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PATHOLOGICAL CARDIAC HYPERTROPHY AND REMODELING

Cardiac hypertrophy is a clinical finding based on heart morphology and is typically assessed 
from echocardiographic or magnetic resonance imaging estimates of left ventricular mass. 
Hypertrophy of the heart can occur irrespective of changes in cardiac function. However, 
studies indicate that myocardial hypertrophy with normal function typically progresses over 
time to hypertrophy with worsened function, more precisely defined as decompensated 
hypertrophy (1,2). Moreover, left ventricular hypertrophy (LVH) is an independent risk factor 
for heart failure development (3), therefore diagnosing LVH in patients and subsequent 
therapeutic intervention are imperative for improving clinical outcomes.

The development of pathological cardiac hypertrophy is complex due to a multitude of 
underlying etiologies. Elevations in hemodynamic load stemming from arterial hypertension 
or valvular disease, as well as increased neurohormonal activation from catecholamines 
and vasoactive peptides (angiotensin II, endothelins), inflammatory cytokines, toxins, and 
cardiac injury from myocardial infarction and obesity, all impose increased wall stress on the 
myocardium. To compensate, the heart employs adaptive strategies to normalize wall stress 
and maintain contractile function by inducing cardiac hypertrophy and remodeling, leading 
to changes in the heart’s shape and size. Cardiomyocyte growth results from accelerated 
protein synthesis, and increased size is determined by reorganization of the sarcomeric 
structure. Depending on the hypertrophic trigger and duration of stress, circumferential 
enlargement occurs when sarcomeres organize in parallel, otherwise known as concentric 
remodeling, or they may increase in series causing myocytes to lengthen, referred to as 
eccentric remodeling. The latter is more commonly associated with ischemic injury. Although 
these changes are initially adaptive, cardiac hypertrophy left untreated may lead to either 
sudden death due to malignant arrhythmias, with abnormal automaticity and reentry as 
main causes (4), or ultimately progress to ventricular dilatation and heart failure, one of the 
leading causes of mortality worldwide. 

At the cellular level, pathological hypertrophic growth is characterized by several molecular 
changes and activation of signal transduction systems. A set of fetal genes are re-induced, 
such as atrial and B-type natriuretic peptides (ANP and BNP) which function in a paracrine- 
and autocrine-like manner, regulating cardiovascular, renal, and endocrine homeostasis. 
They are released into the circulation as potent vasodilators and natriuretic agents, whereas 
in the heart, they exert anti-hypertrophic and anti-fibrotic effects (5). Contractile proteins 
are also upregulated such as α-skeletal actin, Acta1, and myosin heavy chain (MHC) β, which 
diminish contractility. On the other hand, several adult cardiac genes are downregulated, 
including the fast-contracting αMHC isoform and sarcoendoplasmic reticulum Ca2+ ATPase, 
SERCA. In addition to re-emergence of the fetal gene program, a plethora of molecular 
signaling pathways and transcriptional regulators are operative in the pathological sequelae 
of cardiac hypertrophy. Calcineurin-NFAT and PI3K/Akt/GSK-3-dependent signaling, G 
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protein-coupled receptors, MAPK and JAK/STAT pathways, MEK and downstream ERK1/2, 
TGFβ and downstream Smads, Na+/H+ exchanger, histone deaceytelases, components of 
the renin-angiotensin (RAS) system, nitric oxide, oxidative signals, peroxisome proliferator-
activated receptors (PPARs), transcription factors such as GATA4, Nkx-2.5, AP-1, NFAT, NFκB, 
MyoD, and Tbx5, as well as microRNAs have all been extensively reviewed (6,7). 

Multiple cellular processes contribute to cardiac remodeling (Figure 1). Apoptotic myocyte 
death features less extensively in the early development of cardiac hypertrophy (8), but 
is hallmark of decompensated hypertrophy and further degeneration of the myocardium 
(9). Apart from myocyte hypertrophy and apoptosis, cardiac adaptation to stress also 
involves alterations in other cell types including fibroblasts of the extracellular matrix (ECM), 
endothelial cells  comprising the microcirculation, as well as invasion of inflammatory cells, all 
of which progress in parallel with declines in cardiac function. Fibroblasts proliferate and are 
activated to become myofibroblasts, secreting collagens. The accumulation of collagens and 
glycoproteins among other structural proteins, and changes in regulation of ECM turnover 
by  matrix metalloproteinases and their inhibitors, TIMPs, cause increased deposition and 
stiffening of the ECM, which collectively reinforce the ECM scaffold to support increased 

Figure 1
Mechanisms of pathological ventricular remodeling.  In response to pathophysiological stimuli such as ischemic 
injury or excessive mechanical load, multiple molecular and cellular processes contribute to ventricular remodeling. 
These include cardiomyocyte loss through cell death pathways, such as apoptosis. Cardiomyocytes undergo 
hypertrophy in response to both mechanical and neurohumoral triggers. Accumulation of excess extracellular 
matrix leads to fibrosis. Metabolic derangements, insulin resistance, and lipotoxicity can occur. Structural changes 
and alterations in ion transporting processes culminate in a pro-arrhythmic phenotype. Reprinted with permission 
from: J.S. Burchfield, M. Xie, J.A. Hill, “Pathological ventricular remodeling: mechanisms: part 1 of 2.” Circulation 
2013;128(4):388-400.
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myocyte mass. Further, hypertrophic myocytes reduce capillary density by decreasing the 
muscle-to-capillary ratio, and increased interstitial and perivascular fibrosis further restricts 
adequate perfusion of the myocardium, diminishing the supply of oxygen and nutrients 
required for myocyte growth and energetics. Capillary growth is enhanced in the early 
stages of adaptive cardiac hypertrophy, but insufficient neovascularization is prevalent in the 
chronic stage (10). Lastly, structural changes and alterations in ion transporting processes 
disrupt electrophysiological signals, culminating in arrhythmia (11). 

Pathogenesis of cardiac hypertrophy also co-develops with altered myocardial metabolism, 
where the heart reverts to increased glucose utilization that is characteristic of the fetal 
heart. Glucose transporters are increased, whereas PPAR signaling is downregulated to 
suppress fatty acid oxidation. The switch to glucose is believed to be adaptive primarily 
because it decreases oxygen consumption per mole of ATP generated, rendering it a more 
efficient energy source than fatty acids. However, when the heart manifests decompensated 
hypertrophy and failure as a result of unremitted stress, myocardial metabolism becomes 
maladaptive. The precise causes and consequences remain unclear, but cardiac insulin 
resistance (12), impaired capacity for substrate uptake and utilization, lipid accumulation, 
and mitochondrial dysfunction and energetic insufficiency (13) are postulated to contribute 
to heart failure transition as the increased energy demands of the failing heart remain 
largely unmet. 

From a clinical perspective, LVH has been identified as a relevant surrogate end point in 
clinical studies (14,15), and because of this strong association, clinical trials have chosen LVH 
as a primary end point, for example, the seminal PRIMO trial (16). Cardiac hypertrophy is 
also a valid target for therapeutic intervention. In the Heart Outcomes Prevention Evaluation 
(HOPE) trial, the ACE inhibitor ramipril decreased the development and caused regression 
of hypertrophy independently of its blood pressure-lowering effects, whereas persistence 
of cardiac hypertrophy predicted adverse outcome (17). In the Losartan Intervention 
For Endpoint reduction in hypertension (LIFE) trial, patients receiving losartan exhibited 
significantly reduced hypertrophy and were less likely to suffer a major cardiovascular 
event (18). Current pharmacological strategies are designed to reduce the load on the heart 
through antagonism of neurohormonal mechanisms such as renin-angiotensin-aldosterone 
inhibitors or beta-blockade. In addition, diuretics are prescribed to correct the increases in 
blood volume, therefore decreasing peripheral vascular resistance and the hemodynamic 
burden. Although these strategies improve overall morbidity and prognosis, heart failure 
nonetheless remains elusive. Therefore, new targets with promising therapeutic potential 
in cardiac pathophysiology need to be identified. 

BIOLOGY OF LIVER X RECEPTORS

The oxysterol receptors, liver X receptor (LXR) α and β, belong to the 48-member nuclear 
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receptor superfamily which bind regulatory regions of target genes and activate gene 
transcription. LXRα and LXRβ are encoded by the NR1H3 and NR1H2 genes, respectively, 
and are highly conserved between humans and rodents. 

Structure
Similarly to other nuclear receptors, LXRs are comprised of four canonical domains: (1) an 
amino-terminal ligand-independent activation function domain (AF-1), which may stimulate 
transcription in the absence of ligand, (2) a central DNA-binding domain containing two 
zinc fingers, (3) a hinge domain, binding co-repressors in the absence of ligand, and (4) a 
multifunctional carboxy-terminal domain that mediates receptor dimerization and contains 
a hydrophobic ligand-dependent transcriptional activation domain (AF-2), recruiting co-
activators and stimulating transcription in response to ligand binding (Figure 2) (19,20). 
Both isoforms share approximately 78% amino acid sequence identity in both their DNA- 
and ligand-binding domains. The close homology in ligand-binding domains of LXRα and 
LXRβ poses challenges for developing highly selective agonists (21), yet the ligand-binding 
domain is very flexible, allowing compounds of highly different structures to bind (21).

Mode of action
Central to nuclear receptor biology is the direct mode of ligand-mediated regulation of the 
receptor and interaction with the genome. LXRα and LXRβ form obligate heterodimers with 
the retinoid X receptor (RXR) (22), which is a common partner for other nuclear receptors 
such as peroxisome proliferator-activated receptor (PPAR), vitamin D receptor (VDR), 
thyroid hormone receptor (TR), and farnesoid X receptor (FXR). The LXR/RXR complex is 
a “permissive heterodimer” that can be activated by ligands of either partner. Natural LXR 
ligands are a specific class of oxidized cholesterol metabolites, or oxysterols (23). The most 
studied and potent activators include 24(S)-hydroxycholesterol, 22(R)-hydroxycholesterol, 
and 24(S)-epoxycholesterol, and all activators analyzed are shown to activate LXRα and LXRβ 

Figure 2
Structure of the liver X receptor.  The fundamental structure of LXRs include a central DNA-binding domain and a 
ligand-dependent binding domain.
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and with similar potency (24). The ligand for RXR is 9-cis retinoic acid. In the nucleus, the 
LXR/RXR complex is constitutively bound to liver X receptor response elements, or LXREs, 
in the DNA which consists of direct repeats (DRs) of a hexameric sequence, 5’-AGGTCA-3’, 
separated by four nucleotides (DR-4).

LXRs interact with a number of co-regulators that influence its DNA-binding and transcriptional 
activity. In the inactive state, LXRs recruit co-repressors such as nuclear receptor co-repressor 
(N-Cor) and silencing mediator for retinoic acid and thyroid hormone receptor (SMRT) (25), 
which inhibit transcriptional activity of target genes. In response to ligand binding, these co-
repressors dissociate and are replaced by co-activators such as Grip1, a p160 co-activator 
(26), transcription domain-associated protein (TRRAP) (27), RIP140 which is specific for 
lipogenesis (28), and peroxisome-proliferator-activated receptor γ coactivator 1α (PGC-1α) 
(29) and PGC-1β (30). In the presence of co-activators, the LXR/RXR complex undergoes 
a conformational change to facilitate active gene transcription (Figure 3). Ligand-activated 
LXRs may also repress the transcription of certain genes that do not contain LXREs through 
antagonizing signal-dependent activation of pro-inflammatory transcription factors such as 
NFκB, STATs, and AP-1, a mechanism known as transrepression. These initial studies were 
performed in LPS-stimulated macrophages. It has also been postulated that transrepression 
is mediated instead via the LXR monomer through protein-protein interactions on gene 
promoters of inflammatory target genes (31).

LXR regulation
LXR activity and DNA binding is regulated by a complex interaction between ligands, co-
factors, and posttranslational modifications. These factors may play distinctive roles in 
determining genomic binding sites, referred to as cistromes (32). LXR signaling may be 
regulated through changes in receptor expression, and moreover, LXRs are subject to 
their own regulation. Studies have demonstrated the existence of an autoregulatory loop 

Figure 3
Mechanism of transcriptional regulation mediated by LXRs.  LXRs form a heterodimer complex with the retinoid 
X receptor (RXR), which binds to a LXR response element (LXRE), a direct repeat sequence separated by four 
nucleotides, in regulatory regions of target genes. In the absence of ligand, co-repressors maintain the complex in 
a repressed state. Following ligand binding to either LXR or RXR, co-repressors are replaced by co-activators, which 
results in activation of gene transcription.
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in controlling the expression of LXRα (33,34) where LXRα regulates its own promoter 
region. The human LXRα gene promoter contains three functional LXREs, one of which is 
activated strongly by both LXRs (34), and LXRα is reported to be autoregulated in human 
macrophages (35). Generally, the understanding of how LXRs are transcriptionally regulated 
is limited, and studies have implicated a role for micro RNAs (miRNAs), a class of highly 
conserved small, non-coding RNAs that regulate gene expression posttranscriptionally. LXRα 
has been shown to control its own transcription and expression via interaction with miRNAs: 
a novel feedback regulation between LXR and miR-206 exists where miR-206 activates 
LXRα-mediated pathways in cholesterol efflux, and LXRα autoregulates its own expression 
through miR-206 repression. Interestingly, the activity for miR-206 is cell-specific, acting as 
a repressor of LXRα signaling in liver cells, but activator in macrophages (36). 

Posttranslational modifications involve attachments of small molecules to proteins, and 
they play an important role in regulating LXR activity, such as phosphorylation (37,38), 
acetylation and ubiquitination (39), SUMOylation (40), and O-GlcNAcylation (41). SIRT1 
has been shown to deacetylate and positively regulate LXRα (39), SUMOylation plays an 
important role in mediating transrepression (40), and O-GlcNAcylation has been postulated 
to increase glucose sensing by LXRs (41).

Three different LXRα proteins have been reported (LXRα1-3) due to alternative splicing and 
differential promoter usage (42), and additional transcripts, LXRα4 and LXRα5, encoding 
variants in the ligand-binding domain (43) have been identified, suggesting that regulation 
of LXRα pre-mRNA splicing may be important in normal physiology and disease. Other 

Figure 4
Distribution of LXR expression in mice.  Gene expression was determined with real time PCR for analysis of LXRα 
and LXRβ in heart tissue and across various organs. Transcript levels were normalized to 36b4, n=3.
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nuclear receptors also influence LXR signaling, including those which form heterodimers 
with RXR and block LXR signaling by competing with LXRs for the common dimeric partner. 
Also of note, the human LXRα gene contains a PPAR response element, or PPRE (33), and 
both PPARα and PPARγ agonists have been found to increase LXR expression (44,45). 

LXR expression
LXRα and LXRβ appear to act in a functionally redundant manner to the same endogenous 
and synthetic ligands in several cellular responses; however, their tissue distribution differs 
considerably. LXRβ is expressed ubiquitously, and particularly high levels occur in the brain, 
whereas LXRα is restricted to tissues mainly involved in lipid metabolism such as the liver and 
adipose tissue (24). In the heart, both LXR isoforms display comparatively high expression 
levels with respect to other organs (Figure 4). At the cellular level, LXRs are located in both 
the cardiomyocyte and non-myocytic fraction, including fibroblasts and endothelial cells 
(46).

LXR target genes
LXRs have been most extensively studied in the liver, adipose tissue, and macrophages, and 
it is in these organs systems that most of their cognate target genes have been identified. 
The discovery of numerous gene targets represent a broad spectrum of biological processes 
subject to LXR regulation, such as modulation of cholesterol and lipid metabolism, glucose 
homeostasis, inflammation, and immunity. A list of known target genes are presented in the 
Table (47,48).



17

1

IntroductionChapter 1

Table.  Direct Gene Targets of Liver X Receptors

Process Gene Role
Cholesterol transport ABCA1 Efflux from cells to apoplipoproteins

ABCG1 Efflux from cell to apoplipoproteins; transport
ABCG4 Cellular transmembrane transport of lipids
ABCG5 Entero-hepatic sterol absorption and excretion
ABCG8 Entero-hepatic sterol absorption and excretion
ARL7 Transport
APOE Efflux

Cholesterol uptake and 
modulation

IDOL Lipoprotein receptor degradation
PLTP Transfer of phospholipids from lipoproteins to  HDL
CETP Transfer of cholesterol esters from HDL to lipoproteins
LPL Triglyceride hydrolysis
APOC1 Cofactor for LPL in triglyceride hydrolysis; inhibits CETP

Fatty acid and triglyceride
regulation

SREBP1C Fatty acid and triglyceride synthesis
SCD1 Unsaturated fatty acid synthesis
FASN Long-chain fatty acid synthesis from acetyl-CoA
APOC2 Activation of LPL activity
ANGPTL3 Inhibition of LPL activity
NR1H3 Autoregulation

Bile acid metabolism CYP7A1 Conversion of cholesterol to bile acid
Adipose metabolism APOD Lipid transport

SPOT14 Fatty acid synthesis and lipogenesis
Glucose metabolism GLUT4 Insulin-stimulated glucose uptake
Steroidogenesis STAR Steroid hormone synthesis
Immune and inflammatory
responses

AIM Inhibition of apoptosis
ARG2 Anti-inflammatory effects
MERTK Phagocytosis
COX-2* Inhibition of pro-inflammatory factor
INOS* Inhibition of pro-inflammatory factor
IL-6* Inhibition of pro-inflammatory factor
MMP9* Extracellular matrix regulation

OPN# Inhibition of pro-inflammatory cytokine, monocyte 
chemoattractant 

Other VEGFA Angiogenesis and neovascularization
RENIN† Regulation of extracellular volume and vasoconstriction
C-MYC† Transcription factor activating growth-related hormones

*Indirectly regulated via NFκB antagonism. # Indirectly regulated via AP-1 antagonism. † Response mediated through 
a cis-acting DNA element (CNRE). ABC, ATP-binding cassette transporter; AIM, apoptosis inhibitor of macrophages; 
ANGPTL3, angiopoietin-like 3; APO, apolipoprotein; ARL, ADP-ribosylation factor like 7; ARG2, arginase 2; BP, blood 
pressure; CETP, cholesterol-ester transfer protein; COX-2, cyclooxygenase-2; CYP7A1, cytochrome P450 7A1; FASN, 
fatty acid synthase; GLUT4, glucose transporter 4; IL-6, interleukin-6; IDOL, inducible degrader of LDL receptor; 
INOS, inducible nitric oxide synthase; LPL, lipoprotein lipase; MERTK, mer receptor tyrosine kinase; MMP9, 
matrix metalloproteinase 9; NR1H3, nuclear receptor subfamily1, group H, member 3; OPN, osteopontin; PLTP, 
phospholipid transfer protein; SCD, stearoyl CoA desaturase; SREBP1C, sterol-regulatory element-binding protein 
1c; STAR, steroidogenic acute regulatory protein; VEGFA, vascular endothelial growth factor A.
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AIMS OF THIS THESIS

We have previously demonstrated that pharmacological activation of LXR with the synthetic 
agonist, T09, attenuated the development of cardiac hypertrophy in a murine model of 
chronic abdominal aortic constriction, and moreover, this effect was absent in LXRα-null 
mice (49). Although this finding implicates the potential for a protective role of LXRs in 
hypertrophic remodeling, there are several caveats. First, T09 is associated with several 
severe side effects that confound these results, such as hepatic lipogenesis that leads to a fatty 
liver and elevated circulating triglycerides. Also, T09 is reported to decrease the elevations 
in mean arterial pressure (MAP) induced by aortic banding, suggesting a regulatory effect 
on blood pressure (49). Further, LXRs are anti-inflammatory mediators that are also capable 
of inhibiting inflammatory cell infiltration in susceptible organs (50,51) and the release of 
cytokines (52). The effect of LXR agonism on the heart may therefore be confounded by 
such extracardiac factors stemming from systemic LXR activation, and thus not reflective 
of intrinsic LXR activation within the myocardium. It remains to be determined whether 
LXR directly affects the heart. Studies employing LXRα knockout mice indicate that LXRα is 
the isoform conferring cardioprotective effects since neither activated (49) or unactivated 
(53) LXRβ was sufficient to rescue the hypertrophic or infarcted myocardium (54). To this 
end, we generated transgenic mice with cardiac-restricted LXRα overexpression in order to 
investigate the cardiospecificity of LXRα in pathological hypertrophy.

This thesis investigates the heart-specific effects of LXRα activation in pathological 
cardiac hypertrophy using a genetic and pharmacological approach. The main focus is on 
hypertrophic-associated remodeling, and we further explore metabolic mechanisms of 
LXRα.

In chapter 2, we review current evidence regarding the role of both systemic LXR activation 
and local LXR signaling in the heart, and discuss how LXRs may be a target in heart failure 
pathogenesis. In chapter 3, we describe generation of a transgenic mouse model with 
cardiac-specific LXRα overexpression, and also determine whether selective overexpression 
of LXRα in murine hearts exhibit a cardiac phenotype at baseline, or with aging. We further 
investigate the cardioprotective potential of constitutive LXRα activation from cardiac 
hypertrophy, adverse cardiac remodeling, and dysfunction when subjected to various 
perturbations, including chronic pressure overload and angiotensin II stimulation. The aim 
of chapter 4 is to test a novel high-affinity LXR agonist, AZ876, in the setting of adverse 
cardiac remodeling in a murine model of pathological cardiac hypertrophy. First-generation 
agonists such as T09 and GW3965 are associated with adverse lipogenic side effects, and 
they are also non-specific in that they indiscriminately activate other nuclear receptors such 
as farnesoid X receptor (55), pregnane X receptor (56), and retinoic acid receptor signaling 
(57). This is in contrast to AZ876, which is highly selective for LXRs (58). In chapter 5, we 
extend upon our observations in chapter 2 that LXRα appears to mediate alterations in 
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cardiac metabolism, rendering the heart more adaptive to hypertrophic stress. Therefore, 
we tested the consequences of cardiac LXRα activation in response to a metabolic challenge 
imposed by high fat diet (HFD)-induced obesity and insulin resistance. Finally, the aim 
of chapter 6 was to investigate metabolic markers in a clinical setting. Adiponectin is an 
adipokine which has established functions in lipid metabolism as well as insulin-sensitizing 
and anti-atherogenic properties. We therefore aimed to describe the relation between 
adiponectin and left ventricular function and remodeling in post myocardial infarction 
patients treated with metformin (data from the GIPS-III trial).
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ABSTRACT

Liver X receptors (LXRs) are master regulators of metabolism, and have been studied for their 
pharmacological potential in vascular and metabolic disease. Besides their established role 
in metabolic homeostasis and disease, there is mounting evidence to suggest that LXRs may 
exert direct beneficial effects in the heart. Here, we aim to provide a conceptual framework 
to explain the broad mode of action of LXRs and how LXR signaling may be an important 
local and systemic target for the treatment of heart failure. We discuss the potential role of 
LXRs in systemic conditions associated with heart failure, such as hypertension, diabetes, 
and renal and vascular disease. Further, we expound on recent data that implicate a direct 
role for LXR activation in the heart, for its impact on cardiomyocyte damage and loss due to 
ischemia, and effects on cardiac hypertrophy, fibrosis, and metabolism. Taken together, the 
accumulating evidence supports the notion that LXRs may represent a novel therapeutic 
target for the treatment of heart failure.
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INTRODUCTION

Heart failure has increasing prevalence in our aging society and is associated with significant 
morbidity and mortality (1). It is a complex clinical syndrome and diagnosis is based on 
physical signs and symptoms of dyspnea, fluid retention, and fatigue upon exertion. 
Heart failure is attributed to a process of pathological cardiac remodeling that is initiated 
via molecular, cellular, and interstitial changes that structurally and functionally alter the 
myocardium. Cardiac remodeling is initially a compensatory response to injury such as 
myocardial infarction or hypertension, but is maladaptive when these factors continue 
unabated, perpetuating the progression toward cardiac dysfunction and heart failure. The 
time course and extent of remodeling are influenced by several factors such as the severity 
of the pathological insult, secondary events including recurrent ischemia or infarction, 
elevated hemodynamic load, and neurohormonal activation. 

Heart failure is essentially a state of impaired pump function leading to inadequate cardiac 
output, and classification is based on left ventricular (LV) ejection fraction which is either 
reduced (HFrEF) or preserved (HFpEF) (2). The primary cause of HFrEF is coronary artery 
disease, and the underlying mechanisms that drive ventricular remodeling are a result of the 
ischemic injury caused by myocardial infarction. In the infarct zone, a fibrotic scar replaces 
loss of cardiomyocytes, whereas the remote myocardium undergoes eccentric remodeling 
that leads to LV dilatation, decreased contractility, and impaired systolic function. In contrast, 
HFpEF patients demonstrate evidence of diastolic dysfunction, including prolonged LV 
relaxation time, reduced LV filling, and increased myocardial stiffness (3), and often involves 
concentric remodeling of the myocardium. 

Most pharmacological therapies such as β-blockade and inhibitors of the renin-angiotensin-
aldosterone system (RAAS) target HFrEF and have been beneficial in reducing morbidity 
and mortality (4), however, this strategy has not been as successful for treating HFpEF (5), 
therefore diagnosing and treating HFpEF remains a challenge. In essence, the underlying 
pathophysiology of HFpEF is poorly understood largely due to the presence of multiple 
co-morbidities such as hypertension, diabetes, metabolic syndrome, atrial fibrillation, and 
renal and vascular disease, which impact the pathogenesis of this syndrome and contribute 
to the complexity of mechanisms governing cardiac remodeling (6) (Figure 1). Lack of a clear 
understanding of these mechanisms thus pose several challenges in targeting and treating 
heart failure. Identification of novel pleiotropic targets that are integrative in multi-organ 
systems may therefore be effective therapeutic strategies in preventing or reversing heart 
failure.  

Liver X receptors (LXR) α and β belong to the nuclear receptor superfamily of ligand-
activated transcription factors. LXRs have emerged as important regulators of cholesterol 
homeostasis, lipid and glucose metabolism, and inflammation, and so have been regarded as 
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promising therapeutic targets for intervention in atherosclerotic and metabolic disease (7). 
They were first discovered in the mid-nineties as “orphan receptors” because their natural 
ligands were unknown (8-10). Soon thereafter, endogenous oxysterols were identified as 
activators of LXRs, thus LXRs were “deorphanized” (11). In the nucleus, LXRs form obligate 
heterodimers with the retinoid X receptor (RXR) and are bound to LXR response elements 
(LXREs) in regulatory regions of target genes. Binding of either their natural or synthetic 
ligands, such as T0901317 (T09) and GW3965, induces a conformational change in the LXR/

Figure 1  
Impact of systemic LXR signaling on co-morbidities associated with heart failure pathogenesis. The progression of 
atherosclerotic vascular disease increases the risk for myocardial infarction. Myocardial infarction causes eccentric 
remodeling of the myocardium and loss of systolic function, and is the primary etiology underlying heart failure with 
reduced ejection fraction (HFrEF). The presence of co-morbidities, such as hypertension, atrial fibrillation, diabetes, 
metabolic syndrome, renal disease, and aging, all impact the heart, which results in concentric hypertrophic 
remodeling and loss of diastolic function, leading to the pathogenesis of heart failure with preserved ejection 
fraction (HFpEF). Cardiac remodeling is initially reversible, however, the prevalence of co-morbidities further 
aggravates the progression of both HFrEF and HFpEF such that adverse remodeling is accelerated and becomes 
largely irreversible. Consequently, death is inevitable. Liver X receptors (LXRs) are implicated as a protective target 
in the pathogenesis of heart failure for their beneficial effects in the development of atherosclerosis, insulin 
resistance and diabetes, nephropathy, and blood pressure modulation*.
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RXR complex to facilitate activation of target gene transcription (Figure 2). LXRβ is expressed 
ubiquitously, whereas LXRα is more abundant in metabolically active systems such as liver, 
adipose tissue, and macrophages, as well as in heart, skeletal muscle, kidney, and lung (12). 

Here, we review recent evidence regarding the systemic effects of LXR as it relates to co-
morbidities that are relevant in heart failure pathogenesis. Although studies examining 
LXR specifically in the heart are limited, we also address the potential cardioprotective role 
for LXR signaling in cardiac remodeling and myocardial disease. Altogether, we provide a 
perspective on the potential of LXR as an integrative target for heart failure prevention. 

I.  SYSTEMIC EFFECTS OF LXR SIGNALING IN THE 
DEVELOPMENT AND PROGRESSION OF HEART FAILURE

Combined co-morbidities have a major impact on the pathogenesis of heart failure, which 
led to the supposition that myocardial dysfunction may not exclusively originate in the heart 
itself, but extrinsic factors that stem from these co-morbidities may perturb the heart (13). 
Here, we summarize current knowledge on the role of LXRs in the pathogenesis of several 
of these co-morbidities, including atherosclerosis and vascular disease, hypertension, 
diabetes, and chronic kidney disease (Figure 1). Given the widespread effects of LXRs, we 
postulate that systemic LXR activation may play an important role in conferring myocardial 
protection from these disorders that collectively contribute to the pathogenesis of HFrEF 
and HFpEF (Table).

LXR and atherosclerosis
Atherosclerosis contributes to multi-organ dysfunction involving the kidney, brain, gut, and 
skeletal muscle, and is a major cause of HFrEF following myocardial infarction (Figure 1). 
LXRs have been extensively studied for their putative atheroprotective functions. LXR agonist 
treatment significantly reduced atherosclerosis in both Ldlr-/- and apoE-/- mice (14), whereas 
selective loss of macrophage LXR activity through bone marrow transplantations markedly 
increased lesion development in these models (15). The initial stages of atherosclerosis 
involve the formation of foam cells by the uptake of oxidized LDL in macrophages in the 
arterial wall. Mice deficient for both LXRα and LXRβ develop increased foam cell formation, 
implicating a basal role in cholesterol homeostasis (16). LXRs limit pathogenic accumulation 
of cholesterol in macrophages by enhancing the rate of cholesterol efflux (17) which is 
mediated through upregulation of genes involved in all aspects of the reverse cholesterol 
transport (RCT) pathway, including cellular cholesterol efflux, plasma lipid transport, 
intestinal absorption, and bile acid excretion (18). Interestingly, liver-specific deletion of 
LXRα in mice led to decreased RCT, cholesterol catabolism, and excretion while substantially 
increasing atherosclerosis, underscoring their importance as whole-body cholesterol 
sensors (19). 
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Additionally, the anti-inflammatory functions of LXRs strongly contribute to the mechanism 
underlying their atheroprotective effects. Selectively increasing LXRα in macrophages led 
to reduced atherosclerotic lesions in Ldlr-/- mice, as well as decreased plasma inflammatory 
cytokines, IL6 and TNFα (20). In the absence of the RCT pathway mediated by Abca1/
g1-deficient macrophages, LXR agonism nonetheless reduced atherosclerotic lesion 
development and inflammation, including pro-atherogenic plasma MCP1 levels (21). 

