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ABSTRACT

Background.  Diabetic cardiomyopathy is a myocardial disease triggered by metabolic 
derangements due to impaired insulin signaling, increased fatty acid (FA) uptake and 
diminished glucose utilization, which results in myocardial lipotoxicity, left ventricular 
(LV) hypertrophy, and cardiac dysfunction. Liver X receptors (LXRs) are key transcriptional 
regulators of metabolic homeostasis. However, their effect in the diabetic heart is largely 
unknown. 

Methods and results.  We cloned murine LXRα behind the α-myosin heavy 
chain (MHC) promoter to create transgenic (LXRα-Tg) mice with 9-fold increase 
in cardiac LXRα protein expression. Type II diabetes was induced by high fat diet 
(HFD, 60 kcal% fat) over 16 weeks and compared to low fat diet (LFD, 10 kcal% 
fat). Type I diabetes was induced via streptozotocin (STZ) injection over 12 weeks. 
HFD manifested comparable increases in body weight, plasma triglycerides, and insulin 
resistance per oral glucose tolerance test in LXRα-Tg mice and transgene-negative littermates 
(Wt). HFD significantly increased LV weight by 21% in Wt hearts, but only by 5% in LXRα-
Tg. This was associated with reduced molecular determinants of hypertrophy in LXRα-Tg 
hearts, including βMhc and Rcan1 expression, as well as preserved αMhc expression. HFD 
intervention did not impair cardiac function. To elucidate metabolic effects in the heart, 
18F-FDG and PET was used to determine cardiac glucose uptake, which was increased by 1.4-
fold in Wt mice on HFD, but augmented further by 1.7-fold in LXRα-Tg hearts, in part through 
AMPK phosphorylation and restoration of Glut4. In LXRα-Tg mice, enhanced cardiac glucose 
uptake is dependent upon insulin since STZ-induced ablation of insulin signaling diminished 
uptake levels and caused cardiac dysfunction. Lastly, we identified natriuretic peptides as 
potential direct targets of cardiac LXRα overexpression that are modulated through a direct 
interaction of LXRα with response elements in the ANP/BNP promoter region. 

Conclusion.  Cardiac-specific LXRα overexpression ameliorates the progression of HFD-
induced LV hypertrophy in association with increased glucose reliance and natriuretic 
peptide signaling during the early phase of diabetic cardiomyopathy. These findings 
implicate a potential protective role for LXR in targeting metabolic disturbances underlying 
pre-diabetes.
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INTRODUCTION

Metabolic abnormalities such as insulin resistance, disturbed glucose homeostasis, 
dyslipidemia, and obesity all predispose toward the development of type II diabetes and 
are associated with increased risk for cardiovascular disease and heart failure (1). Moreover, 
obesity promotes left ventricular (LV) hypertrophy, independent of hypertension (2), and LV 
hypertrophy is not uncommon in normotensive subjects with diabetes (3). The underlying 
pathogenesis of myocardial disease induced by diabetes, termed diabetic cardiomyopathy, 
is only partially understood. However, aberrant myocardial metabolism is implicated to be 
an early manifestation of the disease as increased circulating fatty acids (FA) and impaired 
insulin signaling shift substrate usage toward exclusively FA and less reliance on glucose. The 
consequent lack of metabolic flexibility leads to lipotoxicity, impaired calcium signaling, and 
mitochondrial dysfunction that manifests as increased myocardial stiffness, hypertrophy, 
and diastolic dysfunction (4). 

Liver X receptors α and β (LXRα and LXRβ) are sterol-activated transcription factors belonging 
to the nuclear receptor superfamily. LXRα is predominantly expressed in metabolically 
active systems including liver, adipose tissue, and macrophages, whereas LXRβ is ubiquitous 
(5). LXRs form obligate heterodimers with the retinoid X receptor (RXR), activating target 
gene transcription by interacting with a LXR response element (LXRE). LXRs have emerged 
as central regulators of cholesterol homeostasis and lipid and glucose metabolism, and 
have established anti-inflammatory and immune functions. In insulin-resistant diabetic 
rodents, synthetic LXR activation reduced hyperglycemia (6,7) and improved peripheral 
insulin sensitivity (8,9), effects evidently mediated across multi-organ systems including 
suppression of gluconeogenic genes in the liver and improved peripheral glucose disposal 
in adipose tissue (6,8) and skeletal muscle (10). In the heart, activation of LXRs has been 
shown to attenuate pathological cardiac hypertrophy (11-13), ischemia/reperfusion injury 
(14,15), and very recently, diabetic cardiomyopathy in type II diabetic db/db mice (16). 

We have previously shown that mice with selective overexpression of LXRα in the heart 
(LXRα-Tg) demonstrate increased capacity for myocardial glucose uptake which protected 
against cardiac dysfunction and adverse remodeling in the adaption to hypertrophic 
stress (Cannon et al., unpublished data). To date, the metabolic effects of LXR in the 
diabetic heart have not been described. Thus, the present study aimed to investigate 
the metabolic and functional consequences of cardiac LXRα activation in response to a 
metabolic challenge imposed by high fat diet (HFD)-induced obesity and insulin resistance. 
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METHODS

Generation of LXRα-Tg mice
Transgenic mice with cardiac-specific LXRα overexpression were created by cloning a full-
length murine LXRα (NR1H3) cDNA construct downstream of the cardiac-specific α-myosin 
heavy chain (αMHC) promoter, described previously in detail (Cannon et al., unpublished 
data). Mice were bred on C57BL/6 background and backcrossed for six generations. Non-
transgenic littermates (wild-type, Wt) served as controls.

Experimental protocol
Animal studies were performed in accordance with the Guide for the Care and Use of 
Laboratory Animals (NIH Publication No. 86-23) and with approval by the Institutional Animal 
Care and Use Committee of the University of Groningen, Groningen, The Netherlands. Male 
mice were housed in a pathogen free, temperature-controlled environment, and maintained 
on a 12hr:12hr light:dark cycle with ad libitum access to water and chow. At approximately 
12 weeks of age, diet intervention commenced with mice receiving either high fat diet (HFD; 
60% kcal fat), or a nutrient-equivalent low fat control diet (LFD; 10% kcal fat) for 16 weeks 
(D12492 and D12450B, respectively, Research Diets Inc., New Jersey, USA). 

