
Deficiency of liver-X-receptor-a reduces glucose uptake and worsens
post-myocardial infarction remodeling

Qingqi Ji 1, Yichao Zhao 1, Ancai Yuan, Jun Pu*, Ben He*

Department of Cardiology, Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong University, 160 PuJian Road, Shanghai 200127, China

a r t i c l e i n f o

Article history:
Received 8 May 2017
Accepted 12 May 2017
Available online 13 May 2017

Keywords:
Liver X receptor a
Myocardial infarction
Glucose metabolism
Cardiac remodeling

a b s t r a c t

Liver X receptor a (LXRa) is an endogenous protective receptor against ischemic heart diseases. However,
whether LXRa regulated glucose metabolism in ischemic heart diseases has not been investigated. In this
study we investigated the involvement of LXRa on glucose metabolism in cardiac remodeling after
myocardial infarction (MI).

MI was induced in mice by permanent ligation of the left anterior descending coronary artery (LCA).
Genetic LXRa deletion significantly worsened cardiac remodeling and impaired cardiac function at 4
weeks after MI. Cardiac 18F-fluorodeoxyglucose (FDG) uptake by positron emission tomography (PET)
demonstrated that the FDG standardized uptake value (SUV) was significantly lower in LXRa!/! mice as
compared to WT mice. Mechanistically, GLUT1/4 and AMPK phosphorylation were significantly down-
regulated while CD36 expression was markedly upregulated in LXRa!/! mice. This study demonstrated
that deficiency of LXRa decreased glucose uptake after MI, resulting in a metabolic shift that suppressed
glucose metabolism, which was in association with adverse cardiac remodeling.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Myocardial infarction (MI) remains a major cause of cardiac
dysfunction with high morbidity and mortality worldwide [1]. The
main determinants of outcome in MI patients are myocardial
infarct size and left ventricular remodeling [2]. Numerous studies
have concluded that the irreversible damage during ischemia is
related to the failure of energy production. The normal heart can
switch its energy substrates from fatty acid (FA) to glucose rapidly
under hypoxia to meet the energy needs of the jeopardized
myocardium [3].

Nuclear Receptors form a superfamily of ligand-dependent
transcription factors that integrate the homeostatic control of
many biological process including regulation of metabolism, cell
growth, inflammation and cellular differentiation. LXRa and LXRb
(NR1H3 and NRIH2,respectively) are well known as nuclear oxy-
sterol receptors and plays a critical role in the regulation of glucose
and lipid metabolism [4]. We and other researchers have demon-
strated that LXRa plays an important role in a variety of

cardiovascular diseases, such as hypertrophy [5], diabetic cardio-
myopathy [6,7], myocarditis [8] and ischemic heart diseases [9].
LXRa has been implicated in the transcriptional regulation of
glucose metabolism by targeting GLUT1 and GLUT4 in skeletal
muscle [10] and adipose tissue [11]. Further evidence also indicated
that LXRa increased the capacity for glucose uptake and utilization
in an adaptation to hypertrophic cardiac stress [5]. However, the
direct effect of LXRa on glucose metabolism following myocardial
ischemia was not established.

Therefore, the purpose of the present study was to investigate
whether LXRa could regulate myocardial glucose metabolism in
cardiac remodeling after MI.

2. Materials and methods

2.1. Animals

This investigation was approved by the Institute's Animal Ethics
Committee and conformed to the position of National Institutes of
Health Guidelines on the Use of Laboratory Animals. Wild-type
(WT) C57BL/6 and LXRa-knockout (LXRa!/!) male mice (22e25g)
were obtained from the Jackson Laboratories (Bar Harbor, ME, USA).
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2.2. MI surgery

MI procedures were performed utilizing a method as described
in our previous study [12]. Briefly, mice were anesthetized with 2%
isoflurane/oxygen inhalation but without ventilation. A small skin
cut was made over the left chest and a purse suture is made. Then,
the fourth intercostal space was exposed to make a small hole with
a mosquito clamp. With the clamp slightly open, the heart was
smoothly and gently externalized through the hole. The left ante-
rior descending coronary artery (LCA) was located, sutured, and
ligated using a 6-0 silk suture. After ligation, the heart is immedi-
ately placed back into the intrathoracic space followed by closure of
the skin incision by the previously placed purse-string suture.
Sham-operated animals underwent identical surgical procedures,
except that the suture passed beneath the LCA was not occluded.