More recent evidence implicates additional atheroprotective properties of LXR agonists 
in the pathogenesis of atherosclerosis that extend beyond their capacity to promote 
cholesterol efflux and inhibit inflammation. Bories et al. recently identified a novel anti-
atherosclerotic mechanism for LXRα through regulation of macrophage iron homeostasis. 
By increasing iron export, LXRα reduced iron loading which promotes formation of oxidized 
lipids, an inducer of cell death (22). Other functions for LXRs within the vasculature are 
emerging. Endothelial dysfunction is the underlying cause of all vascular disease and it is 
an early marker of atherosclerosis. LXRs are expressed in endothelial cells (23), and their 
distribution in mouse aortas reveals that LXRs and their target genes are more highly 
expressed in the atheroprotective thoracic region than in atheroprone areas such as the 
aortic arch, supporting an anti-atherosclerotic function (24). In atherosclerotic vessel walls, 
LXR activation decreased vascular expression of adhesion molecules such as E-selectin, 
ICAM-1, and CD44 (25), and improved vasomotor function in arteries of apoE-/- mice through 
enhanced endothelium-dependent vasorelaxation (26). 

Figure 2
Mechanism of liver X receptor activation. In the nucleus, LXRs form an obligate heterodimer complex with the 
retinoid X receptor (RXR) that binds to an LXR response element (LXRE) in regulatory regions of target genes. 
Following ligand binding, the LXR/RXR complex undergoes a conformational change that leads to the release of 
co-repressors and the recruitment of co-activators, which activates gene transcription.
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Also of relevance are the reparative effects of LXRs in vascular injury. Endothelial progenitor 
cells (EPCs) are important for re-endothelialization of damaged vessel walls as they are 
either incorporated into the vessel wall directly, or secrete angiogenic growth factors. LXR 
ligands repaired carotid artery injury in mice by increasing proliferation and migration 
of EPCs, enhancing their secretion of vascular endothelial growth factor (VEGF), and 
accelerating endothelial regeneration (27). Furthermore, in a rat model of carotid artery 
balloon injury, the LXR agonist T09 inhibited vascular smooth muscle cell proliferation and 
neointima formation (28), a major cause of postangioplasty restenosis and thrombosis in 
the arterial wall. Also of note is the identification of a novel role for LXRs in thrombosis 
and platelet function. Although platelets are anuclear, they reportedly express LXRβ, and 
GW3965 treatment inhibited platelet accumulation and thrombi formation (29). 

Taken together, evidence of an important role for LXR in atherosclerosis continues to broaden 
as studies reveal new functions in cholesterol efflux, macrophage activity, and vascular 
protection. Preventing atherosclerotic development offsets the potential for myocardial 
infarction, the major cause of systolic dysfunction leading to HFrEF, thus LXRs represent a 
potential target in the underlying etiology of HFrEF and preventing morbidity.

LXR and hypertension
In HFpEF, hypertension is the most prevalent co-morbidity (30) and precedes heart failure in 
90% of all cases (31). Besides being a risk factor for atherosclerosis, hypertension affects the 
cardiac muscle through increased hemodynamic afterload, which contributes to concentric 
hypertrophic remodeling (Figure 1). 

The RAAS is a predominant hormonal signaling pathway in the regulation of blood 
pressure and fluid balance, and LXRs have been implicated in blood pressure regulation 
through modulation of the RAAS. Initial observations identified LXRα as a regulator of 
renin transcription (32,33). Acute administration of LXR agonists directly increased renin 
transcription in vivo, whereas LXR-null mice lost their capacity to upregulate renin under 
β-adrenergic stress (33), suggesting a crosstalk between LXR signaling and the RAAS. In 
subsequent studies, chronic LXR activation inhibited isoproterenol-induced components of 
the RAAS, including renin, but also ACE and angiotensin type I receptor (AT1R) expression 
in kidneys and heart (34), as well as reduced the cellular response to angiotensin (Ang) II 
in aortic smooth muscle cells via downregulation of AT1R (35). In vivo investigation into the 
functional effects of LXRs on RAAS activation revealed that LXR agonism abolished Ang II-
induced increases in blood pressure in rats (36). Although improved vasoreactivity was not 
unequivocally linked to the level of RAAS activation, these latter findings suggest that LXRs 
decrease peripheral vascular resistance and potentially lower blood pressure. In line with 
this, the LXR agonist T09 was found to reduce the elevation in blood pressure due to chronic 
pressure overload in mice (37). Overall, existing evidence suggests that LXRs play a role in 
antagonizing the effects of RAAS activation, as well as alleviating the hemodynamic burden 
imposed on the heart.
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LXR and diabetes
Disturbances in energy balance leads to impaired peripheral glucose utilization and the 
development of insulin resistance and type II diabetes, both of which increase the risk 
for cardiovascular disease. Diabetes accelerates atherosclerosis, but also directly causes 
myocardial hypertrophy and diastolic dysfunction in the absence of hypertension or 
coronary artery disease (Figure 1). 

LXR agonists have been recognized as a potential pharmacological strategy for the treatment 
of diabetes and associated metabolic disorders (38). Multiple studies have established the 
importance of LXRs in glucose metabolism and in the adaptation to metabolic stress that 
triggers diabetes. In rodent models of type II diabetes and insulin resistance, LXR agonists 
reduced plasma glucose (39,40) and improved glucose tolerance and insulin sensitivity 
(39-43). Mechanisms underlying the beneficial effects of LXRs on glucose homeostasis 
span several organ systems including liver, adipose tissue, skeletal muscle, as well as the 
pancreas. In the liver, LXR agonists suppress gluconeogenesis and promote hepatic glucose 
utilization (39,41,44). In adipose tissue and skeletal muscle, LXRs enhance peripheral glucose 
uptake largely through direct transcriptional regulation of the glucose transporter, Glut4, to 
promote both basal and insulin-stimulated glucose uptake (41,45), as well as in diabetes 
(46,47). In pancreatic islet cells, an important homeostatic role for LXRβ has been elucidated 
as LXRβ-/- mice are intolerant to glucose due to impaired glucose-stimulated insulin secretion 
(48), and furthermore, LXR ligands promote β-cell insulin secretion (42,48,49).

LXR agonists are thus promising anti-diabetic agents given their insulin-sensitizing effects. 
However, for these compounds to be of potential clinical use, their beneficial effects on 
glucose metabolism need to be dissociated from their lipogenic effects (Table). LXR agonists 
enhance hepatic and skeletal muscle lipid accumulation and increase circulating triglycerides 
(46,50), which worsens the lipogenic pathology in diabetes (51). Chronic LXR activation 
may also impair insulin secretion by contributing to lipotoxicity-induced pancreatic β-cell 
apoptosis (52). Alternative approaches include the development of partial LXR ligands or 
LXRβ-specific agonists since lipogenesis is primarily mediated via LXRα (53). Interestingly, 
a recent study reported that administration of the LXR agonist T09 in combination with 
metformin, an established oral anti-diabetic drug, ameliorated the development of hepatic 
steatosis induced by LXR agonism in diabetic rats (54), suggesting that combinatorial 
therapies may be viable.

Apart from metabolic dysregulation, diabetes is also characterized by low-grade 
inflammation that stems from macrophage infiltration in adipose tissue and secretion 
of pro-inflammatory cytokines (55). The anti-inflammatory functions of LXRs have been 
established – LXRs inhibit the induction of pro-inflammatory iNOS, COX2, IL6, and MCP1 
by antagonizing NFκB signaling in the nucleus (56). However, data decisively demonstrating 
the link between the anti-inflammatory effects of LXRs on diabetic pathophysiology are 
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lacking. Since chronic systemic inflammation predisposes toward myocardial dysfunction 
and resultant HFpEF (57), LXRs may arguably protect the heart, as well as other susceptible 
organs, from diabetes- and obesity-induced inflammation. 

In summary, LXRs are implicated in the protection from diabetes through modulation 
of glucose metabolism, β-cell insulin secretion, and inflammatory signaling, including 
recent developments indicating beneficial effects in hyperglycemia-induced endothelial 
dysfunction (58,59). Further, the potential of LXRs in targeting metabolic, inflammatory, and 
vascular components of diabetes has several implications regarding other co-morbidities 
affecting heart failure pathogenesis, such as atherosclerosis, which is further aggravated by 
the presence of diabetes and is the major cause of HFrEF, as well as nephropathy leading to 
chronic kidney disease (discussed below), which influences HFpEF. 

LXR and chronic kidney disease
Nephropathy is a microvascular complication of diabetes mellitus and uncontrolled 
hypertension, leading to chronic kidney disease (60). The disease itself is a major contributor 
to cardiac damage and is associated with an increased risk for cardiovascular disease (61,62). 
LXRs have been implicated as a renoprotective target, preserving intrinsic renal structure 
and function both basally and in diabetic nephropathy. 

A homeostatic role for LXRs in kidney function has been postulated. LXRβ-/- mice exhibit 
polyuria and polydipsia, features of diabetes insipidus (63), and mice deficient for both LXRs 
display a renal phenotype analogous to diabetic nephropathy with elevations in albumin-
to-creatinine ratio and glomerular lipid accumulation (64). When challenged with diabetes, 
these mice demonstrated accelerated mesangial matrix expansion, glomerular lipid 
accumulation, and upregulation of inflammatory and oxidative stress markers (64). 

In the kidney, expression levels of both LXRs are significantly decreased in animal models 
of type I diabetes (65) and in patients with diabetic nephropathy (66). Studies conducted 
in several diabetic rodent models demonstrated that LXR activation with T09 and GW3965, 
as well as a new generation agonist, N,N-dimethyl-3β-hydroxycholenamide (DMHCA), 
prevented renal damage and dysfunction by reducing urinary albumin excretion and 
inhibiting macrophage infiltration, inflammation, and lipid accumulation (64,67,68). 
Besides local renal effects, macrophage-derived LXR signaling is also pertinent in renal 
pathophysiology as transgenic LXRα overexpression in macrophages protected from 
hyperlipidemic-hyperglycemic nephropathy (68). These findings suggest that LXRs play an 
important role in hyperglycemic-induced kidney disease. Whether LXRs affect hypertension 
associated renal impairment remains to be established.  
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Table.  Systemic Effects of Liver X Receptor Activation in Relation 
to Co-Morbidities Relevant in Heart Failure Pathogenesis

Positive Effects of LXR Activation
  Atherosclerosis
        ↑ Cholesterol efflux
        ↓ Inflammation
        ↑ Vascular protection
  Hypertension
        ↑ RAAS modulation
        ↑ Vasoreactivity
        ↓ Blood pressure
  Diabetes
        ↑ Glucose tolerance
        ↑ Insulin sensitivity
        ↓ Endothelial dysfunction
  Chronic kidney disease
        ↓ Diabetic nephropathy
Negative Effects of LXR Activation
        ↑ Liver steatosis
        ↑ Hypertriglyceridemia
         Neurological side effects

II.  LOCAL CARDIAC EFFECTS FOR LXR

Relatively few studies have evaluated LXR signaling in the heart itself. Both LXRα and LXRβ are 
expressed in the heart where, in comparison to the cardiomyocyte fraction, their expression 
levels are 10- to 15-fold higher in the non-myocytic fraction consisting of fibroblasts and 
endothelial cells (69). In the heart, LXRs are induced and activated by myocardial infarction 
(69,70), chronic pressure overload (71,72), and in diabetes (73,74), indicating that LXRs are 
regulated in cardiac (patho)physiology. We review current evidence regarding local cardiac 
effects for LXRs and speculate on the potential role of LXR signaling in the fundamental 
cellular processes governing cardiac remodeling, including cardiomyocyte hypertrophy and 
death, fibrosis, and metabolic and vascular remodeling (Figure 3).   

Cardiomyocyte hypertrophy
Cardiomyocytes are non-proliferative, therefore they respond to pathophysiological stimuli 
through hypertrophic growth in order to reduce ventricular wall stress and augment 
contractile function. Increases in mechanical load as well as various neurohumoral signals 
such as catecholamines, growth factors, cytokines, and vasoactive peptides, activate a 
cascade of signal transduction pathways within the myocyte that orchestrates transcriptional 
reprogramming and posttranslational modification of protein synthesis and growth, as well as 
reactivation of fetal contractile and metabolic gene expression (fetal gene program). Initially, 
these adaptations are compensatory and considered protective, but with unremitted stress 
become maladaptive and yield to pathological concentric or eccentric growth. 
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Several lines of evidence suggest an important role for LXRα in regulating hypertrophic cardiac 
remodeling. First, from in vitro experiments, LXR agonists decreased cellular hypertrophy 
induced by diverse hypertrophic stimuli such as Ang II and LPS (71), endothelin-1 (37), 
and phenylephrine (72), whereas knockdown of LXRα in cardiomyocytes led to increased 
cellular growth (72). Second, LXRα protein abundance is markedly upregulated in the 
pressure overloaded heart (71,72). Third, murine hearts deficient for LXRα demonstrated 
an exacerbated hypertrophic response to chronic pressure overload induced via transverse 
aortic constriction (TAC) (71), whereas LXR agonists T09 and AZ876 attenuated hypertrophy 
in wild-type mice (37,72), but not in LXRα-null mice (37). Finally, the effect of LXRα on cardiac 
hypertrophy is heart-specific and independent of confounding systemic effects attributed to 
either T09 activation, which are lipogenic (12), anti-inflammatory (75), and blood pressure-
lowering (37) effects, or residual effects from whole-body LXRα deletion (76). Cardiac-
specific LXRα overexpression in transgenic mice protected the heart from TAC-induced 
pressure overload and Ang II stimulation by attenuating LV hypertrophy and preventing 
cardiac dysfunction (Cannon et al., unpublished data). Taken together, these findings 
suggest a cell-specific role for LXRs in cardiomyocyte hypertrophy, and are supported by 
pharmacological and genetic murine studies (Figure 3).

The mechanism(s) in which LXRα antagonizes pathological hypertrophic growth remains 
to be elucidated. In cardiomyocytes, Wu et al. identified suppressed pro-inflammatory 
NFκB signaling to be operative in T09-mediated decreases in cellular growth (71). It is also 
likely that the protective effects conferred by LXRα may involve modulation of myocardial 
metabolism. Mice with cardiac LXRα overexpression display an endogenous protective 

Figure 3
Cardiac effects of liver X receptor signaling. In the ischemic or hypertrophic myocardium, LXRs decrease 
cardiomyocyte hypertrophy and loss (death), as well as attenuate fibrotic remodeling. LXRs also modulate 
myocardial metabolism, and have regulatory functions in angiogenesis and neovascularization. ROS, reactive 
oxygen species; VEGF, vascular endothelial growth factor.
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phenotype evidenced by enhanced myocardial glucose uptake alongside increased 
natriuretic peptide signaling that resulted in protection from hypertrophic perturbations 
(Cannon et al., unpublished data).

Cardiomyocyte death
Loss of cardiomyocytes is crucial in the pathogenesis of myocardial infarction, ischemia/
reperfusion (I/R), and heart failure. Since cardiomyocytes are terminally differentiated and 
generally incapable of replicating in the adult heart, their survival is critical for maintaining 
myocardial viability. Cell death arises when blood supply to the myocardium is disrupted by 
coronary occlusion. Ensuing hypoxic and ischemic stimuli increase ROS production which 
triggers necrosis and apoptosis. 

Recently, a role for LXR in apoptosis has been evaluated in the infarcted heart. LXRα, but not 
LXRβ, protected against acute and chronic I/R injury where decreased magnitude of cardiac 
injury was associated with significant reductions in post-ischemic myocardial apoptosis. This 
effect occurred via inhibition of endoplasmic reticulum stress- and mitochondria-mediated 
apoptotic pathways through targeting of caspases 12 and 9, respectively (70). Similarly, 
GW3965 treatment in mice decreased infarct size and improved LV contractile function in 
response to global I/R injury, as well as prevented hypoxia-reoxygenation-induced apoptosis 
in HL-1 cells by attenuating caspase 3 (69). In an alternative therapeutic approach for cardiac 
repair following myocardial infarction, the combined therapy of LXR agonist T09 and adipose-
derived mesenchymal stem cells (AD-MSCs) transplanted into infarcted hearts inhibited 
host cardiomyocyte apoptosis and improved cardiac function, while T09 further improved 
the survival of AD-MSCs under hypoxic conditions (77). These findings are consistent with 
other studies demonstrating protective effects for LXRs in ischemic models of intestinal and 
brain injury, although the beneficial effects conferred by LXR agonism in these models were 
linked to suppressed pro-inflammatory NFκB signaling (78-80). 

LXRs have also been shown to regulate cell survival through inhibition of ROS production 
and oxidative stress (23,81). LXR agonists prevented hyperglycemia-induced apoptosis in 
cardiomyoblastic H9C2 cells (82) and in the diabetic db/db murine heart (74). Interestingly, 
the anti-apoptotic factor Spα, also known as apoptosis inhibitor 6 or AIM, is a direct target 
gene for regulation by specifically LXRα (83), and LXR signaling is also important for apoptotic 
cell clearance and enhanced macrophage phagocytosis (84,85), suggesting that LXRs may 
modulate various facets of cellular death (Figure 3).

Fibrosis
Cardiac fibrosis is central in the pathogenesis of heart failure and is a major constituent 
in LV remodeling resulting from myocardial infarction and chronic pressure overload. With 
myocardial infarction, cardiomyocyte loss is resolved by cardiac fibroblasts which initiate 
wound healing through replacement fibrosis to form a scar resilient in preventing ventricular 
rupture. Fibrosis that develops from pressure overload and in remote regions after 
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myocardial infarction is termed reactive fibrosis, and interferes not only with transduction 
of electrical impulses and contractile force in myocytes, but impedes diastolic relaxation 
through increased myocardial stiffness. In response to pathological stimuli, fibroblasts 
proliferate and differentiate into myofibroblasts which contract and secrete collagens. 
Increased collagen deposition as well as changes in the balance of proteins regulating 
extracellular matrix turnover consequentially disrupt normal matricellular architecture. To 
date, there are no therapeutic strategies that specifically target fibrogenesis in the heart.

LXR agonists exhibit anti-proliferative properties as demonstrated in pancreatic β-cells 
(86), smooth muscle cells (28,87), lymphocytes (88), and cancer cells (89), and thus, in the 
heart, they may potentially reduce expansion of the fibroblast population in LV remodeling. 
Both LXRs are expressed in cardiac fibroblasts, and treatment with the LXR agonist AZ876 
suppressed fibroblast-to-myofibroblast transition and prevented Ang II- and transforming 
growth factor β (TGFβ)-induced collagen synthesis in vitro (72). In mice subjected to both 
chronic pressure overload and diabetes, LXR agonism reduced myocardial fibrosis and pro-
fibrotic gene expression in conjunction with improved diastolic function (72,74). These 
observations are in accordance with other studies demonstrating anti-fibrotic effects of 
LXRs in liver injury (90), diabetic nephropathy (67,68), and experimental skin fibrosis (91). 
The latter two findings are associated with the interference of LXR ligands in macrophage 
infiltration and release of cytokines. In macrophages, LXRs downregulated MMP9 via 
repressed NFκB signaling (92), suggesting a link between LXRs and regulation of extracellular 
matrix turnover. The effect on macrophage activity is of clinical relevance considering that 
multiple co-morbidities contribute to a sustained pro-inflammatory state, particularly 
evident in HFpEF (93). 

Additionally, LXRs may counteract pro-fibrotic signaling in the heart by affecting key 
intracellular pathways. For example, Ang II signaling promotes fibroblast proliferation 
and extracellular matrix formation through AT1 receptor-dependent activation, which is 
downregulated by LXR agonism (34-36) through dephosphorylation of the transcription 
factor, Sp1 (35). TGFβ is another central mediator of multiple inflammatory and fibrotic 
cellular responses in cardiac remodeling (94). TGFβ and downstream Smad2/3 expression 
are attenuated in hypertrophied murine hearts (72), as well as in other diseases including 
diabetes-induced renal fibrosis (67) and chronic asthma-induced airway remodeling (95). 
These findings altogether suggest that LXRs play a role in fibrogenesis, and may serve as a 
protective target in preventing the development of fibrosis in cardiac remodeling (Figure 3).

Metabolic remodeling
The heart is a highly metabolic organ requiring continuous replenishment of its cellular ATP 
stores to support sarcomeric contraction and relaxation as well as functioning of membrane 
transport systems. The demand for energy is supplied primarily through oxidation of fatty 
acids, but also glucose and to a lesser extent lactate, ketones, and amino acids. However, in 
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pathological states myocardial substrate utilization is altered to maximize energy efficiency 
through enhanced glucose utilization and reciprocal downregulation of fatty acid oxidation. 
As heart failure progresses, such metabolic adaptation is insufficient as oxygen and substrate 
supply are decreased and energy transfer is impaired, resulting in mitochondrial dysfunction 
and inefficient energy utilization. In essence, the failing heart becomes “an engine out of fuel” 
(96) with energy production inadequate to support cardiac output.

Promoting the shift toward increased glucose reliance has been postulated to improve 
myocardial efficiency in heart failure, preventing energy depletion (97,98). LXRα has been 
implicated in the transcriptional regulation of cardiac glucose metabolism. Constitutive 
LXRα overexpression in isolated cardiomyocytes and murine hearts induced Glut1 and Glut4 
expression which functionally enhanced glucose uptake and utilization. Furthermore, under 
conditions of hypertrophic stress, these mice exhibited substantially greater increases in 
glucose uptake levels compared to wild-type mice in the protection against LV hypertrophy 
and cardiac dysfunction, whereas this adaptive response was diminished in LXRα-null hearts 
(Cannon et al., unpublished data). Interestingly, LXRα was also shown to improve long-term 
cardiac performance following chronic I/R injury, evidenced in part by preserved glucose 
uptake which is indicative of myocardial viability in this setting (70). Whether preservation 
of glucose uptake was a direct effect of LXRα on glucose metabolic pathways, or secondary 
to reduced infarct size, was not established herein. Lei et al. observed increased lipid droplet 
accumulation with LXR agonism in association with improved tolerance to acute myocardial 
ischemia (69). At the onset of I/R there is increased availability and usage of fatty acids (99). 
However, the role of lipids in the heart remains controversial as it may lead to lipotoxicity 
and dysfunction (100). Glucose pathways were not assessed in this study and thus cannot be 
precluded as a protective mechanism against acute myocardial infarction.

Targeting LXRα to promote cellular glucose uptake may indeed be advantageous under 
conditions where glucose uptake is compromised. For example, insulin resistance is highly 
prevalent in the heart failure population and can impair the shift to glucose reliance 
(101,102). Strategies that sensitize the heart to glucose are therefore of clinical relevance. 
Inasmuch, insulin resistance induced by obesity did not adversely affect the capacity for 
enhanced glucose uptake in cardiac LXRα transgenic mice (Cannon et al., unpublished data), 
indicating that sustained increases in myocardial glucose uptake by LXRα is undeterred by a 
metabolic challenge. Further, LXR agonism was recently shown to protect against diabetic 
cardiomyopathy by attenuating cardiac dysfunction in db/db mice (74). Thus, overall, LXRs 
represent a potential metabolic modulator for optimization of myocardial substrate utilization 
in cardiac pathophysiology (Figure 3).

Angiogenesis
Endothelial dysfunction involves a range of endothelial cell functions that become 
dysregulated, including impaired angiogenic responses that are crucial in salvaging the 
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infarcted and hypertrophic myocardium (103). In HFrEF, new microvascular networks are 
necessary for improving regional perfusion after ischemic injury, and in HFpEF, muscle-to-
capillary ratio is reduced in pathologically hypertrophied hearts, which causes myocardial 
hypoxia and contractile dysfunction by compromising oxygen and nutrient delivery needed 
for growth. The aim of cardiovascular therapies is to stimulate angiogenesis within the 
myocardium to prevent or reverse heart failure. 

The angiogenic potential of LXRs has been established in the ischemic rat brain (79) and 
following stroke (104). LXRs promote angiogenesis by directly regulating VEGF (105). Murine 
and human Vegfa genes harbor a functional LXRE in the promoter region, and regulation 
occurs independent of the hypoxia response element for HIF-1 (105). However, several 
studies provide evidence for an anti-angiogenic (yet protective) role for LXRs in settings of 
uncontrolled angiogenesis such as in tumor growth (106) and cancer (107,108). Whether 
LXRs stimulate angiogenesis in either the ischemic or hypertrophic myocardium remains to 
be determined.

LXRs may also regulate angiogenesis through modulation of cholesterol. Cholesterol 
promotes lipid raft formation in the plasma membrane from where cell surface receptors 
initiate signaling events that lead to angiogenesis (109). Since excess cholesterol or its 
removal determines the balance between either promoting or inhibiting angiogenesis, this 
balance may arguably be regulated by LXRs given their antagonistic actions of increasing HDL 
cholesterol (110) and stimulating cholesterol efflux via the RCT (17). These data therefore 
implicate a role for LXR in angiogenesis and suggest LXRs may prevent tissue hypoxia either 
through directly targeting VEGF or through modulation of cholesterol (Figure 3). 

CONCLUSIONS

Heart failure is a clinical syndrome, and co-morbidities such as hypertension, diabetes, and 
kidney and vascular disease, including atherosclerosis, are increasingly recognized for their 
provocation of this disease. Left untreated, these co-morbidities accelerate the progression 
of adverse myocardial remodeling which results in impaired cardiac function, eventually 
leading to heart failure and death (Figure 1). The optimal window for therapeutic modulation 
likely occurs in the early phases when cardiac remodeling is largely reversible, and since 
systemic LXR activation confers protective effects in the pathogenesis of the aforementioned 
co-morbidities, targeting of LXR during this phase may represent a useful addendum in 
preventing remodeling progression. Within the myocardium, recent evidence implicates LXR 
as a cardioprotective molecule in pathological pathways involving cardiomyocyte hypertrophy 
and loss, fibrosis, and metabolism (Figure 3), and are therefore amenable to treatment with 
LXR ligands. However, translation of basic findings to clinical settings requires additional 
studies to further elucidate LXR signaling in the heart, and the impact of the integrative 
functions of LXRs in multi-organ systems on myocardial protection warrants further address. 
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Thus far, few data exist on the role of LXR signaling in humans. In a human genetic study, 
analysis of the LXR gene sequence in patients afflicted with coronary artery disease revealed 
mutations in the ligand-binding domain of LXRα that altered their conformation, rendering 
LXRα inept in binding its ligands (111), suggesting that humans having a mutated LXRα gene 
may develop a predisposition towards coronary artery disease. Results from GWAS studies 
provides evidence for a positive association between LXR and longevity (112), and genetic 
polymorphisms in the LXRα gene locus are associated with electrocardiographic LVH (Van 
der Harst et al., unpublished data), implicating anti-hypertrophic effects in the heart. 

Undoubtedly, high affinity pharmacological agonists specific for LXRs are needed to further 
evaluate the potential of LXR activation in human disease. Testing of new generation LXR 
agonists with less lipogenic profiles in clinical trials should provide further insight into their 
therapeutic prospective. Thus far, only one study has been published regarding the LXR 
agonist, LXR-623, having activated LXR without causing hepatic lipogenesis. However, this 
clinical trial was prematurely halted due to adverse neurological side effects in subjects 
tested (113). Nevertheless, several other LXR agonists are in development, including natural 
modulators of LXR activity which are also being considered for their potential as nutraceuticals 
for therapy (114), and recently, a novel partial LXR agonist, BMS-779788, with decreased 
lipogenic potential and proven efficacy in primates (115). Given the global salutary effects 
of LXR activation in cardiovascular disease and its precursors, atherosclerosis, hypertension, 
diabetes, and inflammation, we postulate that effective and successful targeting of LXRs 
holds promise for future therapies.
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ABSTRACT

Background. Pathological cardiac hypertrophy is characterized by a shift in metabolic 
substrate utilization from fatty acids to glucose, but the molecular events underlying the 
metabolic remodeling remain poorly understood. Here, we investigated the role of liver 
X receptors (LXRs), which are key regulators of glucose and lipid metabolism, in cardiac 
hypertrophic pathogenesis. 

Methods and results.  Using a transgenic approach in mice, we show that overexpression 
of LXRα acts to protect the heart against hypertrophy, fibrosis, and dysfunction. Gene 
expression profiling studies revealed that genes regulating metabolic pathways were 
differentially expressed in hearts with elevated LXRα. Functionally, LXRα overexpression in 
isolated cardiomyocytes and murine hearts markedly enhanced the capacity for myocardial 
glucose uptake following hypertrophic stress. Conversely, this adaptive response was 
diminished in LXRα-deficient mice. Transcriptional changes induced by LXRα overexpression 
promoted energy-independent utilization of glucose via the hexosamine biosynthesis 
pathway, resulting in O-GlcNAc modification of GATA4 and Mef2c and the induction of 
cytoprotective natriuretic peptide expression. 

Conclusion.  Our results identify LXRα as a key cardiac transcriptional regulator that helps 
orchestrate an adaptive metabolic response to chronic cardiac stress, and suggests that 
modulating LXRα may provide a unique opportunity for intervening in myocyte metabolism.
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INTRODUCTION

Pathological cardiac hypertrophy and remodeling ensue in response to sustained elevations 
in hemodynamic workload (1). A hallmark of this remodeling process is the alteration in 
myocardial energy metabolism which is necessitated by increased energy demand (2,3). 
Under normal physiological conditions, the heart predominantly consumes fatty acids 
(FA), whereas various stressors trigger a compensatory shift toward glucose, the preferred 
substrate for its oxygen-sparing effect in ATP production (4,5). Despite the success of current 
pharmacological strategies which aim to reduce afterload and hypertrophic growth using 
beta blockers and inhibitors of the renin-angiotensin-aldosterone system, heart failure 
nevertheless remains a progressive disease with high morbidity and mortality. Interventions 
in metabolic remodeling therefore represent a promising therapeutic adjunctive for 
targeting pathological cardiac hypertrophy and development of heart failure (6).