To induce type I diabetes, low-dose streptozotocin (STZ) induction protocol was performed. 
Briefly, mice were fasted for 4 hours, followed by an intraperitoneal injection of 50 mg/kg STZ 
dissolved in sodium citrate buffer that was performed for 5 consecutive days. Control mice 
received sodium citrate intraperitoneally. After 4 weeks, mice were tested for presence of 
sufficient hyperglycemia, and blood glucose levels were monitored every 4 weeks thereafter. 
STZ was initiated over a period of 12 weeks during which time mice were maintained on 
normal chow (Harlan, The Netherlands).

Oral glucose tolerance test
Mice were fasted for 6 hours followed by administration of a glucose bolus (2 g/kg) by oral 
gavage. Blood was sampled from the tail vein immediately before the glucose challenge, 
as well as at 15, 30, 60, 90, 120, 150, and 180 minutes thereafter. Blood glucose levels 
were determined using Accu-Chek Aviva glucose analyzer (Roche Diagnostics, Mannheim, 
Germany). The area under the curve (AUC) for each time point was calculated using 
GraphPad Prism (Version 5.04).

Cardiac functional assessment
Transthoracic echocardiography was performed in anesthetized mice using the GE Vivid 
7 equipped with 14-MHz transducer (GE Healthcare, Chalfont St. Giles, UK), as previously 
described (17). M-mode was recorded in parasternal short axis view to measure septal and 
posterior wall thickness as well as LV internal dimensions in diastole and systole, from which 
percent fractional shortening was determined. In apical views, pulsed wave Doppler was 
used to measure mitral filling velocities. For determination of LV cardiac output (LVCO), the 
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diameter of the LV outflow tract (LVOT) was measured in parasternal long axis, and pulsed 
wave Doppler was used to record flow gradients in the LVOT in apical 5-chamber view. 

Invasive hemodynamic recordings were obtained with a microtip pressure catheter (1.0 F; 
Millar Instruments, Houston, TX, USA), described previously (17). Under anesthesia, the 
right carotid artery was located and punctured, followed by advancement of the catheter 
into the proximal aorta for arterial pressure recordings, then into the LV for measurement of 
intracardiac pressures. From these recordings, heart rate, aortic pressures, LV end-systolic 
and end-diastolic pressures, and maximal and minimal first derivatives of force (dPdt max and 
dPdt min) were determined. Preceding hemodynamic measurements, mice were fasted for 
4 hours. Following hemodynamic monitoring, blood was sampled via heart puncture. The 
hearts were flushed with phosphate-buffered saline, harvested, and weighed. The LV was 
portioned for immunohistochemistry preparations, or frozen in liquid nitrogen and stored 
at -80°C for biochemical and expressional analyses.

Small animal PET studies
MicroPET imaging of 2-deoxy-2-(18F)fluoro-D-glucose (FDG) was used to assess myocardial 
glucose uptake and was performed on a Focus 220 microPET system (Siemens, USA), as 
previously described (Cannon et al., unpublished data). In brief, food was removed from 
cages 3 hours prior to imaging. Mice were anesthetized with isoflurane and blood glucose 
was sampled via the tail vein (Accu-Chek Aviva; Roche Diagnostics, Mannheim, Germany). 
FDG activity of approximately 15-20 MBq was administered via the penile vein. PET emission 
data were acquired for 30 min followed by a 15 min transmission scan to correct for photon 
attenuation and scatter. PET images were reconstructed and analyzed using Inveon Research 
Workplace (Siemens, USA). Three consecutive regions of interest were selected from the left 
ventricular myocardium in the frontal and coronal planes. The myocardial 18F-FDG uptake 
was calculated as a standardized uptake value (SUV) and corrected for body weight and time 
of decay before and after tracer injection; SUV = activity measured / [activity injected/body 
weight (g)]. For all animals, an SUV was set at 20 for analysis of the HFD study. The SUV was 
adjusted to a setting of 8 in the STZ study in order to account for the broader range of FDG 
levels.

RNA isolation and quantitative real-time PCR 
Total RNA extracted from tissue using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was 
reverse transcribed to cDNA (RNeasy Mini kit; Qiagen Inc, Valencia, CA, USA) and subjected 
to quantitative real-time polymerase chain reaction (PCR) (C1000 Thermal Cycler CFX384; 
Bio-Rad Laboratories, Veenendaal, The Netherlands). Transcript levels were quantified and 
normalized to the invariant transcript, 36b4. Primer sequences used for quantitative PCR 
analyses are listed in Supplemental Table II.
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Immunoblotting 
Cardiac protein lysates were prepared as previously described (13). Western blots analyses 
were performed using primary and secondary antibodies using the following: anti-human 
LXRα (Perseus Proteomics); AMPKα, phospho-AMPKα (Thr172), Akt, phospho-Akt (Ser473), 
Glut4 (Cell Signaling); phospho-p70S6 Kinase (T389) (R&D Systems); glyceraldehyde-3-
phosphate dehydrogenase (Fitzgerald, USA); rabbit anti-mouse immunoglobulins/HRP, 
goat anti-rabbit immunoglobulins/HRP (Dako, Denmark). Signals were detected by ECL 
(PerkinElmer, Waltham, MA, USA), and densitometry was quantified with ImageQuant LAS 
4000 (GE Healthcare Europe, Diegem, Belgium). 

Biochemical assays 
Plasma analyses were performed from collection of blood following 4 hours of fasting 
to assess plasma triglycerides (Roche Diagnostics) and insulin using an enzyme-linked 
immunosorbent assay (ELISA) kit (ALPCO Diagnostics, New Hampshire, USA). Myocardial 
lipids were extracted from frozen LV tissue according to Bligh & Dyer protocol (18), and 
triglycerides were measured with a commercial kit (Roche Diagnostics). Cardiac glycogen 
content was determined using EnzyChrom Glycogen Assay kit (BioAssay Systems, Hayward, 
CA, USA), as previously described (Cannon et al., unpublished data). 

Histological analysis 
Mid-ventricular cross-sectional slices were immersed in Tissue-Tek for cryopreservation 
(Sakura Finetek, USA). For neutral lipid detection, 4 µm frozen mid-ventricular sections were 
stained with Oil red O (Sigma Aldrich) and imaged at 40X magnification (ScanScope, Aperio 
Technologies, Vista, CA, USA).

Chromatin immunoprecipitation (ChIP) assay
Identification of putative DR4 LXREs in the promoter region on ANP (Nppa) and BNP (Nppb) 
genes was performed using bioinformatics tools. In the mouse, ten potential LXREs were 
identified within 50 kb upstream and downstream of the transcriptional start site, and nine 
were found in the rat. 