2.3. Histological examination

Hearts were harvested from each group andwere fixedwith 10%
paraformaldehyde, embedded in paraffin, sectioned serially (4 mm),
and counterstained with Masson's trichrome stain for morpho-
logical examination, or Sirius Red staining for quantification of
collagen density. For determination of infarct size, the infarct areas
and LV areas from each sectionwere measured using a quantitative
digital image analysis system (Image-Pro Plus 6.0, Media Cyber-
netics Inc., Bethesda, MD). The ratio of infarct areas and LV areas
was calculated and expressed as a percentage.

2.4. Echocardiography (Echo)

In vivo cardiac function and left ventricular (LV) volume were
determined by echocardiography (Vevo 770, VisualSonic, Toronto,
Canada) 4 weeks after surgery in all groups [13]. In brief, the mice
were anesthetized using 2.0% isoflurane/oxygen followed by
removal of chest hair via application of topical depilation agent and
then two-dimensional echocardiographic views of the mid-
ventricular short axis were obtained at the level of the papillary
muscle tips below the mitral valve, and values of LV ejection frac-
tion (LVEF) and LV fractional shortening (LVFS) were obtained [14].

2.5. 18F-fluorodeoxyglucose micro-positron emission tomography
(18F -FDG micro-PET scanning)

PET was performed in all groups using a dedicated small animal
scanner (Super Nova, PINGSENG Healthcare, China) as previously
described [15]. The animals had free access to water and food
before scanning. Mice were anesthetized by inhalation of 2% iso-
flurane/oxygen, and a 100 ml bolus of 18F-FDG, approximately
10MBq, was administered via lateral tail vein by a 30-gauge needle.
Two hours after administration of the tracer injection, mice were
placed on a heated PET scanner pad and maintained under anes-
thesia for the study duration. Ten-minute static PET scans were
acquired using Inveon AcquisitionWorkplace (IAW) and the images
were reconstructed by a 3-Dimensional Ordered Subsets Expecta-
tion Maximum (OSEM3D) algorithm followed by MAP (Maximi-
zation/Maximum a Posteriori) or FastMAP provided by IAW. The 3-
Dimensional Regions of Interest (3D ROIs) were drawn over the
heart guided by CT images and 18F-FDG uptake in the LV wall vol-
ume was measured by Inveon Research Workplace (IRW) 3.0 soft-
ware and expressed as standardized uptake value (SUV): ROI
activity (MBq/g)/[injected dose (MBq)/body weight (g)]. Further-
more, ellipsoidal ROI were also drawn on the right lobe of the liver
as well as the left triceps brachii muscle and 18F-FDG uptake was
expressed as average SUV. For mice subjected to MI, SUV was also
measured separately in the non-infarcted regions and in infarcted

territories. All data were corrected for time of decay (t1/2 ¼ 18F
109.8 min) before and after tracer injection.

2.6. Western blot

Proteins were extracted from non-infarcted regions of LV
following standard protocol [16]. Protein concentration was quan-
tified by Pierce BCA Protein Assay Kit (Thermo Scientific). Equal
quantities of protein lysates were subjected to SDS-PAGE and
electrotransferred onto nitrocellulose membranes (GE Healthcare
Life Science), and then incubated with primary antibodies against
GLUT1 (CST,1:1000), GLUT4 (CST,1:1000), p-AMPK (CST,1:1000), T-
AMPK (CST, 1:1000), GAPDH (CST, 1:1000) and CD36 (Santa Cruz,
1:1000) overnight at 4 #C. After incubating with peroxidase-
conjugated secondary antibodies for 1h, the signals were detec-
ted with enhanced chemiluminescence (Millipore, Billerica, MA).
The signals were quantified by scanning densitometry with Gel-Pro
Analyzer 4.0 software (Media Cybernetics, Silver Spring, MD).