Liver X receptors (LXRs) are nuclear receptors that have emerged as central metabolic 
regulators in various organ systems and cell types. At the molecular level, LXRs function as 
ligand-activated transcription factors that intricately regulate and coordinate cholesterol 
homeostasis, glucose and lipid metabolism, and inflammatory signaling. Inasmuch, the 
importance of LXRs in the cardiovascular system is mainly attributed to their atheroprotective 
effects in accelerating reverse cholesterol transport (7,8), and reducing atherosclerotic 
lesion size and inflammation (9-11). The biological functions of LXRs are mediated via 
two subtypes, LXRα (NR1H3) which is predominantly expressed in liver, adipose, intestine, 
and macrophages, but also in heart, kidney, adrenal gland, and lung, and LXRβ (NR1H2), 
expressed ubiquitously (12). LXRs reside in the nucleus where they heterodimerize with 
retinoid X receptor and are bound to cognate LXR response elements (LXREs) in regulatory 
regions of target genes (13). 

Less is known regarding the role of LXR in pathological cardiac hypertrophy. LXRs have been 
implicated in blood pressure control by regulating renin gene expression in vivo (14). In 
blood pressure-independent models, the LXR agonist, T0901317 (T09), attenuated the 
hypertrophic response to pressure overload in mice (15), whereas this effect was exacerbated 
in LXRα-null mice (16). These studies, however, are limited by confounding systemic effects 
of pharmacological LXR activation and by the lack of agonist specificity. Therefore, it remains 
unclear whether LXRα directly affects the pathogenesis of hypertrophy. The purpose of the 
present study was to investigate the cardiospecificity of LXRα in modulation of myocardial 
metabolism and pathological hypertrophy by generating a murine model of cardiac-specific 
LXRα overexpression.
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METHODS

An expanded Methods section is provided in the Data Supplement.

Animal models
The murine NR1H3 gene (GeneBank: NM_013839) was obtained from German Science 
Centre for Genomic Research (RZPD; clone # IRAVp968B0923D). This PCR product was 
amplified by polymerase chain reaction (PCR) and cloned into a previously described 
vector containing the cardiac-specific αMHC promoter (53). Transgenic founders were 
obtained by pronuclear injection of the αMHC-LXRα construct into FVB oocytes. Transgene 
identification was performed by a PCR-based method using the following primers: sense 
5’- CGGCACTCTTAGCAAACCTC-3’, antisense 5’-TGCTGACTCCAACCCTATCC-3’. Mice were 
backcrossed for at least three generations into the C57BL/6 (#000664, The Jackson 
Laboratory) genetic background. αMHC-LXRα (LXRα-Tg) mice were generated by the UMCG 
mouse clinic in collaboration with the Mayo Clinic (Rochester, NY, USA). For all experiments, 
non-transgenic littermates (Wt) served as controls. Homozygous LXRα knockout mice (LXRα-

/-; gift from Dr. Gustafsson) (54) and matching C57BL/6BomTac wild-type (WT) mice were 
obtained from Taconic, Denmark. 

Experimental protocol
All experimental protocols were approved by the Institutional Animal Care and Use 
Committee at the University of Groningen. Male mice (8-10 weeks) were subjected to an 
infusion of angiotensin II (Ang II) (1.0 mg/kg/day) for 10 days, or pressure overload by 
transverse aortic constriction (TAC) for either 1 or 5 weeks. In subsequent studies, a subset 
of mice underwent sham/TAC for 5 weeks for further assessment of myocardial 2-deoxy-
2-(18F)fluoro-D-glucose (FDG)-glucose uptake with microPET, or mitochondrial oxidative 
phosphorylation measurements. Cardiac function was determined with echocardiography 
and invasive hemodynamic monitoring, as previously described (55). LV tissue samples were 
used to perform expressional studies, immunohistochemical, and biochemical analyses. 

In vitro studies
Neonatal rat ventricular myocytes (NRVMs) were isolated from 1-3 day old Sprague-
Dawley pups, as described (56). Recombinant adenovirus containing murine LXRα (Ad-
LXRα) or silenced LXRα (si-LXRα) was used to infect NRVMs, and cells were treated with 
phenylephrine (PE), or 6-diazo-5-oxonorleucine (DON) (Sigma). Cellular glucose uptake 
and protein synthesis were assessed with 2-deoxyglucose (2-DG) and [3H]leucine assays, 
respectively.

Statistical analysis
All data are presented as means ± standard error of the mean (SEM). Student’s paired 
2-tailed t-test was used for two group comparisons. One-way ANOVA was performed to 
analyze differences for multiple-group comparisons, followed by Bonferroni post hoc 
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analysis. Kruskall-Wallis test followed by Mann-Whitney U test was used to analyze cell 
experiments. All results were tested at the P<0.05 level of significance. 

RESULTS

Mice with cardiac-specific LXRα overexpression exhibit no overt cardiac 
phenotype at baseline or with aging
To study LXRα activation in the heart, we generated transgenic (LXRα-Tg) mice with 
cardiac-specific overexpression of murine LXRα driven by the cardiomyocyte-specific 
αMHC promoter (Figure 1A). LXRα mRNA and protein expression were increased 130-
fold and 9-fold, respectively (Figure 1B, 1C and 1D). Heart weight in LXRα-Tg mice, as 

Figure 1
Baseline characterization of mice with cardiac-specific LXRα overexpression. (A) Murine LXRα DNA construct for 
the generation of transgenic (LXRα-Tg) mice. (B-D) Left ventricular LXRα expression in Wt and LXRα-Tg mice aged 
12 wks. (B) Western blot of LXRα in liver and LV tissue. Quantification of (C) mRNA expression (normalized to 
36b4; n=6-8/group), and (D) protein expression (normalized to GAPDH; n=4/group). (E) LV weight to tibia length 
ratios (LV/tibia); n=15/group. (F) Assessment of mean arterial pressure (MAP) with in situ catheterization. (G) 
Representative Massons trichrome and wheat germ agglutinin (WGA)-FITC staining in cross-sectional LV, bars = 100 
µm, 10 µm. (H) Relative mRNA levels of known LXRα-associated and target genes; n=7-8/group. Data are means ± 
SEM; *P<0.05, ***P<0.001 versus Wt.
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assessed by LV weight normalized to tibia length (LV/tibia), was marginally less compared 
to Wt (Figure 1E). Mean arterial pressure (MAP) was unaltered in LXRα-Tg mice (Figure 
1F). Echocardiography-determined LV dimensions and function were comparable to Wt, and 
no differences in indices of contractility and intracardiac pressures, measured in situ with 
microtip catheterization, were observed (Suppl. Table 1). Histological analyses of ventricular 
sections stained with WGA-FITC or Massons trichrome displayed no evidence of abnormal 
cardiomyocyte morphology or collagen deposition in LXRα-Tg hearts (Figure 1G). To verify 
whether overexpression indeed induced functionally active LXRα, we determined mRNA 
levels of well described LXRα target genes (17) including Srebp1c, Scd1, and Abca1. These 
were significantly increased in LXRα-Tg mice (Figure 1H). Furthermore, Pgc1a, a co-activator 

Figure 2
LXRα overexpression attenuates TAC-induced cardiac hypertrophy and fibrosis after 5 weeks. (A) LV/tibia ratios in 
sham- and TAC-operated Wt and LXRα-Tg mice; n=21-26/group. (B) Quantification of cardiomyocyte cross-sectional 
area from WGA-FITC stained histological sections; n=3-5/group. (C) Representative LV sections stained with WGA-
FITC and Massons trichrome to assess cardiomyocyte hypertrophy and fibrosis, respectively; bars = 1 mm, 100 µm, 
10 µm. (D) Whole area percentage of fibrosis in Massons trichrome stained sections. (E) Measurement of mRNA 
levels to assess induction of fetal gene program, as well as hypertrophy (Rcan1) and fibrosis (Col1a1, Ctgf). Data 
are means ± SEM; n=7-8/group unless indicated; *P<0.05, **P<0.01, ***P<0.001 versus respective sham, #P<0.05, 
##P<0.01, ###P<0.001 versus Wt.
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of LXR (18), was also upregulated, plausibly to maintain LXRα in a constitutively active state. 
Lxrb expression was not changed. The long-term effects of cardiac-specific LXRα activation 
were also assessed in mice up to 12 months of age. Chronic LXRα activation did not impair 
gross cardiac morphology or function in aged mice (Suppl. Table 1). In summary, LXRα-Tg 
mice displayed normal physiological development, and all structural and functional cardiac 
parameters were within normal range.

LXRα overexpression attenuates pathological development of cardiac 
hypertrophy, fibrosis, and dysfunction

To evaluate specific effects of LXRα in pathological cardiac hypertrophy, mice were 
subjected to pressure overload by TAC for 5 weeks. Heart weights were similar between 
sham-operated Wt and LXRα-Tg groups (Figure 2A). TAC caused significant increases in LV/
tibia ratios, however, LXRα-Tg mice exhibited 24% less hypertrophy compared to Wt, which 
was further evidenced by reduced cardiomyocyte size (Figure 2B and 2C). In comparison to 
LXRα-Tg mice, the greater degree of hypertrophy observed in Wt was attributable to larger 
increases in interventricular septal and LV free wall thicknesses, while no marked dilatation 
of the LV chamber was observed for either TAC group (Suppl. Table 2). To further assess 

Figure 3
Reduced cardiac dysfunction in mice with cardiac LXRα activation in response to pathological pressure overload. 
(A) Echocardiographic assessment of percent fractional shortening in mice subjected to 5 weeks of TAC; n=19-26/
group. (B-D) Hemodynamic measurements obtained in situ in sham- and TAC-operated mice; n=6-8/group. (B) 
Mean arterial pressure (MAP), (C) LV end-systolic pressure (LVESP), and (D) LV end-diastolic pressure (LVEDP). 
Data are means ± SEM; *P<0.05, ***P<0.001 versus respective sham, ##P<0.01 versus Wt.
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the impact of LXRα on other parameters of myocardial remodeling, fibrosis was quantified 
in cross-sectional LV. Collagen deposition was only marginally detected in LXRα-Tg hearts 
following TAC, whereas this increased 4-fold in Wt (Figure 2C and 2D). These anti-fibrotic 
effects were associated with less induction of genes involved in fibrogenesis, Col1a1 and 
Ctgf (Figure 2E). Following TAC, typical reactivation of the fetal gene program occurred in 
both groups, but to a lesser extent in LXRα-Tg mice (Figure 2E). Interestingly, we observed 
elevated basal levels of natriuretic peptides, Anp and Bnp, in LXRα-Tg mice. In contrast, 
other gene markers representative of fetal gene activation were more strongly induced in 
Wt following TAC: αMHC to βMHC isoform transition (Myh6/Myh7 ratio), Acta1, as well as 
the hypertrophic gene, Rcan1.

Functional evaluation revealed that Wt mice subjected to TAC achieved significantly less 
systolic LV thickening and demonstrated greater acceleration toward heart failure as 
fractional shortening declined 11% versus only 6% in LXRα-Tg (Figure 3A). These functional 
improvements in LXRα-Tg mice were further accompanied by reduced intracardiac pressures 
(Figure 3C and 3D). No changes in MAP or HR were recorded (Figure 3B, Suppl. Table 2). 

To determine whether cardiac LXRα overexpression affects early hypertrophic remodeling 
processes, mice were subjected to 1 week of TAC-induced pressure overload. Cardiac 
hypertrophy was present in Wt mice after 1 week of TAC, however, this was significantly 
attenuated in LXRα-Tg mice (Suppl. Fig. 1A). Assessment of cardiac function with 
echocardiography indicated that function remained relatively compensated in TAC-operated 
mice (Suppl. Fig. 1B). The effect of cardiac LXRα on hypertrophy, including expression of fetal 
genes (Suppl. Fig. 1C), are comparable to what we observed after 5 weeks TAC. Molecular 
determinants of inflammation were more strongly upregulated in Wt hearts compared to 
LXRα-Tg (Suppl. Fig. 1D-G), whereas the anti-apoptotic factor, Bcl2, was significantly induced 
with LXRα overexpression (Suppl. Fig. 1I and 1J). These data implicate an anti-inflammatory 
role for LXRα in the initial phase of hypertrophic pathogenesis, and possible protection 
against anti-apoptotic triggers.

To further verify that our observations were not model-dependent, we conducted 
experiments with Ang II infusion over 10 days. Consistent with our findings from TAC 
experiments, LXRα-Tg mice showed reduced Ang II-induced myocardial hypertrophy and 
fibrosis with moderate improvements in hemodynamic parameters (Suppl. Fig. 2). Taken 
together, these data demonstrate that cardiac-specific LXRα activation ameliorates adverse 
cardiac remodeling and dysfunction in mice in response to diverse pathological hypertrophic 
stimuli.

LXRα overexpression induces transcriptional alterations in metabolic pathways
Gene profiling of the LV transcriptome was performed to uncover the molecular basis for 
the cardioprotective phenotype observed in LXRα-Tg mice (Suppl. Fig. 3, Suppl. Table 3). 
Basal LXRα overexpression induced substantial changes in genes relating to metabolism 
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(Figure 4A). To further investigate microarray pathway analysis, mRNA levels of several key 
genes regulating FA and glucose metabolism were determined (Suppl. Fig. 4). In LXRα-Tg 
hearts, glycolysis-related genes were more differentially expressed, including upregulation 
of the glucose transporters, Glut1 and Glut4, as well as Pdk4, regulating pyruvate oxidation 
in mitochondria. 

TAC provoked parallel transcriptional alterations in Wt and LXRα-Tg mice, downregulating FA 
metabolism and similarly upregulating pathways pertaining to extracellular remodeling and 
cardiovascular disease. However, the comparison between differentially expressed genes 
in hypertrophic hearts was most striking for LXRα-Tg where more than 50% of upregulated 
genes clustered into metabolic pathways, for example glutathione metabolism. Collectively, 
these expression data convey that LXRα activation transcriptionally reprograms metabolic 
pathways in the heart, specifically glucose metabolism. 

Figure 4
Cardiac LXRα overexpression enhances myocardial glucose uptake. (A) Classification of genes differentially 
expressed in LXRα-Tg hearts (see Supplemental Figure 3). (B) Representative 18F-FDG images with microPET. (C) 
Myocardial FDG uptake measured as standard uptake value (SUV) in Wt and LXRα-Tg mice 5 weeks post TAC; n=4-
6/group. (D) Quantification of myocardial glycogen content; n=5-7/group. (E) GLUT protein expression in LV tissue 
normalized to GAPDH; n=5-7/group. Data are means ± SEM; *P<0.05 versus respective sham, #P<0.05, ##P<0.01 
versus Wt.
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Constitutive LXRα activation enhances myocardial glucose uptake and utilization 
We next evaluated whether global transcriptional changes relating to glucose metabolism 
translated into a functional metabolic outcome. To this end, in vivo glucose uptake 
measurements were performed in a separate sham/TAC cohort (n=22) by injecting mice 

Figure 5
LXRα-null mice manifest reduced myocardial glucose uptake capacity in response to TAC. (A) LV/tibia ratios in 
sham- and TAC-operated WT and LXRα-/- mice; n=8-12/group. Cardiac functional assessment at 5 weeks post TAC, 
(B) percent fractional shortening determined with echocardiography (§ P=0.06), and (C) LV end-diastolic pressure 
(LVEDP) recorded in situ; n=7-12/group. (D-G) Relative mRNA gene expression, normalized to 36b4; n=8. (H) 
Western blot detection of GLUT protein expression in LV tissue normalized to GAPDH, expressed as fold change; 
n=6-8/group. (I) Representative 18F-FDG microPET scans. (J) Myocardial FDG uptake quantified as standard uptake 
value (SUV); n=6/group. Data are means ± SEM; *P<0.05, **P<0.01, ***P<0.001 versus respective sham, #P<0.05 
versus WT.
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with FDG and using microPET imaging modality. Basal myocardial FDG-glucose uptake was 
1.9-fold higher in LXRα-Tg mice compared to Wt, indicating a greater propensity for glucose 
utilization. Consistent with previous reports showing a substrate shift to glucose following 
hypertrophic perturbation (19,20), TAC lead to a substantial increase in FDG-glucose uptake 
in both groups. Wt mice achieved 90% increase, which subsequently matched basal LXRα-Tg 
levels. On the other hand, TAC-operated LXRα-Tg mice exhibited comparatively even greater 
capacity for glucose uptake that was augmented 50% above both basal LXRα-Tg levels and 
that of Wt TAC cohorts (Figure 4B and 4C). Increased glucose uptake in LXRα-Tg hearts did 
not impact systemic blood glucose levels as no significant differences in basal levels prior to 
scan, nor under fasted conditions (Supp. Table 1) were observed. Furthermore, enhanced 
glucose uptake was not stored, but rather utilized since myocardial glycogen content was 
unaltered (Figure 4D). 

Expression levels of several key proteins involved in substrate metabolism and regulation 
were measured. In concert with FDG-glucose uptake levels, GLUT1 and GLUT4 protein levels 
were increased in LXRα-Tg hearts (Figure 4E), suggesting their membrane translocation 
and functionality. No appreciable differences between LXRα-Tg and Wt were observed for 
hexokinase 2 (HK2), the enzyme catalyzing the first step in glycolysis, nor phosphorylated-
AMPK, a key metabolic regulator in response to increased workload and energetic stress, 
as well as for CD36 regulating myocardial FA uptake (Suppl. Fig. 5). In summary, enhanced 
myocardial glucose uptake evidenced in LXRα-Tg mice in the stressed and non-stressed 
state is associated with induction of GLUT1 and GLUT4.

LXRα-deficient mice manifest reduced myocardial glucose uptake capacity in 
response to TAC
To gain further insight into LXRα regulation of myocardial metabolism in cardiac hypertrophy, 
loss-of-function studies were performed in LXRα-/- mice. Following 5 weeks of pressure 
overload, both WT and LXRα-/- mice developed LV hypertrophy (Figure 5A). The relative 
increases in LV/tibia ratios were considerably higher for LXRα-/- compared to WT, 50% versus 
30%, albeit not significantly different from each other. Furthermore, LXRα-deficient hearts 
exhibited a greater tendency toward cardiac dysfunction (Figure 5B and 5C). Activation of 
the fetal gene program occurred to a similar extent in both LXRα-/- and WT mice (Figure 
5D-G). 

The metabolic response of LXRα-null hearts to hypertrophic perturbation was assessed by 
evaluating myocardial glucose uptake and GLUT expression. Both GLUT1 and GLUT4 were 
evidently less upregulated in LXRα-/- hearts in response to TAC (Figure 5H). Furthermore, 
FDG-glucose analysis with microPET revealed that LXRα-/- mice demonstrated an inability 
to normalize the increases in glucose uptake levels achieved in pressure overload-induced 
hypertrophy (Figure 5I and 5J, Suppl. Fig. 6). Myocardial glucose uptake increased 1.6-fold 
in WT, but only 1.3-fold in LXRα-/- mice. Overall, loss of LXRα resulted in a more progressive 



60

LXRα protects the heart by glucose regulationChapter 3

deterioration of function following TAC that was associated with a compromised adaptive 
capacity to augment glucose uptake.

Mitochondrial oxidative capacity of pyruvate is unaltered by chronic LXRα 
overexpression
To assess whether LXRα-Tg mice displayed increased mitochondrial capacity to oxidize 
glucose-derived substrates, we determined oxidative phosphorylation in permeabilized LV 
muscle fibers in the presence of pyruvate in an additional sham/TAC cohort (n=26). Basal 

Figure 6
LXRα enhances glucose uptake and O-GlcNAc signaling via the hexosamine biosynthetic pathway (HBP) in 
cultured cardiomyocytes. Neonatal rat ventricular myocytes were transfected with Ad-LXRα or GL2 (Ad-cont), and 
treatments with phenylephrine (PE) and DON (inhibitor of HBP) were initiated for 24 hours. (A) Assessment of 
2-deoxyglucose (2-DG) uptake. (B-C) Glut mRNA expression. (D) Western blot indicating Ad-LXRα- and PE-induced 
increases in global protein O-GlcNAcylation, which was abrogated following inhibition of HBP with DON. LXRα 
protein expression is shown, and GAPDH served as loading control. (E-F) Modulation of Anp and Bnp mRNA levels 
by Ad-LXRα-induced O-GlcNAc signaling. (G) Measurement of cell size. (H) Representative images for determination 
of cell size. Cells were stained with an antibody specific for LXRα (green, indicated by arrow), DAPI for nuclei (blue), 
and rhodamine-phalloidin for F-actin (red); bar = 50 µm. All cell experiments were repeated 4-5 times and data are 
reported as fold change with respect to control group. Data are means ± SEM; *P<0.05, **P<0.01 versus Ad-cont, 
#P<0.05, ##P<0.01.
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(state 2) and maximal ADP-stimulated (state 3) oxygen consumption rates did not differ 
among stressed and unstressed LXRα-Tg and Wt hearts (Suppl. Fig. 7A), indicating that the 
capacity for pyruvate oxidation was neither impaired nor enhanced by LXRα overexpression 
or by TAC. Citrate synthase activity, a marker of mitochondrial density and to which all 
respirometry measurements were normalized, was similar for all groups (Suppl. Fig. 7B).

Interestingly, we recorded increased state 2 and 3 respiration rates with parmitoyl (C16)-
carnitine in LXRα-Tg, suggesting a trend toward increased capacity to oxidize FA (Suppl. Fig. 
7C). This may be due to a reciprocal effect on pyruvate oxidation by Pdk4, which was induced 
in LXRα-Tg (Suppl. Fig. 4A). The respiratory control ratio, indicative of overall mitochondrial 
function (21), tended to be higher for parmitoyl-carnitine in stressed and unstressed hearts 
overexpressing LXRα (Suppl. Fig. 7D). Further lipid profiling revealed increased myocardial 
leanness in LXRα-Tg hearts (Suppl. Fig. 8), despite induction of several lipogenic gene targets 
(Srebp1c, Scd1, Fasn) (Figure 1H, Suppl. Fig. 4B). 

LXRα-mediated glucose uptake increases O-GlcNAc signaling in cardiomyocytes 
Since no differences in mitochondrial capacity to utilize pyruvate was identified, we 
postulated that beneficial effects derived from LXRα-mediated enhanced glucose 
uptake involved alternate pathways of glycolytic metabolism. One such pathway is the 
hexosamine biosynthesis pathway (HBP) which culminates in the formation of O-GlcNAc, 

Figure 7 
Knockdown of LXRα increases cellular hypertrophy in cultured cardiomyocytes. Cells were transfected with Ad-
LXRα, si-LXRα or Ad-cont, in the absence of presence of phenylephrine (PE). (A) Protein synthesis determined via 
leucine incorporation. (B) O-GlcNAc protein expression on Western blot. (C-F) mRNA expression, normalized to 
36b4. All cell experiments were repeated 4-5 times and data are reported as fold change with respect to control 
group. Data are means ± SEM; *P<0.05, **P<0.01, §P=0.06 versus Ad-cont, #P<0.05, ##P<0.01.
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a posttranslational modifier of numerous proteins. The HBP has been demonstrated to be 
an essential signaling system in the failing heart (22), and accumulating evidence from in 
vitro and ex vivo systems shows that augmented O-GlcNAc levels via the HBP potentiates 
cytoprotection (23,24). Using NRVMs, we tested the hypothesis that LXRα-mediated 
increases in glucose uptake would enhance substrate availability for O-GlcNAc. NRVMs 
transfected with Ad-LXRα showed significantly elevated 2-deoxyglucose (2-DG) levels of 1.8-
fold compared to Ad-cont cells, which was further augmented 40% following PE stimulation 
(Figure 6A). Glut4 and Glut1 mRNA were correspondingly increased (Figure 6B and 6C). Next, 
we assessed whether enhanced glucose availability led to HBP activation and downstream 
formation of O-GlcNAc. Ad-LXRα cells displayed increased global protein O-GlcNAcylation 
that was further enhanced with PE (Figure 6D). Administration of DON to inhibit HBP flux 
attenuated Ad-LXRα-increased O-GlcNAcylation (Figure 6D), confirming the link between 
LXRα and HBP-O-GlcNAc signaling.

From our findings in LXRα-Tg mice, we speculated that increased myocardial natriuretic 
peptide expression (Figure 2E) in conjunction with preference for glucose may, in part, be 

Figure 8
O-GlcNAcylation is increased with cardiac LXRα overexpression in mice. (A-B) Western blot analyses of global 
protein O-GlcNAc levels in left ventricles of mice with either (A) cardiac-specific LXRα overexpression, or (B) LXRα 
deficiency, and subjected to 5 weeks TAC. (C-D) Nuclear protein extracts were precipitated with agarose WGA in the 
absence or presence of GlcNAc, a competitor, and analyzed by Western blot with antibodies against Mef2c, GATA4, 
or Nkx-2.5, known transcription factors of natriuretic peptides; bands represent 3 pooled hearts per Wt and LXRα-
Tg lanes, and (D) quantification is for n=2, expressed as fold change. IP, immunoprecipitation; WGA, wheat germ 
agglutinin; GlcNAc, N-acetylglucosamine; WB, Western blot. Data are means ± SEM.
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evidence of an endogenous cardioprotective stress response elicited via LXRα overexpression. 
The anti-hypertrophic properties of ANP and BNP are well established (25). Ad-LXRα cells 
expressed both increased Anp and Bnp (3.2-fold and 3.8-fold, respectively), which were 
subsequently suppressed following DON inhibition, suggesting that their induction is linked 
to O-GlcNAc effector signaling (Figure 6E and 6F). Further assessment of cellular hypertrophy 
indicated that DON inhibition of HBP flux also abolished the Ad-LXRα-mediated reductions 
in cell size that was increased upon PE stimulation (Figure 6G and 6H).

Alternative experiments were performed with si-LXRα to address the causal relationship 
among LXRα expression, protein O-GlcNAc modification, and hypertrophy. Knockdown of 
LXRα led to comparatively higher levels of hypertrophic growth (Figure 7A), and lower levels 
of O-GlcNAc following PE-induced cellular stress (Figure 7B). Interestingly, gene expression 
analysis (Figure 7C-F) revealed significant downregulation of Anp in LXRα-silenced cells 
(Figure 7C). 

Transcriptional activators of natriuretic peptides are O-GlcNAc modified in LXRα-
Tg hearts
Finally, to corroborate our in vitro findings, we assessed global protein O-GlcNAc levels 
from LV tissue lysates of mice overexpressing and deficient for LXRα. Most extensive 
O-GlcNAcylation was observed in LXRα-Tg hearts involving proteins between 40 and 55 kDa 
in size (marked in Figure 8A). In contrast, loss of LXRα resulted in attenuated O-GlcNAc 
signal in response to TAC (Figure 8B). To further identify specific O-GlcNAc targets, agarose 

Figure 9
Schematic representation of LXRα-mediated glucose protection.  
LXRα transcriptionally regulates glycolytic metabolism by targeting glucose utilization at distinct levels. Increased 
Glut1 and Glut4 enhance glucose uptake, and Pdk4 regulates pyruvate oxidation in mitochondria. Subsequent 
increases in glycolytic flux activate the HBP, resulting in downstream O-GlcNAc modification of transcription factors 
inducing natriuretic peptide expression, a putative end effector mediating anti-hypertrophic effects in the heart. 
ANP, atrial natriuretic peptide; BNP, B-type natriuretic peptide; F-6-P, fructose-6-phosphate; Glut, glucose 
transporter; HBP, hexosamine biosynthesis pathway; Mef2c, myocyte enhancer factor 2C; O-GlcNAc, β-O-linkage of 
N-acetylglucosamine; PDC, pyruvate dehydrogenase complex; Pdk4, pyruvate dehydrogenase kinase 4.
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wheat germ agglutinin (WGA) precipitation was performed to isolate nuclear GlcNAcylated 
proteins. Using antibodies specific for known transcription factors activating ANP and BNP 
(26,27), Western blot analysis revealed that GATA4 and Mef2c precipitated with WGA in 
LXRα-Tg hearts, but not with Nkx-2.5, suggesting that O-GlcNAc modification of GATA4 
and Mef2c potentiate their activities (Figure 8C and 8D). N-acetylglucosamine (GlcNAc), a 
competitor, served as control.

In summary, these data indicate that cardiac LXRα integrates glucose metabolism and 
downstream O-GlcNAcylation with induction of cytoprotective natriuretic peptides to 
orchestrate an anti-hypertrophic response. Therefore, the energy-independent effects of 
glucose that, herein, are governed by LXRα may be an important salutary mechanism in 
modulating and preserving myocyte function (Figure 9).

DISCUSSION

In the present study, we describe a cardiac-specific overexpression model for LXRα in mice, 
and herewith, elucidate the significance of LXRα in modulating myocardial metabolism 
in pathological hypertrophy. We established that constitutive LXRα activation in murine 
hearts substantially diminished LV hypertrophy, adverse cardiac remodeling, and improved 
overall cardiac function following chronic pressure overload and Ang II stimulation. Using 
this model, we identified the intrinsic transcriptional regulatory mechanisms LXRα exerts 
in the heart and in counteracting hypertrophic stress. By principally modulating glucose 
pathways, LXRα functionally enhanced the capacity for myocardial glucose uptake, which 
was conversely impaired in hypertrophic hearts deficient for LXRα. Furthermore, increased 
glucose utilization via an energy-independent pathway resulted in the glycosylation of 
transcription factors inducing natriuretic peptide expression, which we identified as a 
putative end effector of LXRα-mediated protective effects in the heart. 

The role of LXRα in protection against cardiac pathophysiology is not well established. This 
has been previously addressed in pharmacological studies using the LXR agonist, T09, and 
LXRα-null mice (15,16). Conceivably, these approaches are restrained by confounding 
variables associated with systemic LXR activation, which include lipogenic (13), anti-
inflammatory (28), and blood pressure lowering (29) effects. Moreover, T09 mediates its 
effects indiscriminately via other nuclear receptors since it is also a co-activator of farnesoid 
X receptor, pregnane X receptor, and retinoic acid receptor signaling (30-32). Selectively 
overexpressing cardiac LXRα in mice circumvented these confounding factors and afforded 
a system for delineating the heart-specific effects of LXRα. Using two diverse hypertrophic 
perturbations, we demonstrated that constitutive LXRα activation countervailed pathological 
growth and remodeling processes in the heart, including blunting the development 
of myocardial fibrosis, an observation in line with previous studies demonstrating the 
anti-fibrotic effects of LXRs in kidney (33) and in liver (34). Cardiac LXRα also appears to 
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influence early remodeling processes since less inflammation in association with decreased 
hypertrophy occurred at an earlier time point of 1 week post TAC. LXRα-Tg mice  may also be 
less susceptible to apoptosis, which is underscored by upregulation of Bcl2. Taken together, 
counteraction of inflammatory signaling and myocyte death may explain the attenuated 
development of fibrosis remodeling we observed after 5 weeks TAC.