Chromatin immunoprecipitation (ChIP) experiments were performed in both isolated 
neonatal rat ventricular myocytes (NRVMs) and in hearts from LXRα-Tg and Wt mice using 
the Pierce Agarose ChIP Kit (Thermo Scientific). NRVMs were isolated and cultured from 1-3 
day old Sprague-Dawley pups, as previously described (13,19). NRVMs were transfected 
with adenoviral constructs containing either murine LXRα (Ad-LXRα), LXRα-specific siRNA 
(si-LXRα), or GL2 control viruses (Ad-cont), as previously described (19). Oligonucleotide 
sequences used for cloning are presented in Supplemental Table III. For preparation of 
chromatin in NRVMs, cells were fixed with paraformaldehyde (PFA; 1% final concentration) 
for 10 min at room temperature to cross-link proteins to DNA. Cross-linking was terminated 
by addition of 125 mM glycine for 5 min at room temperature. Following incubation, cells 
were washed twice with ice-cold phosphate-buffered saline (PBS), detached, and the cell 
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suspension pelleted by centrifugation at 3000 g for 5 min. 

For preparation of chromatin from tissue samples, murine hearts were flushed with ice-cold 
PBS and harvested. Two hearts were pooled per genotype; the experiment was conducted 
for two murine preparations per genotype. Tissue samples were finely minced in 5 ml of 
Dulbecco’s Modified Eagle’s Medium (DMEM; 4.5 g/L glucose) on ice. Cross-linking was 
performed by addition of 1.5% PFA and incubation for 20 min at room temperature on 
a shaker. The reaction was stopped with 125 mM glycine for 5 min at room temperature, 
followed by centrifugation of the samples at 4500 g for 5 min and two sequential washes 
with ice-cold PBS containing phenylmethylsulfonyl fluoride (PMSF). The pelleted tissue was 
then subjected to disaggregation using a T 25 digital Ultra Thurrax disperser (IKA, Staufen, 
Germany) in PBS supplemented with protease inhibitors and PMSF, then centrifuged at 4500 
g for 5 min at 4°C. The supernatant was removed and 10 ml of a cell lysis buffer (10 mM Tris-
HCl, pH 8.0, 10 mM NaCl, 0.2% NP40) was added to the pellet, vortexed, and centrifuged 
4500 g for 5 min at 4°C.

Cell pellets obtained from either NRVMs or tissue preparation were then resuspended in 
lysis buffer containing protease inhibitors, and incubated for 10 min on ice. Samples were 
centrifuged at 9000 g for 3 min at 4°C, followed by MNase digestion with Micrococcal 
Nuclease for 15 min at 37°C. Digestion was stopped by incubating samples in an MNase 
Stop Solution on ice for 5 min. Nuclei were recovered by centrifugation at 9000 g for 5 min 
and resuspension of the pellet in  lysis buffer. Samples were centrifuged again, and the 
supernatant containing digested chromatin was used for subsequent immunoprecipitation 
(IP) using antibodies for LXRα.

From each chromatin sample, 10% was removed for input control and the remaining sample 
was split for anti-LXRα IP (1 µg/µl anti-human LXRα, Perseus Proteomics), or nonspecific 
rabbit IgG (provided by manufacturer) as a negative control IP. The remaining procedure 
was performed according to manufacturer’s instructions, using supplied buffers (Thermo 
Scientific). Briefly, IPs were incubated overnight on a rocking platform at 4°C in IP dilution 
buffer. The antibody-protein-DNA complex was pulled down with ChIP Grade Protein A/G Plus 
agarose beads, and washed sequentially. DNA-protein complexes were eluted, and proteins 
were digested with Proteinase K at 65°C for 1.5 hrs. Protein-bound immunoprecipitated 
DNA was reverse cross-linked, and immunoprecipitated DNA fragments were eluted and 
purified for quantitative real-time PCR detection. 

From 45-50 µl extraction volume, 3 µl was used as a template for PCR amplification (35 
cycles), and RT-PCR was performed with SYBR green on C1000 Thermal Cycler CFX384 (Bio-
Rad Laboratories, Veenendaal, The Netherlands). The sets of primers used to amplify the 
regions on the promoter of the genes are shown in Supplemental Table IV. Agarose gel-
based electrophoresis was performed for visualization and quantification of ChIP results 
(Image J, NIH, Bethesda, MD, USA). Input samples were normalized to 36B4 levels. 
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Statistics
Data are expressed as means ± standard error of the mean (SEM). For group comparisons, 
one-way analysis of variance (ANOVA) was performed followed by Tukey’s post hoc analysis. 
When the data were not normally distributed, we performed Kruskal-Wallis test, followed 
by a Mann-Whitney U test for individual comparison of means. A value of P<0.05 was 
considered statistically significant. Statistical analyses were performed using IBM SPSS 
Statistics 22, Chicago IL, USA. 

RESULTS

HFD induces obesity and insulin resistance in mice
Prior to diet intervention, all mice displayed comparable measures of body weight 
(Figure 1A). Obesity developed similarly between LXRα-Tg and Wt mice on HFD as both 
groups gained significant increases in body weight in the first 8 weeks, and by 16 weeks, 
mice attained approximately 50% of original body weight. Mice receiving HFD exhibited 
hypertriglyceridemia and hyperinsulinemia as both circulating triglycerides (Figure 1B) and 
insulin levels (Figure 1C) were significantly elevated compared to respective LFD control. 
Mice on HFD were normoglycemic, yet demonstrated glucose intolerance and insulin 
resistance per oral glucose tolerance test (Figure 1D and 1E). Area under curve (Figure 1D) 
was calculated from response to oral glucose challenge (Figure 1E). In both HFD groups, 
post mortem analysis revealed significant increases in liver weight of 46% and 50% for 
HFD-Wt and HFD-LXRα-Tg, respectively (Table). These data suggest that both LXRα-Tg and 
Wt mice incurred comparable systemic effects from HFD intervention, resembling human 
insulin resistance and pre-diabetes. HFD did not affect ventricular LXRα protein expression 
as assessed by western blot (Figure 1F).

