through which precice mechanisms these effects
are exerted. Our data (as well as earlier publications16) show that in wildtype mice, statin treatment
results in lowered MAP. This suggests that the attenuation of LVH in these mice might be exerted by
the blood pressure lowering effects of statins. In LXR-α-/- mice statins did not affect the MAP, showing a
crucial role for LXRs in the blood pressure lowering effects of statins. Indeed, earlier studies show that
activation of LXRs results in blunted activation of the RAAS and decreased blood pressure.6,17
It has been observed in clinical studies however, that changes in LVH may not be exclusively explained
by the blood pressure lowering effect of a drug.18 Previously we showed that in vitro (so without any
systemic haemodynamic effects), LXR activation results in attenuation of cardiomyocyte hypertrophy.2
In addition we show here that statin treatment directly affects cardiac mRNA expression of several
target genes of LXR. So on top of its blood pressure lowering effects, statins also directly affect gene
transcription in cardiomyocytes. LXR-α dependency in this mechanism is again confirmed by the absence of these effects in hearts of LXR-α-/- mice.
Also in human macrophages, statins have been shown to decrease the expression of ABCA1 and
ABCG1, specific target genes for LXR.11 The authors speculate that this decreased expression of LXR
target genes is attributable to a decreased availability of oxysterol ligands for LXR, caused by decreased
24(S),25-epoxycholesterol synthesis from the mevalonate pathway which is inhibited by statins. The
current study confirms these findings; we also found that the LXR target genes SREBP-1c and ABCA1
were downregulated in hearts of statin treated mice.
The notion that statins decrease the availability of oxysterol ligands for LXR seems in contrast with cardioprotective role of LXRs. This apparent discrepancy can be explained by the hypothesis that statins
exert their anti hypertrophic effects through the inhibition of SREBP-2 transcription. Like SREBP-1c,
SREBP-2 is a transcription factor that stimulates the expression of specific target genes.19 While SREBP1c is involved in lipogenesis, SREBP-2 stimulates cholesterol synthesis and is activated in response to
cholesterol depletion. Target genes of SREBP-2 include HMG-CoA synthase and reductase, which are
both higher expressed in livers of LXR-α-/- mice compared to wild type mice (data not shown). LXR-α-/mice are characterized by a higher expression of SREBP-2.3 Inhibition of SREBP-2 transcription by
pravastatin may thus have a greater impact in wildtype mice than in LXR-α-/- mice. It remains unclear if
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and how SREBP-2 is involved in the hypertrophic response of the heart, but it could be suggested that
SREBP-2 targets hypertrophic genes. Additional studies are warranted to test this hypothesis.
Baba et al. show that there is a negative correlation between blood cellular LXR-α mRNA expression and the severity of coronary heart disease.20 Also, patients treated orally with atorvastatin show
increased mRNA expression of LXR-α in their blood mononuclear cells, whereas PPAR-α and PPAR-γ
mRNA expressions are decreased. It is suggested that the increase in LXR-α expression serves as a protective mechanism against the development of coronary atherosclerosis. Although our study confirms
the decrease in PPAR-γ mRNA found after statin treatment, we did not see an increase in cardiac LXR-α
mRNA expression (data not shown). However, it is not unlikely that the response of cardiomyocytes to
statin differs from the response of blood mononuclear cells with respect to LXR-α mRNA expression.
An increase in LXR-α expression in blood mononuclear cells (e.g. macrophages) might explain why
statins exert a cardioprotective effect in the wildtype mice, but not in LXR-α-/- mice.
In conclusion, we show in this study that LXR-α plays a crucial role in the anti-hypertrophic effects on
the heart by statins. These findings confirm the suggested interplay of LXRs and statins and further
support a protective role for LXR-α in the development of LVH.
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