In loss-of-function studies, LXRα-/- mice did not develop significantly greater severity of 
hypertrophy with respect to WT, although function was worsened in LXRα-deficient hearts. 
This is in contrast to a previous report showing exacerbated hypertrophic response in LXRα-

/- mice (16). The discrepancy between LXRα overexpression and deficiency cannot be fully 
explained herein, however, our in vitro data indicate that, at the cellular level, there is a 
clear effect on hypertrophic growth in cardiomyocytes lacking LXRα, and thus compensatory 
mechanisms may be operative in the intact heart. Interestingly, recent evidence from a 
genome-wide association study (GWAS) of electrocardiographic LV hypertrophy (LVH) found 
a genetic variant, or SNP, in the LXRα (Nr1h3) locus to be significantly associated with the 
LVH trait. Furthermore, expression QTL analysis showed a significant correlation between 
decreased expression of Nr1h3 and increased LVH, Van der Harst, unpublished data, [2011], 
supporting an anti-hypertrophic role for LXRα. 

Functionally, gene profiling in our model of cardiac-specific LXRα overexpression identified 
primary effects for LXRα on metabolic pathways, and further investigation into this metabolic 
profile revealed that myocardial glucose uptake in association with GLUT expression was 
significantly increased in LXRα-Tg hearts and in isolated cardiomyocytes. GLUT1 and GLUT4 
have previously been elucidated as targets for transcriptional regulation by LXRs in adipose 
tissue and skeletal muscle (35-39). Myocardial glucose uptake capacity was enhanced in 
LXRα-Tg mice, and more importantly, when challenged with hypertrophic stress, these mice 
demonstrated an even more robust response versus that of Wt. Conversely, insufficient 
glucose uptake capacity that ensued in hypertrophic hearts deficient for LXRα resulted in 
a worsened functional outcome. The shift toward greater glucose reliance is believed to 
be an adaptive response that confers cardioprotection (4,40), and evidence from other 
genetic mouse models renders further support for a role for glucose uptake in myocardial 
protection. Cardiac-specific overexpression of GLUT1 in mice increased glucose uptake 
and glycolysis which prevented the development of ventricular dysfunction and improved 
survival (19,41), whereas reduced glucose utilization in GLUT4 knockout mice manifested 
greater hypertrophy and acceleration toward heart failure (42,43). With cardiac insulin 
resistance and metabolic dysregulation known to precede the development of heart failure 
(44,45), strategies sensitizing the heart to glucose uptake may thus have clinically relevant 
implications in the long-term prognosis of heart failure. 

Since glucose uptake rates were enhanced by LXRα activation, we hypothesized that this 
would also lead to downstream changes in energy-dependent pathways, causing increased 
mitochondrial oxidative capacity. However, we did not observe corresponding increases in 
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oxidative capacity from pyruvate, suggesting that LXRα does not transcriptionally reprogram 
pathways for enhancement of mitochondrial glucose utilization. In essence, glucose uptake 
and glycolysis appears to be partially uncoupled from mitochondrial oxidation and ATP 
synthesis in LXRα-Tg hearts, possibly via a regulatory effect of LXRα on Pdk4, which negatively 
regulates pyruvate dehydrogenase complex (PDC) activity. This is in contrast to previous 
reports showing that, in the protection against cardiac stress, GLUT1 overexpression 
corrected insufficient glucose utilization and oxidation caused by PPARα deficiency in mice 
(41), and preserved mitochondrial energetic status (19). That glucose oxidative capacity is 
not increased in LXRα-Tg hearts may be due to the fact that mitochondrial oxidation rates 
are indeed normal and not compromised, and since myocardial contractility is unimpaired 
is evidence that ATP supply is sufficient to fuel contraction. Consequently, excess glucose 
uptake is neither stored nor oxidized, but is instead diverted into other glycolytic functions 
due to a modulatory effect of Pdk4. 

Currently, the role of glucose signaling independent of its energy-providing effects is largely 
unaddressed in the hypertrophic and failing heart, but has been implicated to play an 
important role in myocyte function and survival (46). Moreover, the fate of glucose is of 
interest given that increased glucose uptake and glycolysis in cardiac hypertrophy do not 
always result in concomitant increases in glucose oxidation (47-49). Our data indicate that, 
by enhancing glucose flux, cardiac LXRα activates an ancillary pathway of glycolysis, the 
HBP, increasing levels of the posttranslational modifier, O-GlcNAc. Further, we establish that 
this pathway induces transcription of natriuretic peptides via glycosylation of GATA4 and 
Mef2c, transcriptional activators of ANP and BNP (27). It is interesting that LXRα-Tg hearts 
exhibit increased basal ANP and BNP mRNA levels without inducing the complete fetal gene 
response or displaying signs of cardiac dysfunction normally associated with their induction, 
suggesting that the expression of individual fetal genes is indeed regulated by distinct signal 
mechanisms. Nevertheless, the cardioprotective effects of natriuretic peptide signaling are 
well established (25), and murine models with ablated natriuretic peptide signaling show 
increased propensity for cardiac hypertrophy and myocardial fibrosis (50-52). Therefore, 
the anti-hypertrophic and anti-fibrotic potential of local ANP and BNP signaling may largely 
contribute to the protective phenotype observed in LXRα-Tg mice, an adaptive response 
mediated via transcriptional control of glucose-O-GlcNAc-dependent signaling by cardiac 
LXRα. Future studies aimed at elucidating additional O-GlcNAc targets should provide 
further insight into the link between myocyte metabolism and survival in the diseased heart. 

In clinical cardiology, progressive cardiac remodeling often transitions into overt symptomatic 
heart failure, and although several effective treatments have been developed to prevent 
this transition, there remains a high residual risk. Alterations in myocardial substrate 
metabolism contribute to this progression, however, no metabolic modulators are part of 
the guideline-based therapy for heart failure. Promising pharmacological agents such as 
trimetazidine and perhexiline inhibit FA oxidation and indirectly cause a reciprocal shift to 
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glucose utilization, yet drugs for direct glucose enhancement are not available. Our data 
indicate that targeting LXRα as a metabolic intervention to increase glucose metabolism 
profoundly influenced cardiac hypertrophy and remodeling, independent of hemodynamic 
or neurohormonal effects.

In conclusion, this study demonstrates that LXRα confers heart-specific protective effects 
in the attenuation of pathological LV hypertrophy and preservation of cardiac function. We 
identify LXRα as an important cardiac transcriptional regulator that further promotes the 
adaptive capacity for glucose uptake and utilization in cardiac hypertrophy. Furthermore, 
this study highlights the under-recognized potential for non-energy-dependent pathways of 
glycolysis such as the HBP in promoting cytoprotection. New generation LXR agonists with 
less lipogenic profiles are currently being developed, and we postulate that such agonists 
may be useful modulators of myocyte metabolism in the prevention of pathological cardiac 
remodeling and heart failure. 
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SUPPLEMENTAL METHODS 

Experimental protocol
All experimental protocols were performed in accordance with the Guide for the Care 
and Use of Laboratory Animals (NIH Publication No. 86-23) and with approval from the 
Institutional Animal Care and Use Committee at the University of Groningen (Groningen, 
the Netherlands). Male mice (aged 8-10 weeks) were housed on a 12hr:12hr light:dark 
cycle in a temperature-controlled environment with ad libitum access to water and chow. 
Mice were subjected to an infusion of angiotensin II (Ang II) via osmotic mini pump for 10 
days, or pressure overload by transverse aortic constriction (TAC) for either 1 or 5 weeks. 
In subsequent studies, a subset of mice underwent sham/TAC for 5 weeks for further 
assessment of myocardial FDG-glucose uptake with microPET or mitochondrial oxidative 
phosphorylation (oxphos) measurements. For all experiments, non-transgenic littermates 
(Wt) served as controls. LXRα-null mice (LXRα-/-; provided by Dr. Gustafsson) (1) and 
matching C57BL/6BomTac wild-type (WT) mice were obtained from Taconic, Denmark. 
Cardiac function was determined with echocardiography and invasive hemodynamic 
monitoring. Left ventricular (LV) tissue samples were used to perform expressional studies, 
immunohistochemical, and biochemical analyses. 

Transverse aortic constriction 
Chronic pressure overload induced via TAC is a well established model (2). Mice were 
anesthetized with 2% isoflurane/oxygen, intubated, and mechanically ventilated (MiniVent, 
Harvard Apparatus, Holliston, MA, USA). Thereafter, they were placed supine on a heated pad 
and a 0.5-1.0 cm skin incision was made to the chest. An additional small incision was made 
to access the aortic arch between the second intercostal space. The arch was constricted 
between the brachiocephalic and left carotid arteries with a 7-0 silk suture tied around 
a blunt 27-gauge needle, creating a reproducible stenosis. After ligation, the needle was 
immediately removed and the incised skin closed. Carprofen (5.0 mg/kg) was administered 
subcutaneously, perioperatively, to relieve pain. Sham procedures were identical except the 
aortic arch was not ligated.  

Subcutaneous Ang II infusion
Angiotensin II (1.0 mg/kg/day; dissolved in 0.9% NaCl) was dispensed into osmotic 
minipumps (Alzet 2004, Palo Alto, CA, USA) according to manufacturer’s instructions. Mice 
were anesthetized with 2% isoflurane/oxygen and a single dose of 3.0 mg/kg flunixin-
meglumin was given subcutaneously to alleviate wound pain. A small incision was made at 
the right flank wherein a subcutaneous pocket was prepared for pump insertion. Control 
groups received 0.9% NaCl in their pumps.

Echocardiography
In vivo cardiac dimensional and functional parameters were assessed with M-mode and 2D 
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transthoracic echocardiography (Vivid 7 equipped with 14-MHz linear array transducer; GE 
Healthcare, Chalfont St. Giles, UK) 2-3 days prior to sacrifice. Mice were anesthetized with 
2% isoflurane/oxygen, placed on a heating pad maintained at 37⁰C, followed by removal 
of chest hair via application of topical depilation agent. Parasternal short axis views were 
obtained to ensure M-mode recordings were recorded at LV mid-papillary level. From three 
cine loops, M-mode tracings were used to measure LV dimensions and fractional shortening. 
Percent fractional shortening (%FS) was calculated as: [(LVIDd-LVIDs)/LVIDd]*100; LVIDd = 
LV internal diameter in diastole, LVIDs = LV internal diameter in systole. In apical 4-chamber 
view, pulsed wave Doppler with sample volume placed at mitral valve leaflet separation was 
used to record mitral flow gradients and E and A filling velocities. 

Invasive hemodynamic measurements
In situ hemodynamics were analyzed by aortic and LV catheterization under anesthesia with 
2% isoflurane prior to sacrifice. The right carotid artery was isolated, punctured, and an 
indwelling micromanometer-tipped pressure catheter (1.4 F; Millar Instruments, Houston, 
TX, USA) was inserted. After three minutes of stabilization, arterial pressures were recorded. 
The catheter was then advanced into the LV to record intracardiac pressures. Heart rate (HR), 
aortic pressures, LV end-systolic (LVESP) and end-diastolic (LVEDP) pressures, and maximal 
and minimal first derivatives of force (dP/dtmax and dP/dtmin) were recorded. The catheter 
was then removed and the carotid artery ligated. Remaining under anesthesia, blood was 
collected via heart puncture. The thoracic cavity was then dissected and hearts were flushed 
with 10 ml phosphate-buffered saline to wash out red blood cells, then quickly excised 
and weighed. The remaining ventricle was portioned for either immunohistochemistry 
or frozen in liquid nitrogen and stored at -80⁰C until further processing for RNA, protein, 
and biochemical analyses. In a subsequent TAC cohort (n=26), 50-60 mg of fresh tissue 
was procured and stored in ice-cold preparation medium and kept on ice for oxphos 
measurements.

Histological analysis and microscopy
Mid-ventricular transverse sections were either post-fixed in 4% paraformaldehyde for 
paraffin embedding, or cryopreserved (Tissue-Tek, Sakura Finetek). Paraffin-embedded mid-
ventricular tissue were sliced into 4 µm sections and stained with the following: Massons 
trichrome for detection of collagen, FITC-labeled wheat germ agglutinin (WGA) to quantify 
myocyte cross-sectional area. Whole stained sections were scanned (Nanozoomer 2.0-HT, 
Hamamatsu, Japan), and quantification of % fibrosis of entire section was calculated at 
20X magnification (ScanScope, Aperio Technologies, Vista, CA, USA). Cardiomyocyte cross-
sectional area was measured and quantified at 20X magnification (ImageJ, NIH, Bethesda, 
MD, USA). To detect neutral lipid, 4 µm frozen LV sections were stained with hematoxylin-
eosin and Oil red O (Sigma Aldrich).
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Microarray analysis
Total RNA was extracted from LV tissue using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), 
and 2 µg of purified total RNA was used to perform whole-genome expression profiling (n=3 
per group). RNA quality was checked using the Agilent 2100 Bioanalyzer™. Samples were 
exponentially amplified from a starting amount of 50 ng to a final amount of one µg purified 
biotin-labeled cRNA using the Illumina® TotalPrep™-96 RNA Amplification Kit (Ambion, Inc., 
Austin, TX, USA). This final cRNA was evaluated and the quality, concentration, and size of 
the reaction productions were measured using the Agilent RNA 6000 Nano Kit (Agilent).

Illumina.SingleColor.MouseRef-8_V2.0 beadchips were used for microarray analysis. Chips 
were scanned using the BeadXpress Reader™ (Illumina). Beadstudio™ Illumina was used to 
import the raw data and remove any background noise. Data were converted to standard 
format and exported for use in Agilent Genespring GX™ (version 12.0, Agilent) with which 
quantile normalization of each individual well was performed. GeneTrail (http://genetrail.
bioinf.uni-sb.de/) was used to cluster differentially expressed genes into highly enriched 
functional categories according to KEGG PATHWAY analysis (http://www.genome.jp/kegg/
pathway.html).

RNA isolation and quantitative real-time PCR
Total RNA was extracted from tissue using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and 
from cells using the Nucleospin RNA II kit (Macherey-Nagel, Duren, Germany). From total 
RNA, 0.5 µg was reverse transcribed to cDNA using RNeasy Mini kit (Qiagen Inc, Valencia, 
CA, USA). The resulting cDNAs were subjected to quantitative real-time PCR using C1000 
Thermal Cycler CFX384 Real-Time PCR Detection System (Bio-Rad Laboratories, Veenendaal, 
The Netherlands). Quantification of mRNA levels were performed (Bio-Rad CFX Manager 
2.0), and transcript measurements were normalized to the invariant transcript, 36b4. 

Western blotting
Frozen LV tissue was homogenized in ice-cold lysis buffer (50 mM Tris pH 8.0, 1% NP40, 0.5% 
deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM PMSF, 15 mM Na Vanadate) supplemented 
with protease and phosphatase inhibitor cocktails (Sigma). Cells were lysed in ice-cold lysis 
buffer (50 mM Tris pH 8.0, 1% NP40, 0.5% deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM PMSF, 
2 mM EDTA) supplemented with protease inhibitor and 100 µM O-(2-acetamido-2-deoxy-D-
glucopyranosylidenamino) N-phenylcarbamate (PUGNAc) to prevent removal of O-GlcNAc 
from cellular proteins. This preparation was also used for O-GlcNAc protein determination in 
tissue lysates. Protein concentrations were measured using Bio-Rad DC Protein Assay (Bio-
Rad) for tissue, and Pierce BCA Protein Assay Kit (Thermo Scientific) for cells. Protein lysates 
(20-30 µg) were resolved on 8-15% SDS-PAGE gels, and separated proteins were transferred 
onto 0.2 µm nitrocellulose membranes (Bio-Rad). Immunoblotting was performed using 
primary and secondary antibodies from the following commercial suppliers: anti-human 
LXRα (2ZPPZ0412H, R&D Systems, Perseus Proteomics); AMPKα (#2532), phospho-AMPKα 
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(Thr172) (#2535), GLUT4 (#2213), hexokinase II (#2867), Caspase-3 (#9665) (Cell Signaling); 
anti-glucose transporter GLUT1 (ab40084, Abcam); CD36 (gift from Dr. Koonen, Groningen, 
The Netherlands); Bax (B-9) (sc-7480), Bcl-2 (C-2) (sc-7382) (Santa Cruz); O-GlcNAc CTD110.6 
(MMS-248R, Covance) supplemented where indicated with N-acetylglucosamine (GlcNAc) 
(Sigma) to demonstrate antibody specifity (Suppl. Fig. 9B); glyceraldehyde-3-phosphate 
dehydrogenase (10R-G109A, Fitzgerald, USA); rabbit anti-mouse immunoglobulins/HRP 
(P0260, Dako, Denmark); goat anti-rabbit immunoglobulins/HRP (P0448, Dako, Denmark). 
Signals were detected by ECL (PerkinElmer, Waltham, MA, USA), and densitometry was 
quantified with ImageQuant LAS 4000 (GE Healthcare Europe GmbH, Diegem, Belgium). 
Fold changes were calculated and are shown.

Biochemical assays
Myocardial lipids were extracted from 40-60 mg of LV tissue according to Bligh & Dyer 
methods (3). Commercially available kits were used to measure the following: triglycerides 
(Roche Diagnostics, Mannheim, Germany), total cholesterol and non-esterified fatty acids 
(NEFA) (DiaSys, Holzheim, Germany). Phospholipids were quantified as detailed (4). For 
measurement of myocardial glycogen, 20 mg of LV tissue was boiled in 2N HCl at 99⁰C in a 
heat block for 2 hrs with occasional vortex. Tubes were re-weighed and reconstituted with 
dH2O to original volume. Samples were neutralized with 2N NaOH. Glycogen content was 
measured using EnzyChrom Glycogen Assay Kit (BioAssay Systems, Hayward, CA, USA). 

Myocardial FDG-glucose uptake
Mice were anesthetized by inhalation of medical air and 2% isoflurane. Immediately prior to 
scan, blood glucose was sampled via tail vein bleeding (Accu-Chek Aviva; Roche Diagnostics, 
Mannheim, Germany). Small-animal PET was performed on a microPET Focus 220 system 
(Siemens, USA). Inside the camera, mice were placed on a heated pad and maintained 
under anesthesia (1.5% isolflurane). A 200 µl bolus of 18F-FDG, approximately 5 MBq, was 
administered via the penile vein. PET emission data were acquired for 30 min followed by 
a 10 min transmission scan to correct for photon attenuation and scatter. The PET images 
were reconstructed into a matrix of 512 X 512 pixels and analyzed using Inveon Research 
Workplace (Siemens, USA). Three consecutive ROIs (region of interest) were selected from 
the LV myocardium in the frontal and coronal planes. The myocardial 18F-FDG uptake was 
calculated as a standardized uptake value (SUV): SUV = mean tissue counts (Bq/ml)/[injected 
dose (Bq)/body weight (g)]. All data were corrected for time of decay (t1/2 = 18F 109.8 min) 
before and after tracer injection.

Mitochondrial function and citrate synthase activity
Mitochondrial oxphos was measured in fresh LV tissue biopsies with pyruvate (5 mM) and 
parmitoyl-carnitine (2 mM) as substrates, each combined with malate (5 mM) and carnitine 
(5 mM). For preparation of permeabilized myocardial fibers, approximately 10-40 mg 
tissue was dissected from LV and transferred to 2 ml ice-cold preparation medium (20 mM 
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imidazole, 20 mM taurine, 0.5 mM dithiothreitol, 7.1 mM MgCl2, 50 mM MES, 5 mM ATP, 
15 mM phosphocreatine, 2.62 mM CaK2EGTA, 7.38 mM K2EGTA, pH 7.0 adjusted with KOH). 
After brief manual separation of tissue, muscle fibers were permeabilized in preparation 
medium supplemented with saponin by gentle agitation for 15 min on ice. Fibers were 
kept on ice and washed twice for 10 min by agitation in 1.5 ml washing medium (20 mM 
imidazole, 20 mM taurine, 0.5 mM dithiothreitol, 1.61 mM MgCl2, 100 mM MES, 3 mM 
KH2PO4, 2.95 mM CaK2EGTA, 7.05 mM K2EGTA, pH 7.1 adjusted with KOH), and immediately 
used for respirometric measurements. High-resolution respirometry was performed at 
37⁰C with 2.5-3.5 mg tissue biopsy using OROBOROS Oxygraph-2k (OROBOROS Instruments, 
Innsbruck, Austria). Oxygen consumption rates were measured in 1.5 ml of MiR05 buffer 
(0.5 mM EGTA, 3 mM MgCl2.6H2O, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2PO4, 
20 mM HEPES, 110 mM sucrose, 1 g/L BSA) at 37⁰C. The O2 solubility factor of the buffer is 
0.920. Datlab Software (OROBOROS Instruments) was used for data acquisition and analysis. 
Oxygen consumption was recorded under three conditions: basal respiration rates in the 
presence of substrate alone before the addition of ADP was defined as state 2, maximal 
ADP-stimulated (4 mM) respiration rates was defined as state 3, and respiration rates in the 
absence of ADP phosphorylation and measured in the presence of oligomyocin (1 mM), an 
ATP synthase inhibitor, was termed state 4. Respiratory control ratio was calculated as the 
ratio of state 3 to state 4. Oxygen consumption rates were expressed as nmol O2/min per dry 
tissue weight (mg), and normalized to citrate synthase activity (Sigma Aldrich). 

WGA precipitation of O-GlcNAcylated proteins
Nuclear extracts were prepared from three pooled hearts using the NE-PER Nuclear and 
Cytoplasmic kit (Thermo Scientific). In brief, left ventricular tissue was minced into small 
pieces and subjected to homogenization using a Dounce homogenizer. Cytoplasmic extracts 
were obtained and stored at -20°C, and supernatant containing nuclear extracts was assayed 
to determine protein concentration (Bio-Rad). 

Precipitation of O-GlcNAcylated proteins was performed with wheat germ agglutinin (WGA)-
conjugated agarose beads, a lectin that binds to GlycNAcylated proteins (Vector Laboratories, 
Burlingame, CA, USA). The agarose WGA gel was washed twice from the stabilizing sugar 
with a bead binding buffer (20 mM Tris pH 7.4, 1 mM CaCl2, 1 mM MgCl2). Nuclear proteins 
(500 µg) were diluted 4X in bead binding buffer containing 1 µM PUGNAc. Of the diluted 
sample, 950 µl was added to 25 µl of washed agarose WGA solution, followed by overnight 
incubation at 4°C on a rocking platform. N-acetylglucosamine (GlcNAc; 20 mM), a competitor, 
was added where indicated and served as a control (Sigma). The precipitated agarose WGA-
protein complexes were obtained by centrifugation at 10,000 g for 1 min, and then washed 
three times with bead binding buffer. The complexes were then resuspended in protein 
sample buffer and boiled for 5 min. Samples were loaded on a 8% SDS polyacrylamide gel 
for electrophoresis, and Western blot was performed to identify eluted proteins using the 
following antibodies: GATA-4 (sc-25310), Nkx-2.5 (sc-14033) (Santa Cruz Biotechnology, 
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Inc.); MEF2C (#5030) (Cell Signaling). 

Neonatal rat ventricular myocyte isolation and culture
Neonatal rat ventricular myocytes (NRVMs) were isolated from 1-3 day old Sprague-Dawley 
pups as previously described (5). Cells were cultured at 37⁰C in the presence of 5% CO2 
in Dulbecco’s Modified Eagle Medium (DMEM) containing 5% fetal calf serum (FCS) and 
penicillin-streptomycin (100 IU/ml and 100 µg/ml, respectively) (Invitrogen, Breda, The 
Netherlands). Where indicated, cells were treated for 24 hours with the following in serum-
free DMEM: 50 µM phenylephrine (PE), an α1-adrenergic receptor agonist which induces 
cellular hypertrophy (5); 100 µM 6-diazo-5-oxonorleucine (DON) (Sigma), an inhibitor of 
glutamine:fructose-6-phosphate amidotransferase (GFAT), the first and rate-limiting enzyme 
in the hexosamine biosynthesis pathway (HBP) (6); 100 µM PUGNAc (Sigma).

Adenoviral infection
Adenoviral constructs and recombinant adenovirus containing murine LXRα (Ad-LXRα) 
and LXRα-specific siRNA (si-LXRα) were produced as described previously (5). Adenoviral 
sequences used for cloning are listed in Supplemental Table 5. A GFP-expressing virus, GL2 
(Ad-cont), was used as a control (5). Cells were infected overnight at MOI of 50, unless 
otherwise indicated. After overnight incubation, cells were washed three times with PBS 
and culturing was continued in serum-free DMEM medium. Following 24 hours incubation 
in serum-free DMEM medium, the indicated treatments were administered over a 24 hour 
period.

In vitro glucose uptake assay
Glucose uptake in NRVMs was assayed using Glucose Uptake Colorimetric Assay Kit (Abcam). 
Briefly, 40x103 NRVMs were seeded per well in a 96-well plate, and cells were infected and 
treated as described above. Prior to start of assay, cells were washed three times with 
PBS and incubated in 100 µl Krebs-Ringer-Phosphate-Hepes (KRPH) solution for 40 min. 
Insulin was administered as a positive control, and was added 20 min into incubation time 
for an additional 20 min. Thereafter, 10 µl of 10 mM 2-deoxyglucose (2-DG) was added 
to each well. To assess specificity, 20-fold excess glucose (20 mM final concentration) was 
added to a control well (Suppl. Fig. 9A). After 20 min incubation, cells were washed three 
times with PBS and lysed with extraction buffer. Sample preparation was performed in 
accordance with manufacturer’s instructions, and absorbance was measured at 412 nm 
using a spectrophotometer (Benchmark Plus Microplate Reader, Bio-Rad). Fold changes, as 
compared to control cells, were calculated and are shown.

Immunofluorescence staining
Isolated cardiomyocytes were cultured in 12-well plates on 18 mm coverslips coated with 
laminin. Cells were fixed in 4% paraformaldehyde for 10 min, then permeabilized with ice-
cold 0.3% Triton X100 for 5 min. Blocking was performed in 3% bovine serum albumin (BSA) 
0.1% PBS/Tween solution containing 2% goat serum for 1 hour, followed by incubation for 
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1 hour with a monoclonal anti-human LXRα antibody (2ZPPZ0412H, R&D Systems, Perseus 
Proteomics). After washing, cells were further incubated with goat anti-mouse IgG-FITC 
secondary antibody (sc-2010, Santa Cruz, Heidelberg, Germany) and fluorescent phalloidin-
rhodamine (Invitrogen, Breda, The Netherlands) for detection of F-actin. Coverslips were 
mounted using Vectashield mounting medium with 4’,6-diamidino-2-phenylindole (DAPI) 
(Vector Laboratories, Burlingame, CA, USA), and imaged with a confocal microscope (Leica 
Microsystems, Wetzlar, Germany). Cell size was determined as previously described  (7).

Protein synthesis assay
NRVMs were transfected with the following adenoviruses, Ad-LXR, si-LXRα, or Ad-cont, 
for 24 hours, then cultured in serum-free DMEM medium for 24 hours. [3H]Leucine was 
administered to cells for a further 24 hours, and determination of protein incorporation is 
as previously described (5).