Cardiac LXRα overexpression prevents development of LV hypertrophy induced 
by HFD    
HFD feeding over 16 weeks caused significant increases in LV weight of 21% in Wt mice, 
but only 5% in LXRα-Tg mice (Figure 2A). Expression of the adult cardiac gene, αMhc, was 
significantly downregulated in Wt mice (Figure 2B), whereas the fetal isoform, βMhc, was 
significantly higher in Wt than in LXRα-Tg mice on HFD (Figure 2C). Skeletal muscle alpha-actin, 
Acta1, transcript levels were increased similarly in both HFD groups, albeit not significantly 
(Figure 2D), whereas regulator of calcineurin 1, Rcan1, was significantly induced in Wt, but 
not in LXRα-Tg (Figure 2E). Interestingly, natriuretic peptides, atrial natriuretic peptide (ANP, 
or Nppa) and B-type natriuretic peptide (BNP, or Nppb), were upregulated in LXRα-Tg hearts, 
irrespective of diet, and studied in more detail (see below, Figure 5). Potential pathological 
growth pathways implicated in cardiac hypertrophy and diabetic cardiomyopathy were also 
studied. Phosphorylated Akt protein levels were moderately upregulated similarly between 
LXRα-Tg and Wt mice on HFD (Supplemental Figure 1A), but downstream P70S6K signaling 
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Table.  Biometrical, Echocardiographic, and Hemodynamic Parameters of LXRα-Tg and Wt Mice at 16 Weeks post 
Low Fat or High Fat Diet 

LFD HFD
Wt LXRα-Tg Wt LXRα-Tg

Post mortem organ weight (n=11) (n=11) (n=12) (n=12)
     Body weight, grams 34.8 ± 1.3 35.0 ± 0.9 50.9 ± 0.8 † 53.4 ± 0.7 †
     LV/tibia, mg/mm 6.9 ± 0.1 6.3 ± 0.2 8.3 ± 0.2 * 6.6 ± 0.5 ‡
     Kidney/tibia, mg/mm 23.5 ± 0.7 24.6 ± 0.8 25.1 ± 0.6 26.5 ± 0.6 
     Liver/tibia, mg/mm 92.7 ± 5.8 89.8 ± 6.4 172.8 ± 9.1 † 182.6 ± 7.0 †
Echocardiography (n=11) (n=10) (n=12) (n=12)
     Heart rate, bpm 436 ± 10 436 ± 12 418 ± 9 456 ± 13
     LVCO/BW, ml/min/g 0.81 ± 0.04 0.72 ± 0.09 0.67 ± 0.04 0.70 ± 0.04
     Stroke volume, µl 66.3 ± 2.6 63.8 ± 2.7 82.9 ± 5.0 * 82.3 ± 4.4 #

     Fractional shortening, % 40.9 ± 1.5 41.9 ± 1.1 35.2 ± 2.2 36.4 ± 1.3
     E velocity, m/s 0.76 ± 0.02 0.71 ± 0.02 0.71 ± 0.03 0.77 ± 0.07
     A velocity, m/s 0.54 ± 0.02 0.51 ± 0.03 0.47 ± 0.03 0.52 ± 0.06
     E/A ratio 1.41 ± 0.03 1.43 ± 0.06 1.59 ± 0.11 1.57 ± 0.10
     Deceleration time, ms 44.6 ± 2.8 36.7 ± 2.5 43.8 ± 4.1 37.4 ± 2.4
Hemodynamics (n=11) (n=11) (n=12) (n=12)
Aortic pressures
     Peak systolic, mmHg 101.1 ± 2.2 92.1 ± 2.7 105.8 ± 2.6 105.8 ± 2.3 #

     Peak diastolic, mmHg 66.5 ± 1.9 63.8 ± 1.8 69.9 ± 2.0 70.4 ± 1.4
     Mean arterial pressure, mmHg 78.0 ± 2.0 73.2 ± 2.1 81.9 ± 2.2 82.2 ± 1.6 *
Intra-ventricular pressures
     LV end-systolic pressure, mmHg 99.8 ± 2.0 91.5 ± 2.7 110.7 ± 4.0 103.2 ± 2.6 *
     LV end-diastolic pressure, mmHg 7.6 ± 2.2 7.2 ± 1.4 10.4 ± 1.2 13.5 ± 2.0
     dPdtmax, mmHg 8360 ± 363 8420 ± 305 8389 ± 375 8263 ± 293
     dPdtmin, mmHg -7785 ± 365 -7433 ± 265 -8135 ± 348 -7197 ± 340

LFD, low fat diet; HFD, high fat diet; LV, left ventricular; LVCO, left ventricular cardiac output; BW, body weight. Data 
are expressed as means ± SEM. * P<0.05, # P<0.01, † P<0.001, HFD versus corresponding LFD group; ‡ P<0.01, Wt 
vs LXRα-Tg mice.  

was not strongly activated (Supplemental Figure 1B). 

HFD causes mild hypertension and borderline diastolic and systolic dysfunction
Echocardiographic and invasive hemodynamic parameters of cardiac function are presented 
in Table. Mean arterial pressure (MAP) and intracardiac pressures did not differ significantly 
between LXRα-Tg and Wt mice. On HFD, mildly increased blood pressure was observed in 
both LXRα-Tg and Wt mice without differing significantly between genotypes. Mice on HFD 
did not display signs of diastolic dysfunction as mitral filling velocities and deceleration time 
were unaltered, as well as end-diastolic LV pressure and contractility. These data indicate 
that the associated HFD-induced LV hypertrophy represents early structural remodeling 
since functional consequences are absent at this time point. 
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LXRα-Tg mice demonstrate increased cardiac glucose uptake despite systemic 
insulin resistance 
We have previously demonstrated enhanced myocardial glucose uptake in LXRα-Tg mice and 
in response to chronic pressure overload-induced hypertrophy (Cannon et al., unpublished 
data). In this study, we tested the functionality of this adaptation by subjecting mice to 
a metabolic challenge of insulin resistance and hypertriglyceridemia. Cardiac glucose 
uptake was significantly increased by 1.5-fold in LXRα-Tg mice on LFD compared to Wt mice. 
HFD caused 1.4-fold increases in glucose uptake in Wt mice, but this was more markedly 
enhanced in LXRα-Tg hearts (Figure 3A and 3B). LV protein levels of the insulin-dependent 
glucose transporter, Glut4, were assessed by western blot (Figure 3C). Glut4 was significantly 
upregulated by 1.6-fold in LXRα-Tg mice on LFD. However, HFD significantly suppressed 
Glut4 expression in Wt mice, but this was restored by LXRα overexpression. Phosphorylated 
AMPK was significantly increased in LXRα-Tg mice in response to HFD, but not in Wt-HFD 
mice (Figure 3D). These data indicate that increased basal cardiac glucose uptake in LXRα-
Tg mice is associated with induction of the insulin-dependent Glut4 transporter, and AMPK 
phosphorylation may contribute to the enhanced glucose uptake levels following HFD.