Statistical analysis
All data are presented as means ± standard error of the mean (SEM). Student’s paired 
2-tailed t-test was used for two group comparisons. One-way ANOVA was performed to 
analyze differences for multiple-group comparisons, followed by Bonferroni post hoc 
analysis to assess statistical significance. Kruskall-Wallis test followed by Mann-Whitney U 
test was used to analyze cell experiments (n=4-5). All results were tested at the P<0.05 level 
of significance. Statistical analyses were performed using IBM SPSS Statistics 22 software 
(Chicago, IL, USA).
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Supplemental Table 1.  Baseline Characteristics in Young and Old LXRα-Tg and Wild-type Mice

3 months 12 months

Wt LXRα-Tg Wt LXRα-Tg
Organ weight
     Body weight, g 27.2 ± 0.6 26.2 ± 0.7 40.2 ± 2.0 41.2 ± 2.2
     LV weight/tibia, mg/mm 6.3 ± 0.2 5.7 ± 0.1* 8.4 ± 0.4 7.1 ± 0.3*
     Kidney weight/tibia, mg/mm 20.7 ± 0.4 20.3 ± 0.2 30.1 ± 0.6 31.1 ± 1.1
     Liver weight/tibia, mg/mm 71.5 ± 3.1 71.9 ± 1.7 105.4 ± 5.7 113.7 ± 13.7
Echocardiography
     Interventricular septum, mm
          Diastole 0.70 ± 0.01 0.68 ± 0.01 0.71 ± 0.02 0.75 ± 0.02
          Systole 1.60 ± 0.06 1.42 ± 0.04 1.56 ± 0.08 1.47 ± 0.06
     LV posterior wall, mm
          Diastole 0.72 ± 0.01 0.70 ± 0.02 0.72 ± 0.02 0.72 ± 0.03
          Systole 1.42 ± 0.04 1.43 ± 0.05 1.44 ± 0.05 1.49 ± 0.08
    LV internal diameter, mm
          Diastole 3.77 ± 0.03 3.72 ± 0.04 3.91 ± 0.08 3.89 ± 0.11
          Systole 2.20 ± 0.03 2.14 ± 0.02 2.22 ± 0.10 2.33 ± 0.06
     Fractional shortening, % 41.7 ± 0.7 42.5 ± 0.7 43.4 ± 1.9 39.9 ± 1.2
Hemodynamics
     Heart rate, bpm 454 ± 23 479 ± 15 475 ± 15 501 ± 15
     Mean arterial pressure, mmHg 66.2 ± 2.2 66.0 ± 4.2 78.3 ± 2.3 76.9 ± 5.3
     LV end-systolic pressure, mmHg 93.8 ± 4.3 87.8 ± 3.4 106.0 ± 2.3 92.4 ± 4.2†
     LV end-diastolic pressure, mmHg 5.9 ± 1.7 5.0 ± 1.1 13.5 ± 3.0 11.3 ± 3.3
     dP/dtmax, mmHg 7999 ± 556 8596 ± 526 7217 ± 414 8154 ± 658
     dP/dtmin, mmHg -7847 ± 349 -7601 ± 582 -6111 ± 326 -6951 ± 699
Blood chemistry
     Glucose, mmol/L ‡ 12.3 ± 1.1 12.0 ± 0.8
     Triglycerides, mmol/L 0.7 ± 0.1 0.8 ± 0.1 1.7 ± 0.2 1.9 ± 0.3
     Cholesterol, mmol/L 2.0 ± 0.1 2.1 ± 0.1 2.3 ± 0.2 2.1 ± 0.1
     Non-esterified fatty acids, mmol/L 0.6 ± 0.1 0.6 ± 0.2 0.2 ± 0.03 0.3 ± 0.1

Data are expressed as means ± SEM. * P<0.05, † P<0.001, age-matched Wt versus LXRα-Tg mice. ‡ Not measured 
in 12-month mice. Wt, 3 months (n=7-15); LXRα-Tg, 3 months (n=6-15); Wt, 12 months (n=8); LXRα-Tg, 12 months 
(n=7).
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Supplemental Table 2.  Functional and Biometrical Parameters of LXRα-Tg and Wild-type Mice at Five Weeks 
Following Transverse Aortic Constriction 

Sham TAC

Wt LXRα-Tg Wt LXRα-Tg
Cardiac function (n=19) (n=22) (n=24) (n=26)
     Heart rate, bpm 411 ± 13 428 ± 17 443 ± 10 439 ± 11
     Interventricular septum, mm
          Diastole 0.72 ± 0.02 0.71 ± 0.01 1.04 ± 0.02† 0.95 ± 0.02†§
          Systole 1.37 ± 0.04 1.27 ± 0.04 1.48 ± 0.03 1.43 ± 0.04*
     LV posterior wall, mm
          Diastole 0.75 ± 0.02 0.71 ± 0.01 1.01 ± 0.02† 0.93 ± 0.02†‡
          Systole 1.44 ± 0.03 1.41 ± 0.03 1.43 ± 0.05 1.49 ± 0.03
    LV internal diameter, mm
          Diastole 4.00 ± 0.06 3.76 ± 0.05 4.00 ± 0.08 3.80 ± 0.07
          Systole 2.30 ± 0.09 2.23 ± 0.05 2.72 ± 0.09† 2.50 ± 0.06*
     LV mass/BW, mg/g 3.7 ± 0.1 3.2 ± 0.1 6.1 ± 0.2† 4.8 ± 0.2†¶
     Fractional shortening, % 40.7 ± 0.9 39.7 ± 0.8 29.8 ± 1.1† 34.1 ± 0.4†§
     Ejection fraction, % 77.6 ± 1.0 76.6 ± 0.9 63.4 ± 1.6† 69.5 ± 1.3†§
     E/A ratio 1.62 ± 0.06 1.61 ± 0.10 1.60 ± 0.06 1.62 ± 0.08
     dP/dtmax, mmHg 7761 ± 569 7586 ± 350 7777 ± 327 7514 ± 278
     dP/dtmin, mmHg -6889 ± 421 -6823 ± 421 -7732 ± 540 -6564 ± 337
Post mortem (n=21) (n=24) (n=24) (n=26)
     Body weight, g 28.7 ± 0.7 28.6 ± 0.6 28.1 ± 0.3 28.4 ± 0.4
     Heart weight/BW, mg/g 5.3 ± 0.1 4.8 ± 0.1§ 7.1 ± 0.2† 5.9 ± 0.1†¶
     Kidney weight/BW, mg/g # 16.7 ± 0.6 16.3 ± 0.4 16.5 ± 0.5 16.4 ± 0.7
     Liver weight/BW, mg/g # 52.8 ± 2.8 53.8 ± 1.5 56.4 ± 2.0 55.1 ± 1.5

Data are expressed as means ± SEM. * P<0.05, † P<0.001, TAC versus corresponding sham group; ‡ P<0.05, § 
P<0.01, ¶ P<0.001, Wt vs LXRα-Tg mice.  # n=7-8/group.
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Supplemental Figure 1
Response of cardiac LXRα overexpression in the early phase of pressure overload-induced cardiac hypertrophy. 
LXRα-Tg and Wt mice were subjected to 1 week of transverse aortic constriction (TAC). (A) Left ventricular weight to 
tibia length ratios (LV/tibia). (B) Functional determination of percent fractional shortening with echocardiography. 
Assessment of molecular determinants of (C) hypertrophy, (D-G) inflammation, and (H-I) apoptosis in the LV; 
quantitative PCR analysis of mRNA levels were normalized to 36b4; §P=0.09. (J-K) Western blot assessment of 
apoptosis markers after 1 week pressure overload: (J) Bax and Bcl2, quantified as ratio, and (K) caspase 3; protein 
normalized to GAPDH, n=6/group. Data are means ± SEM; n=7-8/group, unless otherwise indicated; *P<0.05, 
**P<0.01, ***P<0.001 versus respective sham, #P<0.05, ##P<0.01, ###P<0.001 versus Wt.
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Supplemental Figure 2
Cardiac LXRα protects against angiotensin (Ang) II stimulation. Cardiac morphometry and in vivo functional analysis 
following 10 days of Ang II (1 mg/kg/day) infusion. (A) Left ventricular weight to tibia length ratios (LV/tibia) of Wt 
and LXRα-Tg mice receiving saline (cont) or Ang II infusion via osmotic minipumps; n=6-8/cont group, n=12-14/
Ang II group. (B-C) Representative LV histological sections stained with Massons trichrome (bars = 1 mm, 100 
µm) for quantification of % fibrosis of whole heart; n=6-8/group, §P=0.07. (D) Echocardiographical assessment of 
percent fractional shortening; n=4-6/group. Hemodynamic monitoring was performed in situ to record (E) LV end-
systolic pressure (LVESP), and (F) LV end-diastolic pressure (LVEDP); n=5-9/group. Data are means ± SEM; *P<0.05, 
**P<0.01, ***P<0.001 versus respective sham, ##P<0.01 versus Wt.
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Supplemental Figure 3
Microarray analysis of left ventricular transcripts shows alterations in metabolic pathways upon myocardial 
LXRα overexpression. (A-C) Differentially expressed genes (1.2-fold, P<0.05) were classified as either up- or 
downregulated (n=3/group). Sets of genes were further clustered into functional biological pathways (KEGG 
PATHWAY analysis, FDR adjustment, P<0.0001), and major categories are shown. Gene numbers denoted are 
number of functionally annotated genes identified for highly enriched pathways per up or down classification, 
and their relative distribution within major categories are displayed as segmental percentages. (A) Differentially 
expressed genes in sham-operated LXRα-Tg versus Wt mice. (B) Genotype-specific assessment of TAC-induced 
alterations. (C) Comparative analysis of upregulated genes between Wt and LXRα-Tg mice subjected to TAC. No 
relevant categories were significantly enriched for downregulated genes.
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Supplemental Figure 4
Metabolic gene expression in the heart following 5 weeks of chronic pressure overload. (A) Key genes involved in 
glucose, and (B) fatty acid metabolism were determined to assess the impact of cardiac-specific LXRα overexpression 
at baseline and following hypertrophic perturbation. Quantitative PCR analysis of left ventricular mRNA levels 
normalized to invariant transcript, 36b4; n=6-8/group. Data are means ± SEM; *P<0.05 versus respective sham, 
#P<0.05 versus Wt.
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Supplemental Figure 5
Assessment of key metabolic proteins in substrate utilization following 5 weeks of TAC. (A-C) Protein was measured 
in the left ventricle from Western blot and expressed as fold change for the following: (A) hexokinase 2 (HK2), 
(B) phosphorylated AMPK to total AMPK, and (C) CD36. GAPDH is shown as control and for normalization in 
quantification. Data are means ± SEM; n=6-8/group; *P<0.05, **P<0.01 versus respective sham.
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Supplemental Figure 6
LXRα-deficiency impairs augmentations in glucose uptake. Assessment of myocardial 18F-FDG-glucose uptake levels 
(SUV, standard uptake value) with respect to developed left ventricular hypertrophy (LV/tibia ratio) in LXRα-/- mice 
and WT cohorts following 5 weeks of pressure overload.

Supplemental Figure 7
Effect of cardiac LXRα overexpression on mitochondrial oxidative capacity. (A, C-D) Mitochondrial oxygen 
consumption rates were measured in permeabilized LV muscle fibers from sham- and TAC-operated mice in 
the presence of (A) pyruvate, and (C) parmitoyl (C16)-carnitine (FA substrate). Data were recorded under basal 
conditions (state 2) in the presence of substrate alone, maximal ADP-stimulated respiration (state 3), and 
respiration rates with the addition of oligomyocin to inhibit ADP phosphorylation by ATP synthase (state 4); CS, 
citrate synthase. (D) Respiratory control ratios (RCR) were determined from the ratio of state 3 to 4, indicative of 
mitochondrial function. (B) Individual oxygen consumption rates were normalized to citrate synthase activity, and 
group means are displayed. Data are means ± SEM; n=6-8/group.
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Supplemental Figure 8
Altered lipid homeostasis in murine hearts overexpressing LXRα. (A) Representative LV histological sections 
of neutral lipid droplets stained with Oil Red O and hematoxylin and eosin (H&E); bar = 10 µm. Myocardial (B) 
triglyceride, and (C) phospholipid content; n=5/group. Data are means ± SEM; *P<0.05, **P<0.01 versus Wt.

Supplemental Figure 9
Modulation of glucose uptake and O-GlcNAc signaling in cardiomyocytes overexpressing LXRα. Neonatal rat 
ventricular myocytes (NRVMs) transfected with Ad-LXRα or GL2 control (Ad-cont) under basal conditions and in 
response to phenylephrine (PE) treatment for 24 hours. (A) Assessment of 2-deoxyglucose (2-DG) uptake in which 
excess glucose and insulin served as experimental controls; n=2-4/group. (B) Additional independent Western blot 
indicating Ad-LXRα- and PE-induced increases in global protein O-GlcNAcylation, which was abrogated following 
inhibition of HBP with DON. PUGNAc was administered to verify increased O-GlcNAc levels, and GAPDH served 
as loading control. Dashed line indicates where original membrane was cut prior to separate incubation with 
N-acetylglucosamine, which was used to confirm antibody specificity.
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Supplemental Table 4.   Biometrical, Echocardiographic, and Hemodynamic Parameters of LXRα-/- and Wild-type 
Mice at Five Weeks Post Transverse Aortic Constriction 

Sham TAC

WT LXRα-/- WT LXRα-/-

Post mortem (n=10) (n=8) (n=12) (n=10)
     Body weight, g 27.9 ± 0.6 25.8 ± 0.5‡ 27.3 ± 0.4 27.7 ± 0.4
     LV weight, mg 111.3 ± 2.4 100.9 ± 1.3 143.6 ± 8.6# 153.0 ± 8.5†
     Liver weight, mg 1426 ± 43 1329 ± 54 1451 ± 34 1469 ± 56
Echocardiography (n=10) (n=7) (n=12) (n=10)
     Interventricular septum, mm
          Diastole 0.73 ± 0.01 0.71 ± 0.02 0.99 ± 0.02† 1.05 ± 0.03†
          Systole 1.49 ± 0.07 1.44 ± 0.08 1.48 ± 0.05† 1.34 ± 0.09†
     LV posterior wall, mm
          Diastole 0.73 ± 0.01 0.72 ± 0.02 1.02 ± 0.03 1.04 ± 0.04
          Systole 1.34 ± 0.06 1.59 ± 0.11 1.36 ± 0.06 1.21 ± 0.05#

    LV internal diameter, mm
          Diastole 3.85 ± 0.08 3.75 ± 0.08 3.86 ± 0.13 3.84 ± 0.10
          Systole 2.24 ± 0.06 2.26 ± 0.08 2.90 ± 0.15# 3.08 ± 0.10†
     Fractional shortening, % 41.9 ± 0.6 39.8 ± 1.2 25.3 ± 1.8 19.5 ± 1.9
     E/A ratio 1.7 ± 0.1 1.6 ± 0.1 1.7 ± 0.1† 1.7 ± 0.1†
Hemodynamics (n=10) (n=7) (n=10) (n=9)
     Heart rate, bpm 482 ± 17 477 ± 25 465 ± 22 472 ± 14
     Mean arterial pressure, mmHg 72.7 ± 2.3 73.1 ± 2.8 86.6 ± 3.0# 93.1 ± 1.7†
     LV end-systolic pressure, mmHg 95.4 ± 2.5 98.1 ± 3.6 131.3 ± 3.2† 141.5 ± 5.1†
     LV end-diastolic pressure, mmHg 10.0 ± 0.9 9.2 ± 2.1 18.8 ± 1.4# 21.6 ± 1.9†
     dP/dtmax, mmHg 6995 ± 327 7757 ± 612 6279 ± 266 6751 ± 323
     dP/dtmin, mmHg -6815 ± 232 -7496 ± 608 -6089 ± 248 -6447 ± 415
     Tau, τ, msec 7.2 ± 0.2 6.8 ± 0.5 8.9 ± 0.4* 9.8 ± 0.6†

Data are expressed as means ± SEM. * P<0.05, # P<0.05, † P<0.001, TAC versus corresponding sham group; ‡ P<0.05, 
WT vs LXRα-/- mice.  

Supplemental Table 5.  Primers used for Cloning 

Gene 5’-3’
LXRα forward GTT GGATCC ACC ATGTCCTTGTGGCTGGAGG
LXRα reverse GAA CTCGAG TCA TTCGTGGACATCCCAGATC
siLXRα forward GATCCCGGAGTGTCGCCTTCGCAAATTCAAGAGATTTGCGAAGGCGACACTCCTTTTTGGAAA
siLXRα reverse AGCTTTTCCAAAAAGGAGTGTCGCCTTCGCAAATCTCTTGAATTTGCGAAGGCGACACTCCGG
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ABSTRACT

Background.  Liver X receptors (LXR) transcriptionally regulate inflammation, metabolism, 
and immunity. Synthetic LXR agonists have been evaluated for their efficacy in the 
cardiovascular system, however, they elicit pro-lipogenic side effects which substantially 
limit their therapeutic use. AZ876 is a novel high-affinity LXR agonist. Herein, we aimed to 
determine the cardioprotective potential of LXR activation with AZ876. 

Methods and Results.  Cardiac hypertrophy was induced in C57BL6/J mice via transverse 
aortic constriction (TAC) for 6 weeks. During this period, mice received chow supplemented 
with or without AZ876 (20 µmol/kg/day). In murine hearts, LXRα protein expression was 
upregulated approximately 7-fold in response to TAC. LXR activation with AZ876 attenuated 
this increase, and significantly reduced TAC-induced increases in heart weight, myocardial 
fibrosis, and cardiac dysfunction without affecting blood pressure. At the molecular level, 
AZ876 suppressed upregulation of hypertrophy- and fibrosis-related genes and further 
inhibited pro-hypertrophic and pro-fibrotic transforming growth factor β (TGFβ)-Smad2/3 
signaling. In isolated cardiac myocytes and fibroblasts, immunocytochemistry confirmed 
nuclear expression of LXRα in both these cell types. In cardiomyocytes, phenylephrine-
stimulated cellular hypertrophy was significantly decreased in AZ876-treated cells. In cardiac 
fibroblasts, AZ876 prevented TGFβ- and angiotensin II-induced fibroblast collagen synthesis, 
and inhibited upregulation of the myofibroblastic marker, αSMA. Plasma triglycerides and 
liver weight were unaltered following AZ876 treatment.

Conclusion.  AZ876 activation of LXR protects from adverse cardiac remodeling in 
pathological pressure overload, independently of blood pressure. LXR may thus represent 
a putative molecular target for anti-hypertrophic and anti-fibrotic therapies in heart failure 
prevention.
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INTRODUCTION

Cardiac hypertrophy is a major predictor for heart failure, arrhythmia, and sudden death (1). 
It ensues in response to a plenitude of pathological stimuli such as ischemic injury, elevated 
hemodynamic load, and abnormal adrenergic and neurohormonal signal transduction 
(2). Intrinsically, the heart adapts by inducing hypertrophic growth of cardiomyocytes in 
order to withstand elevated myocardial wall stress. However, when stress is prolonged, 
these initial compensatory responses yield to maladaptive changes, including increased 
interstitial myocardial fibrosis and remodeling of the extracellular matrix. As a result, 
cardiac function progressively deteriorates, and over time, heart failure is inevitable. Thus, 
cardiac remodeling is a critical determinant of heart failure progression, and its prevention 
or regression still remains an elusive and salient target of therapy.

Liver X receptors (LXRs) belong to the nuclear receptor superfamily and mediate their 
functions via two subtypes, LXRα (NR1H3) and LXRβ (NR1H2), which share 77% sequence 
homology, and are also highly conserved between humans and rodents (3). Whereas LXRβ 
expression is ubiquitous, LXRα is predominantly expressed in liver, adipose, intestine, and 
macrophages, but also in heart, kidney, adrenal gland, and lung (4). In the nucleus, LXRs 
are bound to cognate LXR response elements (LXREs) in regulatory regions of target genes. 
Upon ligand activation, either physiologically by cholesterol metabolites or synthetically 
with agonists, LXRs modulate target gene transcription. LXRs are central in the regulation 
of genes controlling various biological pathways such as cholesterol homeostasis, lipid and 
glucose metabolism, inflammation, and immunity (5,6). 

LXR agonists have been studied for their cardioprotective potential, however, systemic LXR 
activation elicits undesirable side effects that pose several challenges in discerning their 
efficacy on the myocardium. Pharmacological activation with T0901317 (T09) attenuated 
cardiac hypertrophy induced in mice, but this was associated with adverse increases in liver 
weight and hypertriglyceridemia (7), an effect mediated via hepatic Srebp1c induction (8). 
LXR agonists have also been implicated in blood pressure regulation, thereby influencing 
hemodynamic load. Administration of T09 was shown to modulate components of the 
renin-angiotensin system (RAS) by directly increasing renin expression in vivo (9), as well 
as reducing renin-, ACE-, and angiotensin II receptor type I (AT1R)-coding genes in kidneys 
and heart in response to adrenergic stimulation (10). Moreover, the LXR agonist, GW3965, 
abrogated angiotensin II (Ang II)-mediated increases in blood pressure in rats, coincident 
with reduced vasculature ATR expression (11).

Currently, there is an increased interest in developing new LXR modulators designed to 
overcome these deleterious side effects that limit their therapeutic use (12). AZ876 is a 
dual partial LXR agonist that has been shown to reduce atherosclerosis in mice without 
affecting liver or plasma triglyceride levels when administered in low dose (13). Compared 
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to GW3965, AZ876 proved to be a more potent binder and activator of both human and 
murine LXRα and LXRβ (13). The purpose of the present study was to therefore investigate 
the cardioprotective potential of AZ876 in a murine model of pathological cardiac 
hypertrophy. Our aim was to determine effects of LXR activation with AZ876 on LXR target 
gene expression and pathological cardiac remodeling. 

METHODS

Detailed description of methods is provided in the Data Supplement.

Experimental protocol
Cardiac hypertrophy was induced in male C57BL6/J mice via transverse aortic constriction 
(TAC) for 6 weeks. During this period, sham- and TAC-operated mice were randomized to 
receive either regular chow (control), or chow supplemented with AZ876 (20 µmol/kg/day). 
Cardiac function was assessed with echocardiography and invasive hemodynamics. In vitro 
studies were performed in isolated neonatal rat ventricular myocytes (NRVMs) and adult 
rat cardiac fibroblasts. Leucine and proline tracer assays were used to measure protein and 
collagen synthesis, respectively.

Statistics
Data are presented as means ± standard error of the mean (SEM). Statistical analysis 
was performed with IBM SPSS Statistics 22 software (Chicago, IL, USA). Student’s paired 
2-tailed t-test was used for two-group comparisons, and one-way ANOVA for multi-group 
comparisons, followed by Bonferroni post hoc correction. Statistically significant differences 
were considered if P<0.05. 

RESULTS

AZ876 agonism induces LXR target gene expression in murine hearts
Dose-findings studies were performed with administration of AZ876 in dosages of 5, 10, and 
20 µmol/kg/day over a 14-day period to test tissue-specific induction of gene expression 
for Lxrα and Lxrβ, as well as previously described LXR target genes, Srebp1c and the ABC 
transporter-encoding genes, Abca1 and Abcg1(14). In the left ventricle (LV), the lowest dose 
of 5 µmol induced a marginal increase of 1.6-fold in Lxrα and Abcg1 mRNA levels, whereas 
the higher doses of 10 and 20 µmol caused more marked increases for Abca1 (1.6- and 
1.8-fold, respectively), Abcg1 (2.4- and 2.3-fold, respectively), and Lxrβ (1.7- and 2.0-fold, 
respectively) (Suppl. Fig. 1A). In the liver, we observed no effect with 5 and 10 µmol, but 20 
µmol had an appreciable effect for Lxrβ and Abcg1 (both 1.4-fold, respectively) (Suppl. Fig. 
1B). Interestingly, Srebp1c appeared downregulated by AZ876 treatment. Administration of 
AZ876 over the 14-day period did not affect body weight (Suppl. Fig. 1C), nor liver weight 
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(Suppl. Fig. 1D) for all doses tested. Based on these results, we selected 20 µmol/kg dose for 
further in vivo experiments.

AZ876 treatment attenuated the development of pathological cardiac 
hypertrophy
The experimental protocol for AZ876 prevention study is depicted in Figure 1A. This study 
employed a model of compensated cardiac hypertrophy with the aim of evaluating the 
preventative effect of AZ876 on hypertrophic remodeling, as opposed to disease regression 
where treatment is initiated after development of hypertrophic growth (reversal study). In 
both treated and untreated mice, TAC caused a significant gain in heart weight compared to 
sham-operated mice, however, this was significantly reduced with AZ876 treatment, 68% for 
control mice versus 45% for AZ876-treated mice (Figure 1B, Suppl. Table I). Cardiomyocyte 
hypertrophy was also decreased by AZ876, albeit not significantly different from TAC control 
mice (Suppl. Fig. 2). At the molecular level, we observed greater induction of hypertrophic-
related genes in control mice compared to AZ876-treated mice following TAC (Figure 1C). 
Expression levels of the natriuretic peptides, Anp and Bnp, were significantly higher in TAC 
control mice than in TAC-AZ876 mice. Contractile proteins such as βMhc and Acta1, as well 
as Rcan1, central in calcium handling, were less expressed with AZ876 treatment. To assess 
whether cardiac LXR expression is modulated in response to hypertrophy, Western blot was 
performed and analysis revealed substantial upregulation of LXRα protein abundance (6.7-
fold), but not in AZ876-treated hearts. We observed a moderate 3.3-fold increase in LXRβ 
following TAC (Figure 1D and 1E). In summary, upregulation of the LXRα isoform is more 
prominent in the adaptation to cardiac hypertrophy, and targeted LXR activation with AZ876 
counteracts the hypertrophic response to pressure overload.

Pressure overload-induced cardiac dysfunction is mitigated by AZ876
Echocardiography was used to assess cardiac function in vivo. TAC caused a marked decline 
in percent fractional shortening, but this was attenuated by AZ876, -11% versus -7% (Figure 
1F). Assessment of intracardiac pressures with in situ catheterization revealed that LV end-
diastolic pressure was more significantly elevated in untreated hearts subjected to TAC, 
146% versus 55% (Suppl. Table I), indicating a role for LXR in preserving LV compliance. 
These improvements in functional outcome occurred irrespective of differences in heart 
rate (Suppl. Table I), or mean arterial pressure (MAP) which, evidently, was elevated in both 
TAC groups (Figure 1G). 

AZ876 agonism suppresses myocardial fibrosis in hypertrophic murine hearts
Cardiac pressure overload led to excessive development of myocardial fibrosis which was 
diminished in AZ876-treated hearts. Representative histological sections stained with 
Massons trichrome for the detection of collagen infiltration are shown (Figure 2A). When 
quantified, TAC markedly increased fibrosis by 4.5-fold in control mice, but AZ876 treatment 
reduced this to 2.8-fold (Figure 2B). Genes implicated in fibrogenesis were also assessed 
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with RT-PCR (Figure 2C-J, Suppl. Table II). Pro-fibrotic Tgfβ and downstream mediators such 
as the matricellular proteins, Ctgf and fibronectin, were significantly increased by TAC, but 
to a lesser extent in AZ876-treated hearts (Figure 2C-E). The follistatin-like 3 (Fstl3) gene, 
associated with TGFβ signaling, was also decreased by AZ876 treatment (Figure 2F). AZ876 

Figure 1
Cardiac hypertrophy and dysfunction is attenuated in AZ876-treated mice following 6 weeks transverse aortic 
constriction (TAC). (A) Experimental outline for AZ876 prevention study performed in mice. (B) Heart weight 
(HW/BW) ratios in sham- and TAC-operated mice treated with or without 20 µmol AZ876/kg/day; n=7-10/group. 
(C) Measurement of hypertrophic-associated gene expression for natriuretic peptides, Anp and Bnp, contractile 
proteins, βMhc and Acta1, and Rcan1 in the LV, values are normalized to 36b4, expressed as fold change; n=7-8/
group. (D-E) Western blot analysis of liver X receptor (LXR) α and β protein expression in the left ventricle (LV) 
of mice subjected to TAC, glyceraldehyde phosphate dehydrogenase (GAPDH), expressed as fold change; n=4-6/
group. (F) Echocardiographic assessment of percent fractional shortening; n=5-8/group. (G) Mean arterial pressure 
(MAP) measured with in situ catheterization; n=4-8/group. Data presented are means ± SEM; *P<0.05, **P<0.01, 
***P<0.001 versus respective sham, #P<0.05, ##P<0.01 versus AZ876 treatment.
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activation of LXR resulted in suppression of extracellular matrix constituents such as the 
fibrillar collagens, Col1a1 and Col3a1 (Suppl. Table II, Figure 2G), as well as those encoding 
several regulatory proteins involved in ECM turnover, Timp1, Mmp2, and Mmp14 (Figure 
2H-J). 

We further investigated TGFβ signaling pathways as a possible mechanism of cardiac 
remodeling since it is an instigator of both pathological hypertrophy and tissue fibrosis. 
Compared to AZ876-treated mice, TGFβ protein expression was significantly induced 
in the untreated group (Figure 3A and 3B) with subsequent elevations in downstream 
phosphorylated-Smad2/Smad3 levels (Figure 3A and 3C), which are direct TGFβ signaling 
effectors of target gene transcription. We also assessed non-canonical TGFβ pathways 
such as p38 and downstream phosphorylated Akt signaling as well as phosphorylated 
Erk, but did not observe an effect of AZ876 on these pathways (Suppl. Fig. 3). Therefore, 
AZ876 attenuation of TGFβ signaling in association with suppressed myocardial collagen 

Figure 2
AZ876 treatment blunts excessive development of TAC-induced myocardial fibrosis in mice. (A) Representative 
Massons trichrome-stained LV sections for the detection of collagen (bar = 100 µm), and (B) quantification of 
whole area; n=6-10/group. (C-J) Relative mRNA expression of LV genes involved in fibrosis pathways, normalized to 
36b4 and expressed as fold change; n=7-8/group. Data presented are means ± SEM; **P<0.01, ***P<0.001 versus 
respective sham, #P<0.05, ##P<0.01 versus AZ876 treatment.
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accumulation may collectively explain the observed functional improvements in the 
pressure overloaded heart.

AZ876 activation of LXRα in cardiomyocytes decreases cellular hypertrophy 
Based on the premise that LXRs exert beneficial effects on the heart, it is presumable that 
LXRs are expressed in cardiac cell types and exert cell-specific functions, however, this 
remains unclear. Having established cardioprotective effects for AZ876 physiologically 
in vivo, we next investigated LXR function in a cell-specific manner. Immunofluorescence 
microscopy identified LXRα expression in isolated NRVMs (Figure 4A). RT-PCR was also 
used to confirm the expression levels of both LXRα and LXRβ in NRVMs (Suppl. Fig. 4). 
When NRVMs were stimulated with phenylephrine (PE) to promote cellular hypertrophy, 
cell size (Figure 4B) as well as protein synthesis (Figure 4C) increased 1.4-fold and 1.7-fold, 
respectively, but this was attenuated in AZ876-treated cells. Knockdown of LXRα in NRVMs 
resulted in a significant induction of hypertrophy both in the absence and presence of PE 
(1.4-fold and 2.3-fold, respectively), which was relatively unaltered by AZ876 treatment (1.2- 
and 2.0-fold, respectively), suggesting that the antagonizing effect of LXRs on hypertrophy 
is primarily mediated via the LXRα isoform (Figure 4C). Genes responsive to hypertrophic 
perturbation were evidently less upregulated in AZ876-treated cells (Figure 4D-G).

Figure 3
Activation of transforming growth factor β (TGFβ) signaling in hypertrophied murine hearts. (A) Western blot 
analysis of TGFβ and downstream phosphorylated SMAD2 (Ser465/467)/SMAD3 (Ser423/425) protein expression 
in LV tissue, normalized to GAPDH. Quantitative values for (B) TGFβ and (C) phosphorylated SMAD 2/3 protein 
abundance are expressed as fold change; n=6/group. Data presented are means ± SEM; **P<0.01, ***P<0.001 
versus respective sham.
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Cardiac fibroblasts are direct targets of LXR agonism in preventing fibrogenesis
We next determined LXR expression in cardiac fibroblasts as well as their functional response 
to pro-fibrotic stimulation. Immunocytochemistry revealed the nuclear expression of LXRα 
in fibroblasts isolated from the adult rat heart (Figure 5A), which was also confirmed by 
RT-PCR for both LXRα and LXRβ (Suppl. Fig. 5). Moreover, these cells proved to be targets 
for LXR activation since AZ876 abolished the 1.5-fold increase in collagen synthesis 
caused by both TGFβ and Ang II (Figure 5B). TGFβ is a major promoter of myofibroblast 
differentiation, evidenced by induction of α-smooth muscle actin (αSMA). Upregulated 
αSMA mRNA alongside matricellular proteins, Ctgf and periostin, were substantially 
diminished with increasing doses of AZ876 (Figure 5C-E). Taken together, these data indicate 
that cardiomyocytes and cardiac fibroblasts are direct targets of LXR agonism, and the LXR 

Figure 4
AZ876 activation of LXRα attenuates cellular hypertrophy in cardiomyocytes. (A) Nuclear localization of LXRα in 
neonatal rat ventricular myocytes (NRVMs) in the presence and absence of AZ876. Cells were stained with an 
antibody specific for LXRα (green), 4’,6-diamidino-2-phenylindole (DAPI) for nuclei (blue), and rhodamine-phalloidin 
for F-actin (red). There is no detectable staining in cells incubated in the absence of primary antibody (negative 
control); bar = 10 µm. (B) Measurement of cell size, expressed as fold change; n=3. (C) Quantification of protein 
synthesis from leucine incorporation following stimulation with phenylephrine (PE) in NRVMs infected with control 
adenovirus (Ad-cont) or si-LXRα; n=5-6, #P<0.05, §P<0.01, *P<0.001. (D-G) Relative mRNA levels of hypertrophic-
associated genes, values are expressed as fold change; n=6. Data presented are means ± SEM; *P<0.05, **P<0.01, 
***P<0.001 versus control, #P<0.05 versus AZ876.
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agonist AZ876 exerts cytoprotective effects in response to hypertrophic and pro-fibrotic 
stimuli. 

AZ876 does not adversely affect lipid profile
The lipogenic profile of AZ876 treatment was investigated for a systemic interaction with 
and without hypertrophic stress. First-generation LXR agonists are culpable in inducing 
hypertriglyceridemia and liver steatosis. Consistent with the dose-findings studies (Suppl. 
Fig. 1D), chronic administration of AZ876 did not cause increased liver weight (Figure 
6A), nor were plasma triglycerides elevated, although levels tended to be lower in the 
TAC-AZ876 group (Figure 6B). Pooled plasma samples fractionated by fast protein liquid 
chromatography (FPLC) for lipoprotein lipid analysis did not reveal major discrepancies 
among cholesterol distribution with drug treatment (Figure 6C, Suppl. Fig. 6). Lastly, AZ876 
analyte concentrations were measured in plasma to confirm the bioavailability of AZ876 in 

Figure 5 
AZ876 treatment antagonizes pro-fibrotic stimuli in cardiac fibroblasts. (A) Immunofluorescence was used to 
identify LXRα expression in adult rat cardiac fibroblasts in the absence (top panels) or presence (bottom panels) of 
AZ876 treatment. LXRα (green), 4’,6-diamidino-2-phenylindole (DAPI)  for nuclei (blue), and rhodamine-phalloiden 
for F-actin (red); bars = 10 µm. (B)  Relative proline incorporation to assess effect of 10 nM AZ876 on collagen 
synthesis in presence of pro-fibrotic stimuli, TGFβ and angiotensin II (Ang II); n=3. (C-E) Effect of 10 and 15 nM 
AZ876 on mRNA levels of fibrosis-related gene markers, (C) α-smooth muscle actin (αSMA) for myofibroblastic 
differentiation, and matricellular proteins (D) Ctgf and (E) periostin; values presented as fold change; n=6-7. Data 
presented are means ± SEM; *P<0.05, **P<0.01, ***P<0.001.
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treated groups (Figure 6D). In conclusion, chronic administration of AZ876 did not adversely 
affect lipid homeostasis in mice.

Figure 6
Chronic AZ876 administration does not adversely affect lipogenic profile in mice. (A) Liver weight ratios, normalized 
to body weight (BW). (B) Fasted plasma triglyceride levels. (C) FPLC profiles of pooled plasma samples (n=7-10) for 
the distribution of total cholesterol. (D) Plasma AZ876 analyte levels. Data presented are means ± SEM, n=7-10/
group.
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DISCUSSION

This study demonstrates that chronic administration of the LXR agonist, AZ876, attenuated 
pathological cardiac hypertrophy in a murine model of chronic pressure overload without 
altering systemic blood pressure, implicating heart-specific effects. AZ876 treatment 
diminished myocardial fibrosis and suppressed induction of pro-fibrotic gene expression. 
At the cellular level, both cardiac myocytes and fibroblasts, the two major cell types in the 
heart, expressed LXRs, and furthermore, these cells were direct targets in AZ876-mediated 
cellular protection from hypertrophic and fibrotic stimuli. Overall, the salutary effects of 
AZ876 on cardiac remodeling were associated with a trend toward an improved functional 
outcome, which, importantly, occurred in the absence of adverse lipogenic side effects 
typical of current LXR agonists such as T09 and GW3965.

The LXR agonist, T09, has been evaluated for its cardioprotective potential, but it remains 
unclear whether these effects are heart-specific. T09 attenuated LV hypertrophy in aortic-
constricted mice, but this occurred in concert with reductions in MAP, which was elevated as 
a consequence of the hypertrophic perturbation (7). Moreover, both T09 and GW3965 have 
been implicated in blood pressure control via modulation of the renin-angiotensin system (9-
11), and therefore the reduction in hypertrophy by pharmacological LXR activation with T09 
may be a consequence of alleviated hemodynamic load. In the current study, we show that 
MAP was unaffected by AZ876 treatment while cardiac hypertrophy was reduced, indicating 
a direct mode of action for AZ876 on the pressure overloaded myocardium. The discrepancy 
between these current agonists and AZ876 on blood pressure regulation remains to be 
clarified, yet we speculate that AZ876 may be a more selective agonist with respect to other 
nuclear receptors (13). Nevertheless, this study underscores the myocardial-specific effects 
of synthetic LXR activation in protection from pathological hypertrophy. 

Identification of the isoform via which LXRs exert their cardiac effects is an important 
consideration given the increased effort devoted to designing ligands that emphasize 
isoform and target tissue specificity (12). In the heart, evidence suggests that the 
cardioprotective effects are conferred by LXRα since the hypertrophic attenuation afforded 
by T09 treatment was not rescued by the LXRβ isoform in LXRα knockout (KO) mice, despite 
a compensatory increase in LXRβ mRNA expression following aortic constriction (7). Similarly, 
Wu et al found hypertrophy and ANP expression to be further exacerbated in LXRα KO mice 
compared to wild-type (15), while assessment of LXR protein in the current study showed 
substantial increases for LXRα over LXRβ. Using cultured NRVMs, we demonstrate that 
AZ876 antagonized cardiomyocyte hypertrophy primarily in an LXRα-dependent manner 
since knockdown of LXRα resulted in more robust PE-induced cellular growth that was not 
completely normalized by AZ876. Collectively, these data suggest that LXRα is the more 
responsive isoform in myocardial hypertrophy.
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To our knowledge, this is the first study to demonstrate a role for LXRs in cardiac fibrosis. 
AZ876-treated hearts subjected to TAC manifested reduced interstitial fibrosis and pro-
fibrotic molecular markers in association with less elevated LV end-diastolic pressure. We 
found TGFβ-Smad2/3 signaling to be activated in TAC hearts, but to a lesser extent in mice 
treated with AZ876. TGFβ is critically involved in the pathogenesis of both hypertrophic and 
fibrotic remodeling by stimulating hypertrophic growth of cardiomyocytes, proliferation of 
cardiac fibroblasts, including their transition to myofibroblasts, as well as the deposition 
of extracellular matrix proteins (16). A cross-talk between LXRs and TGFβ signaling via 
Smad2/3 interaction has been proposed (17), and T09 activation of LXRs has been shown 
to decrease Tgfβ1 in other diseased organs susceptible to fibrotic remodeling, including 
diabetic nephropathy (18) and chronic asthma-induced airway remodeling (19). 

Since AZ876 agonism imparted dual effects on myocardial hypertrophy and fibrosis, 
mechanistically, it is plausible that paracrine signaling from cardiomyocytes responding 
to hypertrophic stimuli influences fibroblast activation (20). In support of this notion, we 
found marked attenuation of fibrosis in transgenic mice with cardiomyocyte-specific LXRα 
overexpression subjected to TAC and Ang II stimulation (Cannon et al. unpublished data). In 
this study, AZ876 modulated several genes in vivo such as Tgfβ, Ctgf, and Fstl3, which are 
known to be secreted by myocytes and cause paracrine activation of adjacent fibroblasts 
(16,21,22). It is difficult to dissect in vivo whether, LXRs directly target cardiac fibroblasts 
and affect fibrogenesis. To address this, we isolated cardiac fibroblasts and herewith 
demonstrated that LXRs are indeed expressed in this cell type, and moreover, AZ876 activation 
prevented TGFβ- and Ang II-induced collagen synthesis and myofibroblast differentiation. 
So although TGFβ-Smad signaling may be an autocrine/paracrine mechanism by which 
LXRs exert their anti-fibrotic, and anti-hypertrophic, effects in the heart, we nevertheless 
have elucidated cardiac fibroblasts to be an independent target of LXR agonism in reducing 
fibrotic remodeling. Furthermore, we identified putative LXREs in Ctgf and Fstl3 promoter 
regions by in silico bioinformatic analysis, suggesting that LXR-induced repression of cardiac 
fibrotic genes through a negative LXRE may be a direct mechanism of LXR activation. 

In conclusion, our data implicate a role for LXRα in the adaptive response to chronic pressure 
overload, and subsequent synthetic activation of LXR with AZ876 protects from pathological 
cardiac remodeling, independent of blood pressure or lipogenic systemic effects. Herein, we 
establish a novel function for LXR in countervailing myocardial fibrosis, and the potential 
mechanism may involve attenuated TGFβ-Smad2/3 signaling. LXR therefore represents 
a putative molecular target for anti-hypertrophic and anti-fibrotic therapies, and AZ876 
should be further explored for its cardioprotective potential.

Perspectives
LXRs have emerged as important therapeutic targets in cardiovascular disease given their 
anti-inflammatory functions as well as their atheroprotective effects in activating the reverse 
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cholesterol transport system. Since hypertriglyceridemia is a risk factor for heart failure (23), 
current LXR agonists are therefore not suitable in cardiology practice due to the increased 
levels of circulating triglycerides they elicit via hepatic lipogenesis. In addition, studies are 
hindered due to lack of an LXR-specific agonist. AZ876 is a newly developed high-affinity 
LXR agonist that is more selective for LXR with respect to other nuclear receptors (13) and 
consequently lacks the adverse lipogenic profile typical of current LXR agonists. Thus, it 
allows for more specific evaluation of LXR, which herein was used to assess the efficacy 
of LXR agonism on adverse cardiac remodeling processes in a murine model of chronic 
pressure overload. LXR activation with AZ876 antagonized the development of pathological 
cardiac hypertrophy and dysfunction. Moreover, activation of LXR reduced myocardial 
fibrosis, which has important implications considering fibrosis is a central pathological 
mechanism underlying heart disease of various etiologies, as well as other diseased organ 
systems associated with fibrosis. Therefore, LXR agonists with greater binding potency 
and selectivity for LXRs represent promising therapeutic agents for intervening in cardiac 
pathophysiology.
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SUPPLEMENTAL METHODS

Animals and AZ876 treatment
The investigation was conducted in accordance with the US National Institutes of Health, the 
eighth edition of the Guide for the Care and Use of Laboratory Animals (NRC 2011), and The 
AstraZeneca Bioethics Policy. All experimental protocols were approved by the Animal Care 
and Use Committee of the University of Groningen, Groningen, The Netherlands, and by 
AstraZeneca, Sweden. Male C57BL6/J mice, approximately 8 weeks of age, were obtained 
from Harlan, The Netherlands. The animals were housed at the central animal facility in 
Groningen, and maintained in a temperature-controlled environment with alternating 
12hr:12hr light:dark cycles. Following a two week acclimation period, studies with AZ876 
(provided by AstraZeneca, MöIndal, Sweden) were initiated. Mice were randomized to 
receive either regular chow (control group), or chow supplemented with three doses of 
AZ876: 5 µmol/kg/day (2.2 µg/g/day), 10 µmol/kg/day (4.4 µg/g/day), or 20 µmol/kg/day 
(8.8 µg/g/day). Access to water and chow was provided ad libitum. After 14 days, mice were 
sacrificed, blood was sampled for plasma lipid analyses, and the hearts and livers were 
harvested, weighed, and frozen in liquid nitrogen in preparation for RNA analysis. Results 
of these studies indicated that 20 µmol AZ876/kg/day induced LXR target gene expression 
most effectively without affecting liver weight or plasma lipid profile (Suppl. Fig. 1), and was 
therefore selected for subsequent experiments.

Pressure overload-induced cardiac hypertrophy
Transverse aortic constriction (TAC) is a well established procedure for inducing cardiac 
hypertrophy via chronic pressure overload (1). At day 0, mice underwent either sham 
or TAC surgery, and randomly assigned to receive either regular chow (control) or chow 
supplemented with 20 µmol AZ876/kg/day for a period of six weeks. In brief, mice were 
anesthetized with 2% isoflurane, intubated, and placed supine on a heated pad for 
mechanical ventilation. The skin was incised and tissue between the second intercostal 
space was dissected to locate the aortic arch. Next, a 7-0 silk suture was tied around a blunt 
27-gauge needle placed between the brachiocephalic and left carotid arteries, creating a 
predetermined stenosis. The needle was immediately removed following ligation and the 
incised skin closed. For sham surgeries, the aortic arch was not ligated. Carprofen (5.0 mg/
kg) was administered subcutaneously, perioperatively, to relieve wound pain.

Cardiac function assessment
Echocardiography was performed to assess functional parameters in vivo at six weeks post 
TAC, as described previously (2). Briefly, M-mode and 2D transthoracic measurements 
were obtained under anesthesia (Vivid 7, 14-MHz linear array transducer; GE Healthcare, 
Chalfont St. Giles, UK). Mice were maintained on a heated pad, and a topical depilation 
agent was used to remove chest hair. From the parasternal short axis view, M-mode tracings 
were recorded to measure left ventricular (LV) dimensions and calculate percent fractional 
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shortening. 

Hemodynamic parameters were assessed following in situ catheterization of the aorta and 
LV with a micromanometer-tipped pressure catheter (1.4F; Millar Instruments, Houston, 
TX, USA). In brief, the right carotid artery was punctured, followed by catheter insertion 
and 3 min were allotted for stabilization. Arterial pressures were recorded, followed by 
advancement of the catheter into the LV to record intracardiac pressures. Heart rate (HR), 
systolic and diastolic arterial and intracardiac pressures, and maximal and minimal rates of 
pressure change for contractility (dP/dtmax and dP/dtmin) were measured. Following removal 
of the catheter, blood was sampled via heart puncture. Hearts were flushed with 10 ml PBS 
to remove red blood cells, then excised, portioned into atria and ventricles, and weighed. 
The LV was further portioned for immunohistochemistry or frozen in liquid nitrogen for 
further expressional and biochemical analyses.

RNA isolation and gene expression analysis
Total RNA was isolated from LV and liver tissue with TRIzol reagent protocol (Invitrogen, 
Carlsbad, CA, USA). RNA extraction from cells was performed with Nucleospin RNA II kit 
(Macherey-Nagel, Duren, Germany). From total RNA, cDNA was synthesized using RNeasy 
Mini Kit (Qiagen Inc, Valencia, CA, USA). Quantitative real-time PCR of cDNAs were 
performed on a C1000 Thermal Cycler CFX384 Real-Time PCR Detection system (Bio-Rad 
Laboratories, Veenendaal, The Netherlands). Quantified mRNA levels were normalized to 
the invariant transcript, 36b4. 

Western blot analysis
Protein lysates were prepared from frozen LV tissue homogenized in ice-cold lysis buffer 
(50 mM Tris pH 8.0, 1% NP40, 0.5% deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM PMSF, 15 
mM Na Vanadate) supplemented with protease and phosphatase inhibitor cocktails (Sigma). 
Protein concentrations were measured using Bio-Rad DC Protein Assay (Bio-Rad). Equal 
amounts of protein (25 µg) were resolved on SDS-PAGE gels, and separated proteins were 
transferred onto nitrocellulose membranes (Bio-Rad). Immunoblotting was performed using 
primary and secondary antibodies from the following commercial suppliers: anti-human 
LXRα (2ZPPZ0412H, R&D Systems, Perseus Proteomics); anti-LXRβ (ab28479, Abcam); TGF-β 
(#3711), Phospho-Smad2 (Ser465/467)/Smad3 (Ser423/425) (#8828), p38 MAPK (#9212), 
Phospho-Akt (Ser473) (#4060), Akt (#4691), p44/42 MAPK (Erk1/2) (#4695) (Cell Signaling); 
P-Erk (# sc-7383) (Santa Cruz); glyceraldehyde-3-phosphate dehydrogenase (10R-G109A, 
Fitzgerald, USA); rabbit anti-mouse immunoglobulins/HRP (P0260, Dako, Denmark); goat 
anti-rabbit immunoglobulins/HRP (P0448, Dako, Denmark). Signals were detected by ECL 
(PerkinElmer, Waltham, MA, USA), and densitometry was quantified with ImageQuant LAS 
4000 (GE Healthcare Europe GmbH, Diegem, Belgium). Fold changes are calculated and 
shown.
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Histological assessment of fibrosis and cardiomyocyte size
Mid-transverse sections of the LV were post-fixed in 4% paraformaldehyde for paraffin 
embedding. Sections of 4 µm were stained with either Massons trichrome for collagen 
detection, or FITC-labeled wheat germ agglutinin (WGA) to quantify myocyte cross-sectional 
area. Whole stained sections were scanned using Nanozoomer 2.0-HT (Hamamatsu, Japan). 
Fibrosis was quantified as a percentage of entire section from 20X magnification (ScanScope, 
Aperio Technologies, Vista, CA, USA). For cardiomyocyte size quantification, five randomly 
selected fields from whole-stained WGA-FITC LV sections imaged at 20X magnification were 
used to measure cross-sectional diameter from approximately 30 cells per mouse heart 
(Image J, NIH, Bethesda, MD, USA), and calculated as area.

Lipid analyses and AZ876 levels
Preceding sacrifice, mice were fasted for four hours and blood was sampled via heart 
puncture and collected in EDTA-coated tubes. Plasma was isolated and stored at -80°C. 
Commercial reagents were purchased to measure triglycerides (Roche Diagnostics, 
Mannheim, Germany) and non-esterified fatty acids (NEFA) (DiaSys, Holzheim, Germany). 
For tissue triglycerides, lipids were extracted according to Bligh and Dyer methods (3), 
and triglycerides were measured with a commercial kit (Roche Diagnostics, Mannheim, 
Germany).

Pooled plasma samples were subjected to fast protein liquid chromatography (FPLC) gel 
filtration using a Superose 6 column (GE Healthcare, Little Chalfont, UK). Plasma was 
obtained from each mice per group: n=4/group for dose-findings study and n=7-10/group 
for TAC study. Samples were chromatographed at a flow rate of 0.5 ml/min, and lipoprotein 
fractions of 500 µl each were collected and individually assayed for cholesterol concentrations 
(Roche/Hitachi, Mannheim, Germany). Components of plasma cholesterol were estimated 
from fractions forming the first, second, and third peaks and were considered to be VLDL, 
LDL, and HDL, respectively. 

AZ876 concentrations were measured in plasma. Twenty µL blood plasma samples were 
precipitated with 150 µL acetonitrile containing 0.2% formic acid and internal standard, and 
then vortex mixed for 5 min followed by centrifugation (20 min , 4000 rpm at 4°C). The 
supernatants were diluted 1:1 with 0.2% formic acid in 33% acetonitrile. Five µL of the 
dilution was injected on a reversed phase chromatographic column (Waters Atlantis T3, 
3µm, 2.1x30mm) and eluted using an acetonitrile gradient with 0.2% formic acid. Detection 
of AZ876 was made by a Quattro Premier tripple quadropole mass spectrometer (Waters, 
Manchester, UK).

Neonatal rat ventricular myocytes and adenoviral transfection
Neonatal rat ventricular myocytes (NRVMs) were isolated from Sprague-Dawley pups (aged 
1-3 days), as previously described (4). Cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 5% fetal calf serum (FCS) and penicillin-streptomycin 
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(100 µg/ml), and incubated in 5% CO2 at 37°C (Invitrogen, Breda, The Netherlands). Cells 
treatments were performed in FCS-free DMEM for 24 hours with 50 µM phenylephrine (PE) 
and 10 nM AZ876 in DMSO where indicated.

Adenoviral constructs were generated with the ViraPowerTM adenoviral expression 
system (Invitrogen) as previously described (5). siRNA oligonucleotide sequences used 
against LXRα were: forward GATCCCGGAGTGTCGCCTTCGCAAATTCAAGAGATTTGCGAA-
GGCGACACTCCTTTTTGGAAA, and reverse AGCTTTTCCAAAAAGGAGTGTCGCCTTCGCA-
AATCTCTTGAATTTGCGAAGGCGACACTCCGG. A GFP-expressing adenovirus (Ad-cont) 
was used as control. Recombinant adenovirus was produced by transfecting adenoviral 
constructs into HEK 293A cells using Lipofectamine 2000 (Invitrogen). Transfections of 
NRVMs occurred in FCS-free DMEM medium for 24 hours prior to initiation of treatments 
as described above. 

Adult rat cardiac fibroblasts
Ventricles from adult rats were excised and placed in ice-cold Krebs Henseleit (KH) buffer 
(117.5 mM NaCl, 5.6 mM KCl, 1.18 mM MgSO4, 1.28 mM NaH2PO4, 2.52 mM CaCl2, 25 mM 
NaHCO3, 11.1 mM glucose). Ventricles were minced and digested with Liberase TM (Roche 
Diagnostics, Mannheim, Germany) in KH buffer supplemented with 10 mM HEPES and 
DNase for 10 min with constant stirring. Supernatant from the first digestion was discarded. 
Thereafter, cells from subsequent digestions were pooled, filtered, and centrifuged. The 
pellet was resuspended in DMEM medium supplemented with 10% FCS and penicillin-
streptomycin (50 IU/ml and 50 mg/ml, respectively) (Invitrogen, Breda, The Netherlands), 
and incubated in 5% CO2 at 37°C. For experiments, cells from passage two were used and 
cultured for 24 hours in serum-free DMEM before 24 hour treatment with the following: 10 
nM or 15 nM AZ876, 10 ng/ml TGFβ or 1 µM Ang II. 

Leucine and proline tracer assays
Leucine incorporation assay was performed in NRVMs to assess cellular growth and 
hypertrophy. Proline incorporation assay was performed in isolated cardiac fibroblasts 
to assess collagen synthesis. In brief, serum-starved cells were cultured in 12-well 
plates for 24 hours. Following above-indicated transfections and treatments, L-[4,5-3H]
Leucine (GE Healthcare Europe, Diemen, Belgium), or L-[2,3,4,5-3H]Proline (Perkin Elmer, 
Groningen, The Netherlands) was added and cells were cultured for additional 24 hours. 
Cells were then washed twice with PBS, followed by incubation for 1 hour at 4°C in 1 ml 
cold 5% trichloroacetic acid (TCA). Following wash steps with TCA then PBS, proteins were 
solubilized with 0.5 M NaOH for 1 hour at room temperature. Proteins were transferred to 
scintillation tubes containing Ultima Gold XR scintillation liquid (Perkin Elmer, Groningen, 
The Netherlands). The amount of radioactivity (CPM) was determined by a LS6500 Beckman 
Coulter scintillation counter.
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Immunofluorescence staining
Cells were cultured in 12-well plates on 18 mm coverslips. For NRVMs, coverslips were laminin-
coated. Cells were fixed for 10 min in 4% paraformaldehyde followed by permeabilization 
with ice-cold 0.3% Triton X100 for 5 min. Cells were blocked for 1 hour with a 3% bovine 
serum albumin (BSA) 0.1% PBS/Tween solution containing 2% goat serum, then subsequently 
incubated for 1 hour with a monoclonal anti-human LXRα antibody (2ZPPZ0412H, R&D 
Systems, Perseus Proteomics). After washing, cells were further incubated with goat anti-
mouse IgG-FITC secondary antibody (sc-2010, Santa Cruz Biotechnology Inc., Heidelberg, 
Germany) and fluorescent phalloidin-rhodamine (Invitrogen, Breda, The Netherlands) for 
detection of F-actin. Coverslips were mounted using Vectashield mounting medium with 
4’,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA), and 
imaged with a confocal microscope (Leica Microsystems, Wetzlar, Germany). Cell size was 
determined from 8-10 randomly selected fields imaged at 20X magnification from which 5-8 
cells per field were used to measure area (Image J, NIH, Bethesda, MD, USA).

Statistics
All data are presented as means ± standard error of the mean (SEM). Comparisons made 
among groups were tested by one-way ANOVA, followed by Bonferroni post hoc analysis 
to assess statistical significance. Two-group comparisons were determined with student’s 
paired 2-tailed t-test. Statistically significant differences were considered if P<0.05. Statistical 
analysis was performed using IBM SPSS Statistics 22 (Chicago, IL, USA). 



112

LXR agonist AZ876 attenuates cardiac hypertrophy and fibrosisChapter 4

SUPPLEMENTAL REFERENCES
1. Rockman HA, Ross RS, Harris AN, Knowlton KU, Steinhelper ME, Field LJ, Ross J,Jr, Chien KR. Segregation of atrial-specific 
and inducible expression of an atrial natriuretic factor transgene in an in vivo murine model of cardiac hypertrophy. Proc 
Natl Acad Sci U S A 1991;88:8277-8281. 

2. Yu L, Ruifrok WP, Meissner M, Bos EM, van Goor H, Sanjabi B, van der Harst P, Pitt B, Goldstein IJ, Koerts JA, van 
Veldhuisen DJ, Bank RA, van Gilst WH, Sillje HH, de Boer RA. Genetic and pharmacological inhibition of galectin-3 prevents 
cardiac remodeling by interfering with myocardial fibrogenesis. Circ Heart Fail 2013;6:107-117. 

3. BLIGH EG, DYER WJ. A rapid method of total lipid extraction and purification. Can J Biochem Physiol 1959;37:911-917. 

4. Lu B, Mahmud H, Maass AH, Yu B, van Gilst WH, de Boer RA, Sillje HH. The Plk1 inhibitor BI 2536 temporarily arrests 
primary cardiac fibroblasts in mitosis and generates aneuploidy in vitro. PLoS One 2010;5:e12963. 

5. Lu B, Tigchelaar W, Ruifrok WP, van Gilst WH, de Boer RA, Sillje HH. DHRS7c, a novel cardiomyocyte-expressed gene that 
is down-regulated by adrenergic stimulation and in heart failure. Eur J Heart Fail 2012;14:5-13. 



113

4

LXR agonist AZ876 attenuates cardiac hypertrophy and fibrosisChapter 4

Supplemenal Figure 1
Dose-dependent effects of AZ876 on gene expression in murine hearts and liver. (A-B) Relative mRNA levels to 
assess induction of LXR expression as well as known target genes Srebp1c, Abca1, Abcg1 in (A) left ventricle (LV), 
and (B) liver; expressed as fold change. (C) Body weight (BW), and (D) liver weight assessment post 14 days AZ876 
treatment. Data presented are means ± SEM; n=4/group; *P<0.05 versus con.

Supplemental Figure 2
Effect of AZ876 on cardiomyocyte hypertrophy in vivo following 6 weeks pressure overload. (A) Quantification 
of myocyte cross-sectional area from WGA-FITC-stained histological sections; n=7-8/group. (B) Representative 
left ventricular WGA-FITC sections; bar = 10 µm. Data presented are means ± SEM; **P<0.01, ***P<0.001 versus 
respective sham.
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Supplemental Table I.  Baseline Characteristics and Hemodynamic Data of Mice following Six Weeks of Transverse 
Aortic Constriction

sham TAC

control AZ876 control AZ876
Organ weight (n=10) (n=8) (n=8) (n=7)
     Body weight, g 29.4 ± 0.6 29.1 ± 1.0 29.0 ± 0.6 29.2 ± 0.6
     Heart weight/BW, mg/g 5.8 ± 0.1 5.9 ± 0.2 9.8 ± 0.4†‡ 8.4 ± 0.5†
     Liver weight/BW, mg/g 54.6 ± 1.4 55.2 ± 0.8 52.7 ± 1.5 52.9 ± 1.5
     Kidney weight/BW, mg/g 13.8 ± 0.2 13.2 ± 0.2 13.1 ± 0.4 12.4 ± 0.3
Hemodynamics (n=8) (n=7) (n=6) (n=6)
     Heart rate, bpm 427 ± 18 399 ± 13 476 ± 21 460 ± 14
     Systolic arterial pressure, mmHg 97.9 ± 1.7 96.0 ± 3.5 148.4 ± 7.9† 155.6 ± 6.3†
     Diastolic arterial pressure, mmHg 64.2 ± 2.3 61.1 ± 3.1 62.4 ± 3.9 71.4 ± 3.7
     LV end-systolic pressure, mmHg 101.1 ± 1.8 102.0 ± 4.2 144.7 ± 14.1# 146.2 ± 7.1†
     LV end-diastolic pressure, mmHg 8.6 ± 1.4 11.6 ± 1.9 21.2 ± 4.5* 18.0 ± 3.7
     dP/dtmax, mmHg 7449 ± 337 7046 ± 358 7485 ± 952 6925 ± 576
     dP/dtmin, mmHg -7448 ± 418 -6726 ± 295 -6154 ± 1152 -7265 ± 870
     Tau, τ, msec 6.4 ± 0.5 6.2 ± 0.7 8.5 ± 0.7 8.5 ± 0.9

Data presented are means ± SEM. * P<0.05, # P<0.01, † P<0.001, TAC versus corresponding sham group; ‡ P<0.05, 
§ P<0.01, control versus AZ876 treatment.
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Supplemental Figure 3
Non-canonical pathways involved in TGFβ signaling in hypertrophic murine hearts. Western blot was performed in 
the LV of mice subjected to 6 weeks sham or TAC with or without AZ876 treatment. (A) p38 MAPK, (B) phosphorylated 
Akt (Ser 473) to total Akt, and (C) phosphorylated Erk to total Erk, normalized to GAPDH. Quantitative values are 
expressed as fold change; n=5-6/Group. Data presented are means ± SEM; *P<0.05 versus respective sham.

Supplemental Figure 4
Dose-response for AZ876 induction of LXR target gene expression in isolated cardiomyocytes. RT-PCR analysis to 
evaluate effect of 24-hour AZ876 treatment on (A) Lxrα, (B) Lxrβ, as well as target genes (C) Srebp1c and (D) Abca1 
mRNA levels in NRVMs; normalized to 36b4. Data presented are means ± SEM; n=2-5/group; *P<0.05, **P<0.01 
versus con.
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Supplemental Figure 5
LXR and target gene expression in isolated cardiac fibroblasts. Assessment of (A) Lxrα, (B) Lxrβ, (C) Srebp1c, and 
(D) Abca1 mRNA with RT-PCR following 24 hour treatment with or without AZ876; expression levels normalized to 
36b4. Data presented are means ± SEM; n=6/group (except 5 nmol is n=1); ***P<0.001 versus con.