Figure 1
Liver X receptor (LXR) α-Tg and Wt mice develop obesity and insulin resistance with high fat feeding.  (A) Body 
weight increased in mice after 16 weeks of high fat diet (HFD); n=11-12/group; *P<0.05 versus respective low 
fat diet (LFD) control for both LXRα-Tg and Wt. Measurements of fasted plasma (B) triglyceride and (C) insulin 
levels; n=8-12/group; **P<0.01, ***P<0.001 versus respective LFD control. (D-E) Oral glucose tolerance testing 
was performed in mice at 14 weeks; n=9-10/group. (D) Area under the curve (AUC) was calculated from (E) serial 
glucose measurements; **P<0.01 versus respective LFD control, *P<0.05 versus respective LFD control for both 
LXRα-Tg and Wt, #P<0.01 Wt LFD versus Wt HFD. All data are means ± SEM. (F) Western blot of left ventricular LXRα 
protein expression in mice subjected to LFD or HFD; glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served 
as loading control.
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To further examine the effects of insulin on LXRα-mediated myocardial glucose uptake, 
mice were rendered insulin-deficient via STZ treatment, a model of type I diabetes. STZ 
caused approximately 50% reduction in fasting insulin levels (Supplemental Table I). As a 
consequence, myocardial glucose uptake levels were severely depressed in both Wt and 
LXRα-Tg mice treated with STZ (Supplemental Figure 2), which associated with declines 
in cardiac function (Supplemental Table I). Taken together, cardiac LXRα overexpression 
augments cardiac glucose uptake despite systemic insulin resistance, but the presence of 
insulin is crucial for LXRα-mediated increases in glucose levels. 

Cardiac LXRα overexpression induces transcriptional changes in lipid metabolism
Genes promoting cellular and mitochondrial FA uptake such as fatty acid translocase, Cd36 
(Figure 4A), and carnitine parmitoyltransferase I, Cpt1a and Cpt1b (Figure 4C and 4D), were 
significantly downregulated in LXRα-Tg hearts in response to HFD, suggesting a shift away 

Figure 2
Cardiac-specific LXRα overexpression prevents obesity-induced cardiac hypertrophy. (A) Left ventricular (LV) to 
tibia length ratios in Wt and LXRα-Tg mice fed HFD for 16 weeks; n=11-12/group. (B-D) Measurement of mRNA 
levels to assess hypertrophic gene expression. Values are normalized to the invariant transcript, 36b4, and are 
expressed as fold change; n=8-10/group. Data are means ± SEM; *P<0.05, **P<0.01, versus respective LFD control, 
#P<0.05, ##P<0.01 versus Wt.
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from FA oxidation pathways. AMPK activation promotes FA oxidation by increasing Cd36 
and inhibiting acetyl CoA-carboxylase, Acc2. However, we observed reduced Cd36 mRNA 
levels and increased Acc2 expression in LXRα-Tg mice on HFD (Figure 4B), despite increased 
phosphorylated AMPK (Figure 3D), indicating that these effects on FA oxidation in LXRα-Tg 
hearts are mediated via an AMPK-independent mechanism. HFD did not cause substantial 
changes in cardiac triglycerides, although these levels tended to be lower in LXRα-Tg mice 
(Supplemental Figure 3). No detectable differences in the constitutive glucose transporter, 
Glut1, and hexokinase II (Hk2) mRNA levels were observed between LXRα-Tg and Wt mice 
(Figure 4E and 4F).

Natriuretic peptides are potential direct targets of LXRα activation
Natriuretic peptides, ANP (Nppa) and BNP (Nppb), are induced in response to cardiac injury 

Figure 3
Cardiac LXRα overexpression enhances myocardial glucose uptake in response to HFD. (A-B) Mice on either LFD or 
HFD underwent 18F-FDG and microPET analysis to record myocardial glucose uptake after 16 weeks on respective 
diets. (A) FDG uptake was determined as standard uptake value (SUV); n=5-6/group. (B) Representative PET images 
in coronal and axial planes. Quantification of (C) GLUT4 and (D) AMPKα phosphorylation protein levels in LV tissue 
normalized to GAPDH; n=5-8/group. Data are means ± SEM; *P<0.05, ***P<0.001 versus respective LFD control, 
#P<0.05, ###P<0.001 versus Wt.
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or stress. However, their concentrations are decreased in obesity and type II diabetes 
despite the presence of cardiac hypertrophy and dysfunction (20), and studies indicate 
that treatment with BNP prevents adverse cardiac remodeling and dysfunction in diabetic 
rodents (21,22). LXRs may play a regulatory role in natriuretic peptide expression since 
ANP and BNP mRNA levels are significantly increased by 2.8–fold and 3.0–fold, respectively, 
in mice with cardiac-specific LXRα overexpression (described previously, Cannon et al., 
unpublished data), and remain upregulated in the presence of HFD-induced obesity (Figure 
5A and 5B). 

To further evaluate the role of LXRα on myocardial natriuretic peptide transcription, in 
silico analysis of the ANP/BNP promoter region was performed using algorithms specific 
for the identification of LXR binding sites, or LXREs. In the mouse, ten potential LXREs were 
identified within +/- 50 kb of the Nppa transcriptional start site. To determine whether the 
LXR/RXR heterodimer is recruited to the ANP/BNP region, ChIP analysis was performed 

Figure 4
Metabolic gene profile of LXRα transgenic hearts subjected to HFD. (A-F) mRNA levels were determined in left 
ventricular samples following 16 weeks of either LFD or HFD for genes involved in (A) fatty acid uptake, (B-D) 
mitochondrial import and oxidation, and (E-F) glucose uptake and metabolism. mRNA levels are normalized to 
36b4, and expressed as fold change; n=8-10/group. Data are means ± SEM; #P<0.05, ##P<0.01, ###P<0.001 versus Wt.
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in murine heart tissue with antibodies specific for LXRα. An LXRα antibody was sufficient 
to pull down LXRE-containing DNA fragments of two potential LXREs, LXRE 6 and LXRE 
14 (Figures 5D-G). Agarose gel electrophoresis indicated that recruitment of LXRα to the 
ANP/BNP region occurred in both Wt and LXRα-Tg mice. This gel-based assay was used 
for quantitative assessment of LXRE fragments by determining abundance of precipitated 
genomic sequences by real-time PCR. IgG antibodies served as a negative control, confirming 
lack of an interaction with the LXRE under investigation. 