Supplemental Figure 6
Total lipoprotein analysis from dose-findings studies for AZ876. Plasma samples were pooled (n=4/group) and 
subjected to FPLC. VLDL, very low-density lipoprotein; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
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Supplemental Table II.  Effect of AZ876 on Gene Transcription in Mice subjected to Pressure Overload 

Gene sham + con sham + AZ876 TAC + con TAC + AZ876
LXR/target genes

Lxra 1.00 ± 0.11 1.38 ± 0.08 1.27 ± 0.11 1.02 ± 0.12
Lxrb 1.00 ± 0.14 1.31 ± 0.09 1.59 ± 0.12 1.17 ± 0.17
Srebp1c 1.00 ± 0.15 4.93 ± 1.20§ 1.28 ± 0.16 1.68 ± 0.34*
Abca1 1.00 ± 0.14 2.05 ± 0.30§ 1.28 ± 0.13 1.17 ± 0.15*
Abcg1 1.00 ± 0.17 3.10 ± 0.61§ 2.53 ± 0.36 1.99 ± 0.30

Inflammation
IL-6 1.00 ± 0.12 0.75 ± 0.11 7.27 ± 1.12† 5.25 ± 0.84#

Mcp1 1.00 ± 0.09 1.06 ± 0.15 1.20 ± 0.17 1.12 ± 0.18
Tnfa 1.00 ± 0.12 0.96 ± 0.07 0.86 ± 0.10 0.68 ± 0.08

Hypertrophy
Anp 1.00 ± 0.12 1.44 ± 0.29 13.88 ± 2.55† 7.47 ± 1.75‡

Bnp 1.00 ± 0.06 0.80 ± 0.08 2.69 ± 0.50# 1.88 ± 0.16
Myh7 1.00 ± 0.11 1.26 ± 0.06 7.60 ± 0.94# 4.90 ± 0.88#‡

Acta1 1.00 ± 0.06 1.06 ± 0.09 15.30 ± 1.63† 10.30 ± 1.50†§

Rcan1 1.00 ± 0.18 0.74 ± 0.09 8.84 ± 1.73† 3.34 ± 0.54§

Fibrosis
Tgfb 1.00 ± 0.08 1.06 ± 0.05 1.73 ± 0.13† 1.41 ± 0.09
Ctgf 1.00 ± 0.12 0.81 ± 0.08 5.26 ± 0.88† 3.27 ± 0.37#§

Fibronectin 1.00 ± 0.13 1.03 ± 0.06 3.85 ± 0.45† 2.58 ± 0.41#‡

Fstl3 1.00 ± 0.12 1.20 ± 0.05 4.51 ± 0.61† 2.52 ± 0.34§

Acta2 1.00 ± 0.05 1.00 ± 0.08 1.25 ± 0.14 1.01 ± 0.12
Col1a1 1.00 ± 0.05 0.77 ± 0.04 2.34 ± 0.21† 1.74 ± 0.29#

Col3a1 1.00 ± 0.04 0.87 ± 0.07 2.39 ± 0.21† 1.82 ± 0.23#

Timp1 1.00 ± 0.08 0.88 ± 0.10 7.28 ± 1.23† 3.24 ± 0.65§

Mmp2 1.00 ± 0.08 1.15 ± 0.06 2.09 ± 0.15† 1.51 ± 0.17#

Mmp14 1.00 ± 0.07 0.96 ± 0.06 2.28 ± 0.29† 1.60 ± 0.17
Gal3 1.00 ± 0.29 1.32 ± 0.27 3.36 ± 0.43# 3.00 ± 0.60

Renin-Angiotensin System
AT1R 1.00 ± 0.09 1.12 ± 0.05 0.73 ± 0.07* 0.91 ± 0.03

Glucose metabolism
Glut1 1.00 ± 0.15 0.88 ± 0.09 1.48 ± 0.15 1.26 ± 0.10
Glut4 1.00 ± 0.14 0.97 ± 0.09 0.83 ± 0.08 0.86 ± 0.05
Pfkm 1.00 ± 0.05 0.90 ± 0.07 0.77 ± 0.05* 0.81 ± 0.04
Pdk4 1.00 ± 0.14 1.97 ± 0.24‡ 1.34 ± 0.19 2.42 ± 0.40‡

Fatty acid metabolism
Cd36 1.00 ± 0.09 1.08 ± 0.04 0.80 ± 0.05 0.90 ± 0.07
Ppara 1.00 ± 0.13 0.98 ± 0.08 0.84 ± 0.07 0.88 ± 0.07
Acc2 1.00 ± 0.11 1.01 ± 0.05 0.87 ± 0.05 1.09 ± 0.06
Mcd 1.00 ± 0.11 1.08 ± 0.04 0.79 ± 0.06 0.90 ± 0.06
Cpt1b 1.00 ± 0.15 1.01 ± 0.07 0.89 ± 0.03 0.95 ± 0.05
Pgc1a 1.00 ± 0.11 0.96 ± 0.05 0.66 ± 0.04* 0.91 ± 0.05
Ucp3 1.00 ± 0.16 1.76 ± 0.20 0.91 ± 0.24 1.47 ± 0.18

Left ventricular gene expression levels are normalized to the invariant transcript, 36b4, and are presented as fold 
change. Data presented are means ± SEM, n=7-8. * P<0.05, # P<0.01, † P<0.001, TAC versus corresponding sham 
group; ‡ P<0.05, § P<0.01, con versus AZ876 treatment.
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Supplemental Table III.  Effects of AZ876 on Plasma and Liver Lipids in Sham and TAC-Operated Mice

sham TAC
control AZ876 control AZ876

Plasma analytes (n=10) (n=8) (n=8) (n=7)
     Triglycerides, mmol/L 1.31 ± 0.08 1.11 ± 0.25 0.96 ± 0.10 0.54 ± 0.04
     Non-esterified fatty acids, mmol/L 0.28 ± 0.02 0.25 ± 0.03 0.33 ± 0.04 0.34 ± 0.04
     AZ876, nmol/L 0.0 ± 0.0 10.1 ± 2.8# 0.0 ± 0.0 5.0 ± 0.4
Tissue triglycerides (n=6) (n=6) (n=6) (n=6)
     Liver triglycerides, mmol/g 57.5 ± 9.2 98.7 ± 14.8 45.5 ± 4.6 103.2 ± 18.4*

Data presented are means ± SEM. * P<0.05, # P<0.001, control versus AZ876 treatment.
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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 



129

5

LXRα and diabetic cardiomyopathyChapter 5

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. 
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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
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ABSTRACT

Background.  Adiponectin is an adipokine and its levels are reduced in obesity, diabetes, and 
prevalent heart disease. However, the association between adiponectin and cardiovascular 
disease is complex, and studies have reported contradictory results. This study sought to 
investigate the relationship among adiponectin, metformin treatment, and left ventricular 
function in a substudy of the GIPS-III trial.

Methods.  The GIPS-III trial was a randomized, double-blind, placebo-controlled trial in 380 
patients who underwent primary percutaneous coronary intervention (PCI) for a first time 
MI. The aim was to evaluate the efficacy of 4 months metformin treatment on preserving 
left ventricular function post-MI in non-diabetic patients. Of 380 patients, 308 samples 
(mean age 58 ± 11 years, 79% male) were available for plasma adiponectin measurement at 
both baseline and at 4 months. 

Results.  Median adiponectin level was 5,057 ng/ml (IQR: 3,325-7,596) at baseline and 
4,643 ng/ml  (IQR: 2,768-6,867) after 4 months. Patients with above median adiponectin 
levels were more often female (P<0.001). Adiponectin correlated negatively with BMI scores 
(P=0.007) and creatinine (P=0.043), and showed a positive relationship with NT-proBNP 
levels (P<0.001) and diastolic blood pressure (P=0.002). Circulating adiponectin levels 
did not significantly associate with left ventricular ejection fraction (LVEF) or infarct size. 
Placebo and metformin groups were well-balanced and metformin treatment had no effect 
on plasma glucose levels. We observed a significant lowering of adiponectin levels following 
4 months of metformin treatment compared to placebo (-629 versus -166, respectively; 
P=0.026). 

Conclusion.  Treatment with metformin lowered circulating adiponectin levels. Our results 
do not support a protective role for adiponectin in the preservation of LVEF following MI.
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INTRODUCTION

Coronary artery disease (CAD) and myocardial infarction (MI) are prevalent and account for 
substantial morbidity and mortality in the western world. In the last decades, risk factors for 
CAD and MI have been identified, and effective treatments have been developed that target 
and modify these factors, such as anti-hypertensive and lipid lowering drugs. However, 
important and emerging risk factors are obesity and metabolic syndrome that are not only 
associated with the pathogenesis of cardiovascular disease, but also implicated in new 
onset heart failure, and are currently not adequately targeted. 

Adiponectin is the most abundant adipokine secreted by adipocytes and has established 
insulin-sensitizing effects and anti-atherogenic capacity, as well as direct cardioprotective 
properties, including protection against ischemic, apoptotic, and hypertrophic factors (1,2). 
Evidence from epidemiological studies implicate a favorable cardiovascular risk profile with 
high adiponectin. Low concentrations of adiponectin have been observed in obesity (3), 
type II diabetes (4), and metabolic syndrome (5), and further, are associated with increased 
risk for CAD (6,7) and myocardial infarction (8,9). Moreover, elevated adiponectin levels in 
healthy, middle-aged individuals correlated with improved left ventricular (LV) structure and 
function (10-12), supporting the notion that adiponectin affords cardioprotection. However, 
paradoxical findings have been reported in patients with prevalent heart failure and known 
CV disease, as high levels of circulating adiponectin have been associated with poorer 
prognosis (13-16).  

Only relatively few studies have addressed the role of adiponectin in CAD, and data on 
the association between this adipokine on LV function and remodeling are lacking. The 
GIPS-III trial was designed to assess the efficacy of metformin, an oral anti-diabetic drug, 
on LV ejection fraction (LVEF) in patients presenting with ST segment elevation myocardial 
infarction (STEMI) and treated with primary percutaneous coronary intervention (PCI). The 
aim of this substudy was to elucidate the relationship between adiponectin concentration, 
measured during the acute phase and at 4 months post MI, and LV function and remodeling. 
We also investigated the effect of metformin treatment on this relationship.

METHODS

Study design
This study is a post-hoc sub-analysis of the Glycometabolic Intervention as adjunct to 
Primary Percutaneous Intervention in ST Elevation Myocardial Infarction (GIPS)-III Trial. The 
GIPS-III trial is a prospective, single center, randomized, double-blind, placebo-controlled 
study designed to evaluate the efficacy of metformin treatment on preservation of LVEF 
in patients presenting with STEMI without diabetes. The design and outcomes have been 
previously reported (17,18). Briefly, consecutive patients with a first STEMI who were 
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admitted to the University Medical Center Groningen between January 1, 2011, and May 
26, 2013, were eligible for this trial. All patients received standard medical treatment for a 
STEMI, including dual anti-platelet therapy, statin, beta blocker, and an ACE inhibitor, unless 
contraindicated. Inclusion criteria included age of 18 years or more, and the presence of 
STEMI for which primary PCI was performed with implantation of a minimum of one stent 
of a 3.0 mm diameter. Patients were considered ineligible based on previous myocardial 
infarction, known diabetes mellitus, severe renal dysfunction (defined as eGFR < 30 mL/
min), candidacy for coronary artery bypass graft surgery, contraindications for magnetic 
resonance imaging (MRI), as well as an inability to comply with the study protocol and 
failure to provide informed consent. 

This study complies with the Declaration of Helsinki and was approved by the local medical 
ethics committee (Groningen, The Netherlands). 

Study procedures
The study procedures have been described in detail (17,18). During the primary PCI 
procedure, 380 patients provided verbal consent (1 withdrew), and immediately following 
coronary intervention, were randomly assigned in a 1:1 ratio to receive either metformin 
hydrochloride (500 mg) or a visually-matching placebo, both administered twice daily. The 
study medication was initiated immediately upon arrival at the Coronary Care Unit (CCU), 
and the first dose was administered within 3 hours of PCI. Written informed consent was 
provided during the first day after primary PCI.

Following admission to the CCU, blood pressure and heart rate were measured, body weight 
and height were self-reported, and body mass index (BMI) was calculated. A detailed history 
that included cardiovascular risk profile was obtained from the patient. Blood was sampled 
during PCI for assessment of regular chemistry and markers of interest. Standard chemistry 
measures included blood glucose, glycated hemoglobin (HbA1c), insulin, creatinine, 
and lipid profile, as well as NT-proBNP, troponin, and creatine kinase (CK). All patients 
were prescribed standard medication according to current guidelines, offered cardiac 
rehabilitation programs, as well as received counseling on diet, smoking, and lifestyle 
modification. Patients were assessed at baseline and at 4 months following discharge. 
Standard and specialized laboratory assessments were repeated at 4 months.

Cardiac magnetic resonance imaging 
The primary efficacy measure of the GIPS-III was LVEF determined by MRI at 4 months post 
infarction. Cardiac MRI was performed with a 3.0 Tesla whole-body MRI scanner (3 T Achieva, 
Philips, Best, The Netherlands) at the NeuroImaging Center, Groningen, The Netherlands. 
To assess LVEF, endocardial and epicardial borders were identified and traced in captured 
end-systolic and end-diastolic images. MRI data were evaluated by an independent 
core laboratory, Image Analysis Center, VU University Medical Center, Amsterdam, The 
Netherlands, and were blinded for randomization status and clinical patient data. 
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Measurement of adiponectin
Blood samples for adiponectin were obtained during PCI from the femoral vein, collected into 
EDTA tubes, and were immediately centrifuged, aliquoted, and stored at -80°C. Total plasma 
adiponectin was analysed using a commercially available enzyme-linked immunosorbent 
assay (ELISA), (Human Total Adiponectin/Acrp30 Quantikine ELISA kit; R&D Systems). The 
inter-assay precision (coefficient of variation) for the adiponectin assay was less than 7%. 

Statistical analysis 
Continuous variables are presented as means ± standard deviation (SD) for normally 
distributed data, and differences were calculated using the two-sample t-test. Non-normally 
distributed continuous data are expressed as median values [interquartile range] (IQR), and 
differences were calculated using the Wilcoxon rank-sum test. Differences in categorical 
values were calculated using Pearson’s chi-square test. The reported P-values are two-sided, 
and a P-value of < 0.05 was considered statistically significant. All analyses were performed 
using STATA version 13.1 (StataCorp, College Station, TX, USA).

RESULTS

In the GIPS-III study, the effect of 4 month metformin treatment on the primary efficacy 
end point, LVEF, was neutral (18). In this secondary analysis, the effect of metformin on 
adiponectin levels, and their association with parameters of cardiac function and remodeling 
are investigated.

Baseline characteristics of patients stratified to adiponectin levels
From 308 patients, both baseline and 4 month samples were available for plasma adiponectin 
measurement, and were considered for this sub-analysis. The mean age was 58 ± 11 years, 
and 79% were male. Adiponectin levels ranged from 2,443 to 10,024 ng/ml, with a median 
value of 5,057 (IQR: 3,325 – 7,596) ng/ml. Baseline characteristics of patients stratified by 
median adiponectin concentration are presented in Table I. Demographic data indicated 
that patients with above median adiponectin levels were more often female (P<0.001), and 
presented with lower BMI scores (P=0.007) and higher diastolic blood pressure (P=0.002). 
Plasma adiponectin levels were positively associated with NT-proBNP levels (P<0.001) and 
inversely with creatinine (P=0.043). The presence of other conventional cardiovascular risk 
factors such as hypertension or hypercholesterolemia as well as smoking habits showed 
no significant association with adiponectin levels. Patients with increased adiponectin 
levels were less likely to develop diabetes mellitus within 4 months (P=0.006). Medication 
profile at discharge was comparable for patients with above or below median adiponectin 
concentration (Supplemental Table I). Patients with below median levels of adiponectin 
more often received metformin than patients with above median levels (P=0.009; Table I).
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Table I.  Baseline Characteristics

Baseline 
adiponectin 

Baseline 
adiponectin

< median  > median
Characteristic Total (n=308) (n=154) (n=154) P value*
Demographics

Age (years) 58 (11) 57 (12) 59 (11) 0.091
Gender (% male) 243 (79%) 136 (88%) 107 (70%) <0.001

Body mass index (kg/m2) 26.6 (24.2, 
29.4)

27.4 (25.1, 
29.4)

25.5 (23.7, 
29.4) 0.007

Systolic blood pressure 
(mmHg) 133 (23) 131 (22) 136 (23) 0.050

Diastolic blood pressure 
(mmHg) 84 (15) 82 (14) 87 (15) 0.002

Heart rate (beats/min) 75 (64, 84) 73 (63, 83) 76 (67, 87) 0.063
Cardiovascular risk profile

Hypertension 87 (28%) 46 (30%) 41 (27%) 0.53
Hypercholesterolemia 190 (62%) 95 (62%) 95 (62%) 1.00
Active smoker at 
randomisation 167 (54%) 83 (54%) 84 (55%) 0.91

Diabetes mellitus within 4 
months 51 (17%) 35 (23%) 16 (11%) 0.006

Laboratory parameters
Creatinine (µmol/L) 73 (64, 82) 75 (66, 83) 71 (61, 80) 0.043
Glucose (mmol/L) 8.2 (7.0, 9.6) 8.5 (7.1, 9.7) 8.1 (7.0, 9.5) 0.23
NT-proBNP (ng/L) 74 (37, 179) 59 (32, 136) 86 (51, 238) <0.001
HbA1c (%) 5.8 (5.6, 6.0) 5.8 (5.6, 6.1) 5.7 (5.6, 6.0) 0.10
CK total (U/L) 129 (86, 207) 133 (86, 215) 126 (84, 192) 0.54
CK-MB (U/L) 16 (13, 23) 16 (13, 24) 16 (13, 22) 0.66

Adiponectin (ng/ml) 5,057 (3,325, 
7,596)

3,325 (2,443, 
4,003)

7,596 (6,072, 
10,024) <0.001

Randomisation treatment 
(metformin, %) 153 (50%) 88 (57%) 65 (42%) 0.009

Values are numbers (%) or medians (IQR) for continuous variables.  The age and blood pressure are mean ± S.D.  
P values* represent trends for low or high adiponectin.

Effect of metformin on adiponectin levels
Characteristics of patients in both the metformin and placebo groups were well-balanced in 
terms of age, gender, BMI, cardiovascular risk profile, and treatment at discharge (metformin 
group, n=153; placebo group, n=155), and these data are presented in Supplemental Table II. 
At baseline, no significant differences were observed for median adiponectin levels between 
the placebo group, 5,605 ng/ml (IQR: 3,490 – 7,643) and the metformin group, 4,503 ng/ml 
(IQR: 3,101 – 7,411) (P=0.087). Four month treatment with metformin significantly lowered 
circulating adiponectin levels compared to placebo (-629 versus -166, respectively; P=0.026) 
(Figure 1). 
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Relationship among adiponectin, metformin treatment, and left ventricular 
function
To describe the relation between adiponectin levels and metformin or placebo use, we 
divided the study population on metformin and placebo into above and below median 
adiponectin levels. Cardiac function and clinical characteristics were assessed in the acute 
phase (Table II) and at 4 months follow up (Table III).

At baseline, adiponectin concentration did not associate with the primary end point, LVEF, in 
either placebo- or metformin-treated groups (Figure 2). Further, no significant differences 
were observed for patients with above median versus below median adiponectin levels 
for other MRI parameters, including LV end-diastolic mass (LVEDM), LV end-diastolic 
volume (LVEDV), and infarct size, assessed with late gadolinium enhancement, as well as 
angiographic procedural characteristics occurring within 4 months. Clinical outcomes are 
presented, but no analyses were performed (Table II). 

Similarly, no association was observed between indices of cardiac function and remodeling 
and adiponectin levels measured at 4 months after myocardial infarction in placebo or 
metformin groups, except for LVEDM, where high adiponectin levels was found to be inversely 
correlated in patients treated with metformin. The relationship between adiponectin levels, 
measured in the placebo versus metformin group at baseline and 4 months, and LVEF and 
infarct size are shown in Figures 2 and 3, respectively. 

In further exploratory analyses, we divided subjects according to infarct size, which was 
defined using the 90th percentile as a cut-off point. Baseline adiponectin levels did not show 
any significant relation to infarct size (Figure 4A). In contrast, there was a clear relationship 
for infarct size and future LV remodeling as patients presenting with the largest infarct size 
demonstrated significantly greater increases in LVEDV compared to patients with smaller 
infarct size (P<0.001) (Figure 4B). It is therefore unlikely that  adiponectin is involved in the 
response to acute MI. 

Figure 1  
Change in plasma adiponectin concentration with 4 month metformin treatment.
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DISCUSSION

This post-hoc substudy assessed whether adiponectin levels are associated with LV 
dysfunction and remodeling in STEMI patients treated with PCI. We found no significant 
relation between circulating adiponectin levels and the primary efficacy end point, LVEF, 
in both the acute phase and during a stable time point at 4 months post MI. Further, 
adiponectin levels did not associate with other parameters of cardiac remodeling, including 
LVEDV and LV mass, nor infarct size. Metformin treatment lowered adiponectin levels at 
4 months, but this did not affect LV function, suggesting that adiponectin is not directly 
involved in post infarction remodeling. Our findings therefore do not support a protective 
role for adiponectin in the preservation of cardiac function and infarct remodeling in post 
MI patients.

Figure 2
Association between plasma adiponectin levels and left ventricular ejection fraction measured during (A) acute MI, 
and (B) at 4 months post MI, in patients randomized to placebo or metformin treatment. Adiponectin levels are 
above or below median values. Boxes are interquartile ranges.



155

6

Adiponectin, myocardial infarction, and cardiac functionChapter 6

Epidemiological studies provide evidence for a protective effect of adiponectin among 
patients at risk for atherosclerosis and cardiovascular disease. Adiponectin has established 
functions in lipid metabolism as well as insulin-sensitizing and atheroprotective properties, 
and since metabolic disorders are closely linked with cardiovascular disease pathogenesis, 
adiponectin has gained interest in this setting. An inverse relationship has been observed 
between low adiponectin levels and cardiovascular risk factors, including obesity (3), 
diabetes (5), and hypertension (19). Further, low adiponectin levels associated with multiple 
atherosclerotic lesions in coronary arteries (20), and increased the risk for CAD (6). In 
patients with known CAD, high concentrations of adiponectin correlated with a lower risk 
for MI (8), and low adiponectin was found to be associated with increased major adverse 
CV events (21).

Figure 3
Relationship between adiponectin levels and infarct size assessed in (A) acute MI, and (B) at 4 months following 
MI, in patients treated with placebo or metformin. Adiponectin levels are above or below median values. Boxes 
are interquartile ranges.
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Despite evidence implicating adiponectin as a protective modifier of cardiovascular risk, 
results are conflicting regarding patients with known CV disease, as high levels of adiponectin 
associated with increased mortality (16,22). This raises the question concerning the role of 
adiponectin in stable versus unstable CAD (14). To date, only few studies have addressed 
this role in patients who are at high risk, presenting with acute coronary syndromes or 
acute MI. Wilson et al. investigated the association between adiponectin and cardiovascular 
events in patients with acute coronary syndrome, and found that higher adiponectin levels 
independently associated with a higher risk of recurrent cardiovascular events, as well as for 
heart failure (14). In support of this finding, increased plasma adiponectin independently 
predicted all-cause and CV mortality in STEMI patients treated with primary PCI (15), 
whereas hypoadiponectinemia negatively correlated with a major adverse CV event in 
patients recruited exclusively for acute coronary syndrome (23). More recently, De Roeck et 
al. investigated the role of adiponectin in ischemia reperfusion (IR) injury in STEMI patients, 
and found that baseline total adiponectin concentration correlated with IR injury after PCI, 
however, no significant relation between adiponectin levels and major adverse CV events 
during one year follow up occurred (24). TIMI myocardial blush grade was also evaluated 
in this study, by what they defined as IR injury, but adiponectin had no relation on this 
clinical end point. Our study is underpowered to predict clinical outcome, but is sufficiently 
powered on other clinical surrogate end points, and we were able to confirm the absence of 
an effect on both TIMI flow and myocardial blush grade. 

Although a positive association between increased adiponectin and poor prognostic outcome 
has been demonstrated in high risk cohorts, most of these studies examined end points 
involving clinical outcomes of CV events. However, the relationship among adiponectin and 
parameters of cardiac function and remodeling in patients with CAD is unknown. In STEMI 

Figure 4
Assessment of left ventricular remodeling in relation to adiponectin levels. (A) Baseline adiponectin concentration 
in relation to infarct size was evaluated using the 90th percentile. (B) The effect of infarct size on left ventricular 
end-diastolic volume (LVEDV).
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patients, LV function is currently regarded as the most important predictor of morbidity and 
mortality. However, we could not establish any relation between circulating adiponectin 
and LV function after acute MI, which was assessed with cardiac MRI, a well-established 
measure of cardiac function. In addition, no relation among infarct size, or other indices of 
cardiac remodeling was observed, either in the acute phase or at 4 months follow up. These 
findings are in contrast to that in healthy individuals where high circulating concentrations of 
adiponectin were inversely and independently related to echocardiographic determinants 
of LV hypertrophy (10,12), and in preclinical studies, which demonstrated protective effects 
for adiponectin against the development of systolic dysfunction and loss of myocytes 
following MI (25).  

Based on our functional assessment with MRI, adiponectin appears to be acting on other 
processes not related to myocyte function or myocardial geometry, and therefore, other 
clinical end points may need to be considered. Adiponectin exerts protective effects not 
only in the heart, but also within the vasculature (26), thus it may be exerting a regulatory 
role in cardiac injury by modulating anti-inflammatory processes, endothelial dysfunction, 
or vascular remodeling (27), which need to be assessed clinically. It has also been postulated 
that adiponectin influences plaque stability since low plasma adiponectin strongly predicted 
vulnerable plaques (28). 

In this study, we show that treatment with metformin lowers circulating adiponectin levels. 
Evidence suggests that metformin has favorable efficacy in heart failure (29), as well as on 
LV function and remodeling following MI (30,31). However, the GIPS-III trial demonstrated 
that metformin intervention in STEMI patients was neutral with regard to this outcome 
(18). Lowering of adiponectin after 4 months metformin treatment had no significant 
effect on LVEF, infarct size, or remodeling, suggesting that adiponectin is not an acute 
responder in MI. Interestingly, rapid declines in adiponectin levels after acute MI negatively 
correlated with plasma CRP, indicating that hypoadiponectinemia is associated with an 
increased inflammatory response in acute myocardial ischemia (32). This would suggest 
that the lowering effect of metformin on adiponectin may be disadvantageous. It is not 
clear why adiponectin levels are significantly decreased by metformin treatment, which is 
in contrast to studies conducted in diabetic subjects where circulating adiponectin levels 
are unaltered (33,34). Metformin and adiponectin display several overlapping functions, 
including regulation of insulin sensitivity via AMPK activation (27), thus metformin may act 
on adipose tissue to suppress adiponectin production. 

Limitations.  Three isoforms for adiponectin exist, however, the immunoassay used in this 
study only assessed total adiponectin levels, and therefore assessment of different molecular 
isoforms may indicate different clinical outcomes. The follow up period of 4 months was 
too short to establish whether adiponectin concentration has prognostic implications on 
cardiovascular risk, or predicts major adverse CV events and mortality. Our results are 
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confined to a highly selected population representing first time STEMI patients.

Conclusions.  In this study, we show that measurement of circulating adiponectin 
concentrations in acute MI and at 4 month follow up do not associate with LV function, 
obtained by MRI, and that no relationship exists among adiponectin, infarct size, and 
cardiac remodeling. Pharmacological modulation of adiponectin levels with metformin had 
no further effect on LV function, so collectively, these data strongly suggest that adiponectin 
is not exerting a cardioprotective role. These findings, however, do not preclude a role for 
adiponectin in mediating other processes related to, for example, inflammation, endothelial 
dysfunction, and plaque stability. 
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Supplemental Table I.  Medication History at Discharge

Baseline adiponectin Baseline adiponectin
< median  > median

Characteristic Total (n=308) (n=154) (n=154) P value*
Aspirin 301 (98%) 151 (98%) 150 (97%) 0.70
Clopidogrel 221 (72%) 116 (75%) 105 (68%) 0.16
Prasugrel 4 (1.3%) 2 (1.3%) 2 (1.3%) 1.00
Ticagrelor 83 (30%) 36 (23%) 47 (31%) 0.16
Coumarine 15 (5%) 5 (3%) 10 (7%) 0.19
Beta-blocker 295 (96%) 146 (95%) 149 (97%) 0.40
ACE-inhibitor or ARB 246 (80%) 123 (80%) 123 (80%) 1.00
Calcium-channel blocker 9 (3%) 4 (3%) 5 (3%) 0.74
Aldosterone receptor antagonist 30 (10%) 16 (10%) 14 (9%) 0.70
Diuretics 6 (2%) 1 (1%) 5 (3%) 0.099
Statins 306 (99%) 154 (100%) 152 (99%) 0.16
Insulin 3 (1.0%) 2 (1.3%) 1 (0.6%) 0.56
Oral antihyperglycemic drugs 3 (1.0%) 1 (0.6%) 2 (1.3%) 0.56

Values are numbers (%) or medians (IQR) for continuous variables. P values* represent trends for high or low 
adiponectin.  
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Supplemental Table II.  Effect of Metformin Treatment Compared with Placebo

Placebo Metformin
Characteristic (n=155) (n=153) P value*
Baseline demographics

Age (years) 59 (11) 57 (12) 0.24
Gender (% male) 118 (76%) 125 (82%) 0.23
Body mass index at baseline (kg/m2) 26.8 (24.4, 29.4) 26.5 (24.2, 29.4) 0.76
Systolic blood pressure (mmHg) 133 (23) 134 (22) 0.67
Diastolic blood pressure (mmHg) 84 (15) 85 (15) 0.35

Cardiovascular risk profile
Hypertension 46 (30%) 41 (27%) 0.53
Hypercholesterolemia 104 (67%) 86 (56%) 0.049
Current smoking 78 (50%) 89 (58%) 0.17
Cerebrovascular accident 1 (0.6%) 1 (0.7%) 0.99
Previous PCI 3 (1.9%) 1 (0.7%) 0.32

Laboratory parameters
Creatinine at baseline (µmol/L) 73 (64, 80) 72 (62, 85) 0.85
Creatinine at 4 months (µmol/L) 80 (72, 89) 79 (70, 87) 0.56
HbA1c at baseline (%) 5.8 (5.6, 6.0) 5.8 (5.6, 6.1) 0.80
HbA1c at 4 months (%) 5.9 (5.7, 6.1) 5.9 (5.6, 6.1) 0.11
CK total at baseline (U/L) 123 (82, 183) 133 (91, 246) 0.065
CK total at 4 months (U/L) 89 (77, 115) 59 (52, 84) 0.29
Glucose at baseline (mmol/L) 8.1 (7.0, 9.6) 8.2 (7.0, 9.5) 0.93
Glucose at 4 months (mmol/L) 5.6 (5.2, 6.1) 5.6 (5.1, 6.2) 0.69
NT-proBNP at baseline (ng/L) 68 (36, 177) 74 (37, 183) 0.81
NT-proBNP at 4 months (ng/L) 166 (74, 355) 165 (69, 389) 0.56
Adiponectin at baseline (ng/mL) 5,605 (3,490, 7,643) 4,503 (3,101, 7,411) 0.087
Adiponectin at 4 months (ng/mL) 4,941 (3,120, 7,354) 4,060 (2,343, 6,409) 0.012

Concomitant therapies at discharge
Beta blocker 152 (98%) 143 (94%) 0.045
ACE inhibitor or ARB 116 (75%) 130 (85%) 0.027
Aldosterone receptor antagonist 11 (7%) 19 (12%) 0.12
Diuretics 2 (1%) 4 (3%) 0.40
Statins 154 (99%) 152 (99%) 0.99
Insulin 1 (1%) 2 (1%) 0.55

 Oral anti-hyperglycemic drugs 2 (1%) 1 (1%) 0.57

Values are numbers (%) or medians (IQR) for continuous variables.  The age and blood pressure are mean ± S.D. P 
values* represent trends. 
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Liver X receptors (LXRs) have been extensively studied in various organ systems for 
their function as transcriptional regulators of cholesterol homeostasis, glucose and lipid 
metabolism, and inflammatory and immune responses. The most well described effects 
of LXRs are on the reverse cholesterol transport system where LXR activation facilitates 
the removal of cholesterol from peripheral tissue, rendering them attractive targets in 
cardiovascular disease.