To assess whether LXRE 14 is conserved, binding site sequences for mouse, human and rat 
were identified using the JASPAR database (http://jaspar.genereg.net) (Figure 5C). A region 
of +/- 50kb from the transcription start site of the Nppa gene in mouse was used together 
with syntenic regions in the human and rat. These sequences were then scanned against all 
available position frequency matrices (PFMs) using a relative profile score threshold of 80%. 
Results from this analysis revealed the LXRE 14 binding site in the intronic region of Clcn6, 

Figure 5
Regulation of natriuretic peptide transcription by LXRα. Measurement of (A) ANP and (B) BNP mRNA levels in LXRα-
Tg and Wt mice subjected to 16 weeks of low fat or high fat diet intervention. Values are normalized to invariant 
transcript, 36b4, and are expressed as fold change; n=8-10/group. Data are means ± SEM; ##P<0.01, ###P<0.001 
versus Wt; §P=0.05. (C) LXRE 14 binding site sequences for mouse, human and rat were identified using the JASPAR 
database. A region of +/- 50 kb from the transcription start site of the Nppa gene in mouse was used together 
with syntenic regions in the human and rat. Results from this analysis revealed a highly conserved LXRE 14 binding 
site in the intronic region of Clcn6 in both mouse and human with less degree of conservation in the rat. (D-G) 
Chromatin immunoprecipitation assays were performed in heart samples from Wt and LXRα-Tg mice to analyze 
the ANP/BNP region using antibodies directed against LXRα. Analysis of immunoprecipitated chromatin fragments 
are from two murine preparations per genotype, each preparation representing two pooled hearts. The results are 
representative of the RT-PCR fragments, and are analyzed from gel electrophoresis. Non-specific IgG antibodies 
served as negative control.
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approximately 30 kb downstream of the transcription start site of mouse Nppa (score, 89%). 
Comparison with orthologous regions in the human and rat identified this site as being 
highly conserved in human (score, 81%). Relaxing the cut-off of the relative profile score to 
70% identified LXRE 14 as being less stringently conserved in rat (score, 74%). Using ChIP 
assay, we further validated binding of LXRα to this site in isolated rat cardiomyocytes (Suppl. 
Fig. 4A and 4B). 

In conclusion, LXRα binds specifically to the ANP/BNP promoter elements to regulate 
natriuretic peptide expression. Since the Nppa and Nppb genes do not overlap, but lie 
relatively close to each other, it is likely that functional LXREs located within the promoter 
region may influence either gene.

DISCUSSION

LXRs have been implicated as potential drug targets in treating diabetes and metabolic 
disorders given their role in improving glucose tolerance and insulin resistance (6,8,9,23). 
In the present study, we investigated whether cardiac LXRα protects the heart against 
diabetic cardiomyopathy. We found that cardiac-specific LXRα overexpression in murine 
hearts prevented the development of obesity-induced LV hypertrophy, in the absence 
of overt cardiac dysfunction. Despite hyperinsulinemia and peripheral insulin resistance, 
myocardial glucose uptake was remarkably enhanced in LXRα-Tg mice on HFD coincident 
with restoration of Glut4, demonstrating greater cardiac insulin responsiveness. In contrast, 
diabetes invoked by STZ-induced insulin deficiency impaired glucose uptake, indicating that 
insulin plays a critical role in LXRα-mediated glucose uptake. 

Mice with cardiac-specific LXRα overexpression are protected from LV hypertrophy and 
dysfunction following hypertrophic perturbations such as chronic pressure overload and 
angiotensin II stimulation (Cannon et al., unpublished data). Here, we demonstrate that, 
in these mice, the hypertrophic response is further abrogated following a metabolic 
challenge of chronic hypertriglyceridemia and hyperinsulinemia. HFD intervention 
induced LV hypertrophy and molecular determinants of hypertrophic stress in Wt mice 
in the absence of fibrosis (data not shown) and cardiac dysfunction, indicating that 
hypertrophic remodeling is a very early structural manifestation of cardiomyopathic onset 
and progression. However, with longer duration of HFD, we speculate that obesity-induced 
cardiac hypertrophy may predispose mice to cardiac dysfunction, as LV hypertrophy is one 
of the main precursors of heart failure. Recently, the LXR agonist GW3965 was reported 
to attenuate fibrosis and apoptosis and improve cardiac function in diabetic db/db mice 
(16). However, it is important to note that GW3965 also lowered body weight as well as 
hyperglycemia and hypercholesterolemia in these mice, while improving glucose tolerance 
and insulin sensitivity (16), suggesting that the beneficial effects of LXR agonism in the heart 
is likely to be a result of less stress emanating from these systemic metabolic disturbances. 



136

LXRα and diabetic cardiomyopathyChapter 5

In our study, these systemic parameters were comparable between Wt and LXRα-Tg groups, 
allowing for more heart-specific evaluation of LXR activation. 

To date, the metabolic effects of LXR in the diabetic heart have not been described. Metabolic 
derangements caused by HFD involve increased delivery of FA to the heart which steers 
substrate preference towards exclusively FA, and coupled with insulin resistance, limits the 
dependence on glucose. The heart is thus an inadvertent target of diabetes. In this study, 
we tested the functionality of the cardiac LXRα transgene on myocardial glucose uptake 
capacity by subjecting mice to HFD-induced obesity and insulin resistance. In this setting, 
LXRα-Tg mice nevertheless displayed increased myocardial glucose uptake, mediated in part 
due to restoration of insulin-dependent Glut4 through increased AMPK phosphorylation. 
However, insulin is required for enhanced glucose uptake by LXRα since STZ-induced ablation 
of insulin production proved detrimental in LXRα-Tg mice, severely impairing glucose uptake 
and invoking cardiac systolic and diastolic dysfunction. 

Interestingly, HFD tended to mildly increase cardiac glucose uptake, which is consistent with 
a previous report showing that HFD-induced hyperinsulinemia augmented glucose uptake 
in mice in the absence of cardiac dysfunction, and that this increase in glucose flux was 
critical for preserving mitochondrial function (24). Preceding the predominant utilization of 
lipids that is a hallmark of diabetic cardiomyopathy, the early phase of metabolic remodeling 
may indeed be characterized by a heightened sensitivity to insulin that promotes glucose 
uptake and usage. It remains to be determined when and to what extent the myocardium 
develops insulin resistance in the face of systemic insulin resistance. So far, data from clinical 
studies are conflicting as myocardial glucose supply is reported to be either unchanged (25) 
or reduced (26) in diabetic patients. 