To date, little is known regarding the role of LXRs in the heart. Studies performed in LXRα 
knockout mice and pharmacological activation of LXRs with a non-selective agonist, T09, 
implicate LXRs in the protection against pathological cardiac hypertrophy (1,2). However, 
both of these approaches are confounded by systemic entities given residual effects from 
whole-body deletion of LXRα (3), as well as off-target LXR activity, which include lipogenic 
(4), anti-inflammatory (5), and blood pressure lowering (6) effects. This thesis thus sought 
to investigate the heart-specific effects of LXRα activation in cardiac pathophysiology. We 
hypothesized that cardiac LXRα would attenuate the development of cardiac hypertrophy 
and protect against cardiac dysfunction in an intrinsic, heart-specific manner. To this end, 
we used a transgenic approach to generate mice with cardiac-restricted overexpression of 
the murine NR1H3 gene encoding LXRα, described in Chapter 3. 

Cardiac LXRα transgenic mouse model
The magnitude of left ventricular (LV) overexpression of LXRα protein achieved in our 
transgenic (LXRα-Tg) mice was nine-fold compared to transgene-negative littermates (Wt). 
This level of induction is indeed representative of a physiological range since pathological 
stimuli, such as chronic pressure overload (Chapter 4) and ischemia/reperfusion injury (7), 
trigger a similar increase in cardiac LXRα protein expression as displayed in LXRα-Tg mice. 
Further, the LXRα transgene resulted in functionally active LXR since known target genes 
were upregulated. Since we hypothesized that LXRα is anti-hypertrophic, we assessed 
evidence for a basal “atrophic” phenotype. However, cardiac LXRα overexpression only 
led to a slight reduction in LV mass of around 6-8%, but overall, gross cardiac morphology 
and function were unaffected in young and aging LXRα-Tg mice. Further extensive studies 
conducted in these mice disclosed a prominent metabolic phenotype of increased 
myocardial glucose uptake, as well as a trend toward increased fatty acid (FA) oxidation and 
myocardial leanness (Chapter 3). The latter is in contrast to synthetic LXR agonism, which 
caused increased myocardial lipid accumulation (8).

Cardiac LXRα overexpression protects against pathological cardiac hypertrophy 
and dysfunction
To investigate whether heart-specific LXRα overexpression is cardioprotective, LXRα-Tg mice 
were subjected to various hypertrophic perturbations. Herein, we show that, irrespective of 
the trigger or stimulus, constitutive LXRα activation consistently attenuated the development 
of pathological LV hypertrophy induced by transverse aortic constriction (TAC), angiotensin 
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(Ang) II stimulation (Chapter 3), as well as a metabolic challenge imposed by high fat diet 
(HFD)-induced obesity and insulin resistance (Chapter 5). From these observations we draw 
several conclusions. First, by circumventing confounding systemic factors of LXR activation, 
we establish that the beneficial effects conferred by LXRα are indeed heart-specific. Second, 
LXRα overexpression resulted in an attenuation of adverse myocardial remodeling processes 
that included cardiomyocyte hypertrophy and fibrosis, as well as prevention of cardiac 
dysfunction. Third, since diverse forms of stress, such as chronic increases in afterload, 
neurohormonal activation, and metabolic disturbances, induce hypertrophic growth via 
a multitude of signal transduction pathways and transcriptional activators, we infer that 
LXRα converges on a nexus of common, overlapping growth signals in the attenuation of 
hypertrophy, rather than antagonize distinct pathways specific for a given stimulus. 

Mechanism of action
Our LXRα transgenic mouse model provided several novel insights into LXR functioning in 
the myocardium. In LXRα-Tg hearts, gene array profiling uncovered a regulatory role for 
LXRα in several metabolic pathways, including glucose and FA metabolism, and microPET 
imaging revealed a strong propensity for cardiac glucose uptake. In addition, natriuretic 
peptides, ANP and BNP, were strongly induced with cardiac LXRα overexpression, which, 
in concert with enhanced glucose reliance, recapitulate the fetal heart. We investigated 
this phenomenon further in the context of chronic pressure overload (Chapter 3) and 
obesity-induced type II diabetes (Chapter 5) where myocardial metabolism is known to be 
dysregulated.

Studies of cardiac metabolism implicate enhanced glucose reliance in the protection against 
pathological hypertrophy and heart failure (9-12). Our studies indicate that mice deficient 
for LXRα have impaired myocardial glucose uptake capacity in response to hypertrophic 
perturbation, whereas cardiac LXRα overexpression substantially increased glucose uptake 
levels that associated with improved functional outcome (Chapter 3), suggesting that cardiac 
LXRα orchestrates an adaptive metabolic response to hypertrophic stress. Further, we show 
that elevated glucose uptake levels are sustained by myocardial LXRα overexpression despite 
obesity-induced systemic insulin resistance and hypertriglyceridemia, stimuli that impede 
the capacity for glucose uptake (Chapter 5). Since both the diabetic heart and failing heart are 
prone to the development of cardiac insulin resistance (13,14), LXRα may therefore serve as 
an important tool in sensitizing the heart to glucose under these conditions. Inasmuch, the 
long-term consequences of LXRα-mediated glucose uptake and utilization require further 
evaluation, for example in the failing heart where myocardial metabolism is dysregulated 
as a result of impaired substrate usage and mitochondrial dysfunction. With heart failure, 
there is a chronic reduction in FA oxidation due to downregulation of PPARα, which leads 
to cardiac dysfunction via insufficient production of myocardial ATP. Mitochondrial function 
is unperturbed in hypertrophic LXRα-Tg hearts, and interestingly, FA oxidation rates are 
moderately increased (Chapter 3, Supplement). Whether this bears any significance on 
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improving mitochondrial energetics in heart failure warrants further assessment.

Further, in Chapters 3 and 5, we observed induction of natriuretic peptide expression by 
cardiac LXRα, which may be, in large part, at the basis of the anti-hypertrophic effects of 
LXRα. Regulation of ANP and BNP by LXRα is complex as we provide evidence for both an 
indirect effect via glucose-O-GlcNAc-dependent signaling (Chapter 3), as well as through 
direct interaction with a putative LXR response element, or LXRE, in the promotor region of 
ANP/BNP (Chapter 5).

To unravel the relationship between LXRα and natriuretic peptides, we performed further 
mechanistic studies. Firstly, nutrient signals from altered glucose homeostasis triggers gene 
transcription through glycosylation of transcription factors (15). In LXRα-Tg hearts, increases 
in glycolytic metabolism relative to glucose oxidation led to activation of the hexosamine 
biosynthesis pathway (HBP), an ancillary pathway of glycolysis, and downstream increases 
in protein O-GlcNAcylation. We further found GATA4 and Mef2c, transcriptional activators 
of natriuretic peptides, to be glycosylated, which establishes the link between glycolysis and 
modulation of natriuretic peptides, ANP and BNP. In broader schemes, these data highlight 
the importance of energy-independent signaling pathways of glycolysis in pathological 
cardiac hypertrophy, and emphasize the need for future studies that further elucidate 
O-GlcNAc targets effectual in cellular function and survival. Secondly, we implemented 
bioinformatical screening tools in Chapter 5 to locate conserved LXRE sequences in the ANP/
BNP promoter region. In chromatin immunoprecipitation assays, we found LXRα to physically 
interact with this region, indicating that LXRα modulates natriuretic peptide expression in a 
direct manner, and show, for the first time, heart-specific gene targets for LXR. 

Genetic versus pharmacological LXR activation
In Chapter 4, we tested a novel, high-affinity LXR agonist, AZ876 (AstraZeneca, MöIndal, 
Sweden), for its efficacy in pathological cardiac hypertrophy and remodeling. Using the 
established TAC model as described in Chapter 3, we demonstrate that preventative 
treatment with AZ876 protected against cardiac hypertrophy, and that adverse fibrotic 
remodeling and deterioration of heart function were more progressive in untreated versus 
AZ876-treated mice. The advantage of AZ876 over first-generation compounds, such as T09 
and GW3965, is that it is more selective for LXRs with respect to other nuclear receptors 
(16), and chronic administration does not incur adverse lipogenic side effects or affect blood 
pressure, suggesting that the effects of AZ876 agonism on the heart are more specific. In 
further support of this notion, our in vitro studies indicate that LXR activation with AZ876 
exerts cell-specific effects on cardiomyocytes and cardiac fibroblasts, reducing cellular 
hypertrophy and preventing collagen synthesis, respectively. 

Taken together, applying both genetic and pharmacological approaches to evaluate the 
role of LXRα in the heart increases our understanding of its heart-specific effects, and 
provides further evidence to support a protective function for LXR in pathological cardiac 
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hypertrophy. However, our findings also disclose several discrepancies regarding these 
approaches in activating LXR in cardiac pathophysiology. One of the primary differences 
between LXRα overexpression and ligand activation involves the transcriptional profile of 
several key genes implicated in cardioprotection. Constitutive LXRα activation upregulated 
genes encoding the glucose transporters, Glut1 and Glut4, as well as the abovementioned 
natriuretic peptides, ANP and BNP, whereas this was not apparent with chronic LXR agonism. 
It is plausible that LXR agonism may exert transient effects on gene transcription since other 
studies have demonstrated that the effect of pharmacological LXR activation on, for example, 
Glut4, occurs within the first hours of treatment, but subsides with chronic stimulation (17). 
Also, differences in isoform activity may contribute to the observed discrepancies as LXRα 
is fully induced (and active) with cardiac-specific overexpression, whereas AZ876, a dual 
partial agonist, only partially activates LXRα.

Importance of LXRα in the hypertrophic disease process
As a potential therapeutic target, it is important to establish when, during the remodeling 
process, LXRα plays a role – in the initial stages of the disease, the compensated phase of 
hypertrophy, or in the decompensated or failure stage. 

Our primary aim was to examine the effect of LXRα on pathological cardiac hypertrophy, 
therefore, in Chapters 3 and 4, we chose for an intervention that produced relatively 
compensated hypertrophy with structural remodeling, and conducted our murine TAC 
experiments over a period of five to six weeks; hearts generally develop failure with longer 
durations of eight weeks or more (18). Overt heart failure, on the other hand, is characterized 
by eccentric LV remodeling with dilatation of the LV, and severe dysfunction, and is further 
complicated by several pathological responses such as renal impairment, ascites, and 
pulmonary edema, which altogether confound the evaluation of hypertrophy in the heart.

We also examined the effect of LXRα activation at an early time point one week post TAC 
(Chapter 3, Supplement), which is characterized by acute processes such as inflammation 
and apoptosis. Development of cardiac hypertrophy at this time point was attenuated in 
LXRα-Tg hearts, including molecular determinants of hypertrophy, inflammation, and 
apoptosis. Whether LXRα is protective in the failing heart remains to be established, and 
pharmacological reversal studies need to be performed to further evaluate the therapeutic 
potential of LXRα. Nevertheless, as discussed in Chapter 2, the ideal window of opportunity 
for therapeutic intervention in heart failure pathogenesis is in the relatively early stages 
when cardiac remodeling is still largely reversible, and our preclinical data suggest that LXRα 
is a viable target during this phase. 

Future perspectives
Translating these basic findings from cardiac-restricted LXRα overexpression studies 
to desired outcomes in clinical settings requires genetic manipulations such as gene 
therapy, which would be the most applicable technique for increasing LXRα expression in 
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patient hearts. However, the current status regarding gene therapy is that it is a high risk 
treatment option, and its safety and effectiveness remains unproven. Thus, bridging the 
gap between preclinical studies and a clinically viable therapeutic strategy most likely lies 
in the development of highly specific and selective LXR ligands that minimize lipogenic and 
neurological side effects, and are well tolerated in clinical trials. 

Limiting the range of LXR signaling is achieved through selectivity regarding isoform- and 
tissue-specificity, and different co-repressor/co-activator combinations. Much of the current 
interest in developing suitable compounds is channeled towards designing LXRβ-specific 
ligands that target induction of the reverse cholesterol transport pathway in atherosclerotic 
disease, and circumvent the hepatic lipogenic signaling pathways mediated primarily by 
LXRα (19). However, the challenge with isoform-specific agonists is that there are very 
minor differences in the ligand binding domain of LXRα and LXRβ (20). Many of the second-
generation LXR compounds are therefore partial agonists in that they increase the affinity 
of LXRs to both co-activators and co-repressors, whereas first-generation agonists fully 
release co-repressors from the LXR/RXR heterodimer complex, fully activating LXRα. Our 
studies with AZ876, a dual partial agonist, indicate that a ligand of this class was effective in 
attenuating cardiac hypertrophy and fibrosis (Chapter 4). Although LXRα and LXRβ appear 
to act in a functionally redundant manner in several cellular processes, there may, however, 
be isoform-specific differences in limiting a certain process. In the heart, there is mounting 
evidence to suggest that LXRα and LXRβ respond differently to various pathological stimuli, 
and that LXRα is the more responsive isoform for protection against myocardial infarction 
(7), pathological hypertrophy (1,2) (Chapter 4) as well as in streptozotocin-induced diabetes 
(21). Therefore, the ideal agonist in treating cardiac disease may favor stronger activation 
of LXRα over β. 

A strategy to exclusively target LXR pathways in a given cell, or tissue, such as in the heart, is 
to modulate the LXR co-regulatory transcriptional complex, which impacts its DNA-binding 
and transcriptional activity. The recruitment of different co-regulatory proteins has been 
suggested to contribute to tissue-specific responses (22,23), and the final effect of a given 
agonist depends on the relative availability of certain co-activators and co-repressors in a 
given cell (24). The cardiac LXRα transgenic mouse model may represent a good starting 
point to evaluate the co-factor profile and determine which co-regulators are co-induced 
with cardiac LXRα overexpression. We have observed, for example, that the co-activator, 
Pgc1a, is substantially upregulated in LXRα-Tg hearts.

As discussed at the beginning of this thesis, we now understand that LXRα is a pleiotropic 
factor, exerting both systemic and myocardial-specific effects, and thus a plausible target 
in heart failure pathogenesis (reviewed Chapter 2). LXR activation may be beneficial 
in targeting a multitude of co-morbidities such as atherosclerosis and vascular disease, 
diabetes, and renal disease, as well as distinct myocardial pathologies related to myocardial 
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infarction, cardiac hypertrophy, and diabetic cardiomyopathy. So, although there are many 
opportunities to target LXRs system-wide, when considering an LXR agonist, unfortunately 

“one size does not fit all.” Instead, what we may envision for the future is a repertoire of 
LXR agonists tailored to various diseased states, where, for example, a dual partial agonist 
may suffice in treating systemic co-morbidities and still have efficacy in the heart, whereas 
a tissue-selective LXR agonist with high affinities for cardiac LXRα may be more suitable for 
treating myocardial disease.  
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SUMMARY

Heart failure is one of the leading causes of mortality worldwide, and cardiac hypertrophy 
is an independent risk factor for heart failure development. Cardiac hypertrophy occurs due 
to stress or injury to the heart, such as hypertension, increased neurohumoral activation, 
and myocardial infarction. To compensate, the heart undergoes remodeling, a process that 
is initiated via molecular, cellular, and interstitial changes that structurally and functionally 
alter the myocardium. However, with unremitted stress, cardiac remodeling becomes 
maladaptive, perpetuating the progression toward cardiac dysfunction and heart failure. 

A hallmark of the remodeling process is the alteration in myocardial metabolism as the 
heart reverts to increased glucose utilization that is characteristic of the fetal heart. Studies 
of cardiac metabolism implicate enhanced glucose reliance in the protection against 
pathological hypertrophy and heart failure. Currently, there are no metabolic modulators 
that are part of the guideline-based therapy for heart failure. Despite the success of current 
pharmacological strategies which aim to reduce hemodynamic afterload and growth 
through antagonism of the renin-angiotensin-aldosterone system and beta-blockade, heart 
failure remains nonetheless elusive. Interventions in metabolic remodeling thus represent 
a promising therapeutic adjunctive for targeting pathological hypertrophy and heart failure 
development. 

Liver X receptors (LXRs) are nuclear receptors that have emerged as important therapeutic 
targets in cardiovascular disease given their atheroprotective and anti-inflammatory 
functions. LXRs also play a central role in lipid and glucose metabolism. Although it has been 
suggested that pharmacological LXR activation may protect the heart, lipogenic side effects 
of current LXR agonists preclude their clinical applicability, while the heart-specific effects 
of LXRs in cardiac pathophysiology and metabolism remain largely unknown. The aim of 
this thesis (chapter 1) was to investigate the cardiac-specific effects of LXRα activation 
in pathological hypertrophy, and further establish a cardioprotective role for LXRs in the 
pathogenesis of heart failure. 

In chapter 2, we reviewed current evidence regarding the broad mode of action of LXRs and 
postulated that LXR activation may be both an important local and systemic target in heart 
failure development. Multiple co-morbidities impact the pathogenesis of this syndrome, 
and numerous studies demonstrate protective mechanisms for LXRs in several of these 
co-morbidities, including vascular and kidney disease, diabetes, and hypertension. In the 
heart, recent data implicate a beneficial role for LXR activation in myocardial infarction and 
diabetic cardiomyopathy, altogether, supporting the notion that LXRs are an integrative, 
pleiotrophic target with therapeutic potential for intervening in heart failure. 
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In chapter 3, we used a transgenic approach to selectively overexpress LXRα in murine 
hearts, and demonstrate that the cardioprotective effects of LXRα are indeed heart-specific 
in the attenuation of cardiac hypertrophy, myocardial fibrosis, and dysfunction. LXRα 
transgenic mice were protected from diverse hypertrophic perturbations, such as chronic 
pressure overload and angiotensin II stimulation. Gene profiling analyses uncovered novel 
roles for LXRα in several metabolic pathways, including glucose and fatty acid metabolism, 
and microPET imaging studies disclosed a strong propensity for cardiac glucose uptake. 
Moreover, in response to hypertrophic stress, LXRα overexpression markedly enhanced the 
capacity for glucose uptake, whereas this adaptation was impaired in LXRα-deficient mice. 
Further, cardiac LXRα promoted energy-independent utilization of glucose by activating 
the hexosamine biosynthesis pathway, resulting in downstream O-GlcNAc modification 
of transcription factors inducing natriuretic peptide expression, which we identified as a 
putative end effector of LXRα-mediated anti-hypertrophic effects in the heart. 

Pharmacological studies were conducted in chapter 4 to further elucidate the role of LXR in 
the heart. A novel high-affinity LXR agonist, AZ876, was tested for its efficacy in pathological 
cardiac hypertrophy and remodeling. The advantage of AZ876 over first-generation 
compounds is that it is more selective for LXRs with respect to other nuclear receptors. 
In a murine model of pressure overload, preventative treatment with AZ876 protected 
against cardiac hypertrophy, and fibrotic remodeling and deterioration of heart function 
were less progressive in AZ876-treated versus untreated mice. Importantly, this occurred 
independently of blood pressure or adverse lipogenic side effects, suggesting that the 
effects of AZ876 agonism on the heart are more specific. These data are further supported 
by in vitro studies indicating cell-specific effects for AZ876 on cardiomyocytes and cardiac 
fibroblasts. 

In chapter 5, we extended upon our observations in chapter 3 that LXRα mediates alterations 
in glucose metabolism in the adaptation to hypertrophic stress. Since myocardial energy 
metabolism is dysregulated in diabetes, we evaluated the consequences of high fat diet-
induced obesity in LXRα transgenic mice. We found that cardiac LXRα nonetheless sustained 
increases in glucose uptake, despite systemic insulin resistance and hypertriglyceridemia. 
Since both the diabetic heart and failing heart are prone to the development of cardiac 
insulin resistance, we conclude that LXRα may serve as an important tool in sensitizing the 
heart to glucose under these conditions.

Finally, the aim of chapter 6 was to investigate metabolic markers in a clinical setting. 
Adiponectin is an adipokine with established insulin-sensitizing and anti-atherogenic 
properties. In a sub-analysis of the GIPS-III trial, we aimed to describe the relation between 
circulating adiponectin levels and left ventricular function and remodeling after myocardial 
infarction in patients treated with metformin or placebo. However, our results indicated 
that adiponectin did not associate with these parameters. 
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In summary, we show that, irrespective of the trigger or stimulus, constitutive LXRα 
activation consistently attenuated the development of pathological cardiac hypertrophy 
induced by pressure overload, angiotensin II stimulation, as well as high fat diet-induced 
obesity. Our LXRα transgenic mouse model provided several novel insights into LXR 
functioning in the myocardium. Overall, LXRα appears to be a key cardiac transcriptional 
regulator that mediates an adaptive metabolic response to pathological cardiac stress. 
Cardiac LXRα overexpression induced natriuretic peptide expression, which, in concert with 
enhanced glucose reliance, recapitulate the fetal heart. Since there is increased interest 
among pharmaceutical industries in developing metabolic modulators in general, as well 
as highly selective LXR agonists in particular, these findings have potential and substantial 
translational importance.
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NEDERLANDSE SAMENVATTING

Hartfalen is wereldwijd één van de belangrijkste oorzaken van sterfte. Cardiale hypertrofie is 
een onafhankelijke risicofactor voor het ontwikkelen van hartfalen en daarom een belangrijk 
onderwerp van studie. Cardiale hypertrofie ontstaat na schade of langdurige drukbelasting, 
zoals hypertensie, toegenomen neurohormonale activatie of een myocardinfarct. Om 
hiervoor te compenseren ondergaat het hart “remodelering”, een proces dat wordt 
geïnitieerd via moleculaire, cellulaire en interstitiële veranderingen die het hart zowel 
structureel als functioneel veranderen. Echter, wanneer het hart onderhevig blijft aan hoge 
belasting, wordt een punt bereikt waarop het geremodeleerde hart niet meer kan voldoen 
aan de vraag, waardoor uiteindelijk cardiale dysfunctie en hartfalen zal optreden. 

Ondanks het succes van de huidige farmacologische strategieën die gericht zijn op het 
reduceren van de afterload, door remming van het renine-angiotensine-aldosteron 
systeem en bèta-blokkade, blijft hartfalen een moeilijk te behandelen ziekte. Een belangrijk 
kenmerk van cardiale remodelering is verandering van het myocardiale metabolisme, 
dat terugkeert naar glucose gebruik wat ook in het foetale hart de dominante bron van 
energie is. Studies van het cardiale metabolisme hebben gesuggereerd dat een toename 
van glucose beschermend is tegen pathologische hypertrofie en hartfalen. Op dit moment 
maken modulators van het metabolisme echter (nog) geen deel uit van de, op richtlijnen 
gebaseerde, therapie voor hartfalen. Interventies in de metabole remodelering zijn dus een 
veelbelovende toevoeging voor de behandeling van pathologische hypertrofie en hartfalen. 

Lever X receptoren (LXRs) zijn nucleaire receptoren die als veelbelovende therapeutische 
doelwitten gelden in cardiovasculaire ziekte gezien hun atheroprotectieve en anti-
inflammatoire werking. LXRs spelen daarnaast ook een centrale rol in het lipiden en glucose 
metabolisme. Hoewel gesuggereerd is dat farmacologische activatie van LXR het hart 
beschermt, belemmeren de lipogene bijwerkingen van de huidige LXR agonisten klinische 
toepasbaarheid, terwijl de effecten van LXRs in cardiale pathofysiologie en metabolisme 
grotendeels onbekend blijven. Het doel van dit proefschrift (hoofdstuk 1) was om de hart-
specifieke effecten van LXRα activatie in pathologische hypertrofie te onderzoeken en om 
de cardioprotectieve rol van LXRs in de pathogenese van hartfalen verder te bestuderen. 

In hoofdstuk 2 hebben we de huidige studies met betrekking tot het brede 
werkingsmechanisme van LXRs geëvalueerd en hieruit maakten wij op dat activatie van 
LXRs zowel een belangrijk lokale als systemische factor bij de ontwikkeling van hartfalen 
kan zijn. Meerdere comorbiditeiten hebben invloed op de pathogenese van dit syndroom, 
en verschillende studies hebben de beschermende werking van LXR aangetoond in deze 
comorbiditeiten, met inbegrip van vasculaire ziekte, nierziekte, diabetes en hypertensie. 
Recente data laten zien dat LXR activatie in het hart een gunstige werking kan hebben, 
bijvoorbeeld bij een myocardinfarct en diabetische cardiomyopathie. Wanneer we alle 
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gegevens samennemen, ondersteunen deze de opvatting dat LXRs kunnen dienen als 
overkoepelende, pleiotrope factoren met voldoende therapeutisch potentieel voor 
behandeling voor hartfalen.  

In hoofdstuk 3 hebben we een transgene benadering gebruikt leidend tot selectieve 
overexpressie van LXRα in muizenharten en hebben aangetoond dat de cardioprotectieve 
effecten van LXRα inderdaad hart-specifiek waren in het voorkomen van cardiale hypertrofie, 
myocardiale fibrose en cardiale dysfunctie. LXRα transgene muizen waren beschermd tegen 
hypertrofie in verschillende experimentele hartfalenmodellen van chronische drukbelasting 
en angiotensine II stimulatie. Genetische analyses toonden betrokkenheid van LXRα in 
verschillende metabole routes aan , inclusief glucose en vetzuur metabolisme, en daarnaast 
toonde microPET imaging een sterk verhoogde neiging tot glucose opname door het hart. 
Bovendien versterkte LXRα overexpressie het vermogen om glucose op te nemen als 
respons op hypertrofie en deze aanpassing was afwezig in LXRα-deficiënte muizen. Verder 
bevorderde cardiaal LXRα het energie-onafhankelijk gebruik van glucose door het activeren 
van de hexosamine biosynthese, resulterend in downstream O-GlcNAc modificatie van 
transcriptiefactoren en daardoor expressie van natriuretisch peptides, wat door ons 
geïdentificeerd werd als mogelijke mechanisme voor  LXRα-gemedieerde anti-hypertrofe 
effecten in het hart. 

Farmacologische studies werden uitgevoerd in hoofdstuk 4 om de rol van LXR in het hart 
nader te onderzoeken. Een nieuwe LXR agonist met hoge affiniteit, AZ876, werd getest naar 
effectiviteit in pathologische cardiale hypertrofie en remodelering. Het voordeel van AZ876 
boven eerste generatie medicamenten, is dat het selectiever is voor LXRs in vergelijking 
met andere nucleaire receptoren. In een muizenmodel van druk overbelasting beschermde 
preventieve behandeling met AZ876 tegen cardiale hypertrofie en verminderde de progressie 
van fibrose en verslechtering van hartfunctie in vergelijking met onbehandelde muizen. 
Dit effect was onafhankelijk van de bloeddruk of andere nadelige lipogene bijwerkingen, 
wat suggereert dat de effecten van AZ876 op het hart specifieker zijn. Deze data worden 
verder ondersteund door in vitro studies die wijzen op cel-specifieke effecten van AZ876 op 
cardiomyocyten en cardiale fibroblasten. 

In hoofdstuk 5 hebben we onze observaties uit hoofdstuk 3 verder uitgewerkt, namelijk 
dat LXRα veranderingen in glucose metabolisme medieert als aanpassing op hypertrofische 
stress. Omdat het energiemetabolisme van het myocard verstoord is bij diabetes, hebben 
we de gevolgen van vetrijk dieet-geïnduceerde obesitas onderzocht in LXRα transgene 
muizen. We observeerden dat het cardiale LXRα een toename in glucose opname bleef 
laten zien, ondanks systemische insuline resistentie en hypertriglyceridemie. Aangezien 
zowel het diabetische hart en falende hart gevoelig zijn voor de ontwikkeling van cardiale 
insulineresistentie, concludeerden we dat LXRα dient als een belangrijk instrument om het 
hart te sensitizeren voor glucose. 
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Tenslotte, was het doel in hoofdstuk 6 om metabole markers te onderzoeken in een 
klinische setting. Adiponectine is een adipokine met bekende insuline-sensitizerende en 
anti-atherogene eigenschappen. In een sub-analyse van de GIPS-III studie hebben we de 
relatie tussen circulerende adiponectine niveaus en linker ventrikel functie en remodelering 
onderzocht in patiënten na een myocardinfarct, die behandeld werden met placebo of 
metformine. Onze resultaten toonden echter dat adiponectine niet geassocieerd was met 
deze parameters. 

Samengevat laten we zien dat, ongeacht de stimulus, LXRα activering consistent de 
ontwikkeling remt van pathologische cardiale hypertrofie, geïnduceerd door drukbelasting, 
angiotensine II stimulatie, of door obesitas geprovoceerd door een vetrijk dieet. Ons LXRα 
transgene muismodel heeft ons nieuwe inzichten verschaft wat betreft de functie van LXR 
in het myocard. Al met al lijkt LXRα een belangrijke cardiale transcriptionele regulator te zijn 
die de adaptieve metabole respons medieert als reactie op pathologische cardiale belasting. 
Cardiale overexpressie van LXRα leidde tot expressie van natriuretisch peptides, wat net als 
de verhoogde glucose afhankelijkheid, de situatie van het foetale hart simuleert. Aangezien 
de farmaceutische industrie belangstelling heeft voor het ontwikkelen van metabole 
modulators in het algemeen, evenals selectieve LXR-agonisten in het bijzonder, zijn onze 
bevindingen van potentieel en aanzienlijk translationeel belang.
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