Nevertheless, maintaining myocardial sensitivity to glucose, or reducing FA uptake, may 
be key in preventing the progression of diabetes-associated pathogenesis. Impaired Glut4 
transcription is linked to states of insulin resistance (27), therefore increasing Glut4 levels 
may be cardioprotective. In this study, Glut4 was restored in LXRα-Tg hearts subjected to HFD, 
but not in Wt. Other studies support direct effects of LXR agonism on Glut4 transcription in 
adipose tissue and skeletal muscle, which enhanced peripheral glucose clearance in rodent 
models of diabetes (6,8,10). Moreover, the FA uptake transporter, Cd36, is reciprocally 
downregulated in LXRα-Tg hearts, which may confer anti-hypertrophic effects since CD36 
knockout mice are resistant to HFD-induced cardiac hypertrophy (28), whereas increased 
CD36 expression in middle-aged mice contributed to cardiac hypertrophy, dysfunction, and 
myocardial lipid accumulation (29). 

Besides modulation of myocardial substrate metabolism, targeting of natriuretic peptide 
signaling may be important in preventing diabetic cardiomyopathy. Natriuretic peptides are 
known to antagonize cardiac hypertrophy (30,31), and in humans, certain ANP- and BNP-
receptor polymorphisms have been associated with LV mass in essential hypertension (32). 
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Both Anp and Bnp are significantly upregulated with cardiac LXRα overexpression (Cannon 
et al., unpublished data), and their induction is further unaffected by HFD-induced obesity. 
In contrast, natriuretic peptides are deficient in obesity and diabetes as obese and insulin-
resistant subjects display reduced circulating ANP and BNP levels (33,34), despite the fact 
that these metabolic disorders increase the risk of developing cardiovascular disease and 
heart failure. In preclinical studies, ANP and BNP are downregulated in diabetic db/db mice 
(21,35). It is currently unknown why natriuretic peptides are dysregulated in this setting. 
However, treatment with BNP prevented cardiac dysfunction in db/db mice by inhibiting 
cardiac hypertrophy, fibrosis, and apoptosis (21), as well as acute hypertrophic response in 
the diabetic rat heart (22). LXRα may therefore prevent obesity-induced cardiac hypertrophy 
via increased local natriuretic peptide signaling. Unraveling the mechanisms in which LXRα 
modulates Anp and Bnp transcription may indeed be complex: activation of the hexosamine 
biosynthetic pathway through increased glucose flux led to downstream O-linked 
glycosylation of a transcriptional activator of ANP and BNP (Cannon et al., unpublished 
data). Additionally, this study identified putative LXREs in regulatory regions of the ANP/
BNP promoter and ChIP analysis confirmed recruitment of LXRα to this region, implicating 
natriuretic peptides as direct, heart-specific gene targets of LXRα.

Since the structural consequences of diabetes-imposed metabolic stress on the heart 
are slow and progressive effects, and the clinical manifestation of symptoms gradual, an 
understanding of the initial derangements is essential for early intervention. Herein, we 
capture a very early stage in the pathogenesis of diabetic cardiomyopathy and show 
that cardiac hypertrophy and glucose response to metabolic stress are preliminary 
developments. Promoting glucose uptake as well as natriuretic peptide signaling in the 
heart may be important initiatives in counteracting the progression of diabetes-induced 
myocardial disease. Altogether, our results support the notion that targeting of LXRα 
may be advantageous for intervening in aberrant metabolic signaling that is hallmark of 
cardiovascular disease. 
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Supplemental Figure 1
Assessment of hypertrophic signaling pathways in mice subjected to HFD. Western blot analysis was performed 
to measure protein levels in LV tissue for the following, (A) P70S6K, and (B) phosphorylated Akt to total Akt, 
normalized to GAPDH and expressed as fold change; n=7-8/group. Data are means ± SEM.

Supplemental Figure 2
Cardiac glucose uptake levels are impaired in streptozotocin (STZ)-treated mice. Standard uptake values (SUV) were 
measured using 18F-FDG and PET analysis in Wt and LXRα-Tg mice fed normal chow for 12 weeks; n=6/group. Data 
are means ± SEM; ***P<0.001 versus respective control, ###P<0.001 versus Wt.
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Supplemental Table I.  Biometrical, Echocardiographic, and Hemodynamic Parameters of LXRα-Tg and Wt Mice 
Subjected to 12 Weeks Streptozotocin-Induced Type I Diabetes 

Control STZ
Wt LXRα-Tg Wt LXRα-Tg

Post mortem organ weight (n=10) (n=10) (n=11) (n=10)
     Body weight, grams 30.6 ± 0.5 32.4 ± 0.9 25.4 ± 0.6 † 25.1 ± 0.3 †
     LV/BW, mg/g 3.9 ± 0.1 3.7 ± 0.1 4.0 ± 0.1 3.7 ± 0.1
     Kid/BW, mg/g 14.1 ± 0.4 14.5 ± 0.5 20.0 ± 0.7 † 19.7 ± 0.6 †
     Liver/BW, mg/g 52.1 ± 3.0 49.3 ± 1.6 67.5 ± 1.1 † 68.2 ± 1.5 †
     LV/tibia, mg/mm 7.0 ± 0.2 6.9 ± 0.2 6.2 ± 0.2 # 5.6 ± 0.1 †
     Kidney/tibia, mg/mm 25.4 ± 0.6 27.3 ± 0.8 31.1 ± 0.7 † 30.1 ± 0.8 *
     Liver/tibia, mg/mm 93.9 ± 5.7 93.1 ± 3.4 105.2 ± 3.0 104.5 ± 2.0
Echocardiography (n=10) (n=10) (n=11) (n=10)
     Heart rate, bpm 431 ± 14 422 ± 7 374 ± 9 * 340 ± 19 #

     LVCO/BW, ml/min/g 1.00 ± 0.05 0.98 ± 0.07 0.65 ± 0.06 # 0.94 ± 0.09 §
     Stroke volume, µl 69.1 ± 3.5 73.2 ± 4.4 47.7 ± 2.1 # 63.5 ± 4.1 * 
     Interventricular septum, mm
          Diastole 0.73 ± 0.02 0.68 ± 0.01 0.66 ± 0.01 * 0.67 ± 0.02
          Systole 1.55 ± 0.07 1.57 ± 0.04 1.29 ± 0.04 # 1.40 ± 0.06
     LV posterior wall, mm
          Diastole 0.74 ± 0.02 0.69 ± 0.02 0.72 ± 0.02 0.78 ± 0.06
          Systole 1.53 ± 0.06 1.33 ± 0.07 1.09 ± 0.08 # 1.23 ± 0.08
    LV internal diameter, mm
          Diastole 4.00 ± 0.03 3.87 ± 0.06 3.69 ± 0.07 * 3.73 ± 0.10
          Systole 2.33 ± 0.02 2.27 ± 0.05 2.50 ± 0.07 2.35 ± 0.10
     Fractional shortening, % 41.9 ± 0.5 41.4 ± 0.6 32.6 ± 1.0 † 37.3 ± 1.5 *‡
     E velocity, m/s 0.79 ± 0.04 0.72 ± 0.02 0.59 ± 0.03 # 0.50 ± 0.03
     A velocity, m/s 0.51 ± 0.04 0.41 ± 0.02 0.39 ± 0.01 # 0.34 ± 0.02
     E/A ratio 1.6 ± 0.1 1.8 ± 0.1 1.5 ± 0.1 1.5 ± 0.1
     Deceleration time, ms 47.2 ± 2.4 45.3 ± 1.8 60.5 ± 2.5 # 51.9 ± 3.7 #

Hemodynamics (n=9) (n=9) (n=11) (n=9)
     Peak systolic pressure, mmHg 89.4 ± 2.7 85.4 ± 3.0 92.5 ± 3.2 86.8 ± 1.7
     Peak diastolic pressure, mmHg 55.5 ± 2.4 56.7 ± 2.2 65.3 ± 2.8 * 62.0 ± 1.8
     Mean arterial pressure, mmHg 66.8 ± 2.3 66.3 ± 2.5 74.3 ± 2.9 70.3 ± 1.8
     LV end-systolic pressure, mmHg 98.6 ± 3.7 91.2 ± 2.8 103.2 ± 3.5 90.2 ± 3.6
     LV end-diastolic pressure, mmHg 11.5 ± 3.2 13.2 ± 3.0 17.7 ± 2.1 16.0 ± 2.1
     dP/dtmax, mmHg 8661 ± 396 7531 ± 398 6133 ± 249 † 5667 ± 263 #

     dP/dtmin, mmHg -8150 ± 484 -6503 ± 376 -5785 ± 374 # -5336 ± 477
Blood chemistry (n=10) (n=10) (n=11) (n=10)
     Blood glucose, mmol/L 13.8 ± 1.1 15.2 ± 0.9 33.4 ± 0.5 † 33.7 ± 0.3 †
     Plasma insulin, ng/ml 0.24 ± 0.07 0.26 ± 0.05 0.13 ± 0.02 0.15 ± 0.02

STZ, streptozotocin; LV, left ventricular; BW, body weight; bpm, beats per minute. Data are expressed as means ± 
SEM. * P<0.05, # P<0.01, † P<0.001, STZ versus corresponding control group; § P<0.05, ‡ P<0.01, Wt vs LXRα-Tg 
mice.  
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Supplemental Figure 3
Determination of cardiac triglyceride and glycogen content in response to HFD intervention. (A) Cardiac 
triglycerides; n=5-7/group. (B) Representative LV histological sections stained with Oil red O for the detection of 
neutral lipids. (C) Cardiac glycogen content; n=6/group. Data are means ± SEM.

Supplemental Figure 4
LXRα is recruited to the ANP/BNP region in rat cardiomyocytes. (A) Chromatin immunoprecipitation assays were 
performed using isolated rat cardiomyocytes to analyze the ANP/BNP region. Rat cardiomyocytes were transfected 
with Ad-LXRα or si-LXRα to cause LXRα overexpression and deficiency, respectively. The results are for LXRE 14 and 
are representative of two independent cardiomyocyte isolations. (B) Quantification of the RT-PCR fragments were 
analyzed from gel electrophoresis. Non-specific IgG antibodies served as negative control.
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Supplemental Table II.  Murine Gene Primers for Real-Time PCR 

Gene Forward primer (5’-3’) Reverse primer (5’-3’)
Myh6 GTTAACCAGAGTTTGAGTGACA CCTTCTCTGACTTTCGGAGGTACT
Myh7 ATGTGCCGGACCTTGGAAG CCTCGGGTTAGCTGAGAGATCA
Acta1 TGCCATGTATGTGGCTATCCA TCCCCAGAATCCAACACGAT
Rcan1 GCTTGACTGAGAGAGCGAGTC CCACACAAGCAATCAGGGAGC
Cd36 CTGTGTTTGGAGGCATTC AGCAGTGGTTCCTTCTTC
Acc2 ATCTGAAGCGGGACTCTG AGCTGAGCCACCTGTATC
Cpt1a CCTGCATTCCTTCCCATTTG AGTCATGGAAGCCTCATACG
Cpt1b CCCATGTGCTCCTACCAG CACGTGCCTGCTCTCTGA
Glut1 GGTGTGCAGCAGCCTGTGTA GACGAACAGCGACACCACAGT
Hk2 GGACGGGACACTGTACAAG GCCACAGCAGTGATGAGAG
Nppa ATGGGCTCCTTCTCCATCAC TCTACCGGCATCTTCTCCTC
Nppb AAGTCCTAGCCAGTCTCCAGA GAGCTGTCTCTGGGCCATTTC
36b4 AAGCGCGTCCTGGCATTGTC GCAGCCGCAAATGCAGATGG

Supplemental Table III.  Primer Sequences used for Cloning 

Gene 5’-3’
LXRα forward GTTGGATCCACCATGTCCTTGTGGCTGGAGG
LXRα reverse GAACTCGAGTCATTCGTGGACATCCCAGATC
si-LXRα forward GATCCCGGAGTGTCGCCTTCGCAAATTCAAGAGATTTGCGAAGGCGACACTCCTTTTTGGAAA
si-LXRα reverse AGCTTTTCCAAAAAGGAGTGTCGCCTTCGCAAATCTCTTGAATTTGCGAAGGCGACACTCCGG

Supplemental Table IV.  Primer Sequences for LXR Response Elements in Chromatin Immunoprecipitation Analysis  

LXRE Forward primer (5’-3’) Reverse primer (5’-3’)
Mouse:

LXRE 6 GGACTGAGGGGTCACTCAT CCCTTCCGTCCTGTCACATAG
LXRE 14 TAGACTTCCTCCTGCCATCC TGCCCTGCAATGACACTG

Rat:
LXRE 14 CTTCCTCCTGCCATCTAGTG CTACAGAAACAGCAAGCCTG