2.7. Statistical analysis

All values were expressed as mean ± SD and analyzed with SPSS
package 13 (SPSS Inc., Chicago, IL, USA). Differences between two
groups were performed by unpaired 2-tailed t-tests. Linear
regression analysis was performed to assess the relationship be-
tween LV volume and SUV. Probabilities of 0.05 or less were
considered to be statistically significant.

3. Results

3.1. LXRa deficiency aggravated myocardial remodeling and
impaired cardiac function

Macroscopically, at 4 weeks followingMI, the operatedmice had
significantly larger heart volume than the sham groups. LXRa!/!

mice exhibited markedly thinner anterior wall of LV chamber and
larger volume of infarcted heart relative to that of WT mice sub-
jected toMI, reflecting aggravation of LV global remodeling by LXRa
deletion (Fig. 1E). In addition, LXRa!/! mice show markedly larger
ratio of infarct areas/LV areas compared with WT mice after MI
(Fig. 1FeG).

To further investigate whether LXRa deficiency exacerbated
cardiac dysfunction following MI, LVEF and LVFS were evaluated by
echocardiography. The representative M-mode echocardiograms
revealed that the abnormality of LV anterior wall movement was
more serious in LXRa!/! group compared with WT group (Fig. 1A).
Also, the MI-induced impairment of LVEF (27.71 ± 5.85% in LXRa!/!

group versus 40.05 ± 4.13% in WT group, p < 0.05 Fig. 1B) and LVFS
(17.12 ± 1.63% in LXRa!/! group versus 21.86 ± 3.72% in WT group,
p < 0.05, Fig. 1C) were significantly exacerbated in LXRa!/! mice. In
addition, LV volume increased significantly in both WT
(67.30 ± 2.86 ml) and LXRa!/!(75.97 ± 2.99 ml) as compared to sham
mice after MI (Fig. 1D), with LXRa!/! mice showing the highest
values, indicatingmore severe LV dilatation and cardiac remodeling
in LXRa!/! mice. Taken together, these data suggested that LXRa
deficiency aggravated myocardial remodeling and deteriorated
cardiac function.

3.2. Genetic deletion of LXRa reduced myocardial glucose uptake
capacity after MI

To investigate whether LXRa involved in myocardial glucose
metabolism, glucose uptake was assessed by PET imaging modality
in all groups. No significant difference was observed between WT
and LXRa!/!mice at baseline (p > 0.05). However, WT group
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manifested significantly increased SUV (5.8 ± 0.8) whereas LXRa!/!

group exhibited markedly reduced SUV (2.5 ± 0.5) in the whole LV
afterMI when compared to the sham group (Fig. 2AeB). At separate
analysis, SUV was evidently higher in non-infarcted regions than in

infarcted territories in both WT and LXRa!/!mice. Notably, SUV in
the non-infarcted regions was significantly lower (p < 0.01) in
LXRa!/!mice as compared to WT mice, while in the infarcted ter-
ritories SUV values were comparable (p > 0.05) between the two

Fig. 1. LXRa deficiency exacerbated cardiac dysfunction and aggravated myocardial remodeling after MI. (A) Representative M-mode echocardiograms of mice before and after MI.
(BeD) Quantitative analysis of LVEF (B), LVFS (C) and LV volume (D) measured by echocardiography. n ¼ 6 per group, *p < 0.05 versus WT-MI group. (E) Representative photographs
of whole heart, Masson's trichrome staining and Sirius red in sections of hearts from indicated groups. n ¼ 6e8 per group. The objective magnification is 1 $ (upper),
200 $ (middle) for Masson's trichrome staining and 200 $ (lower) for Sirius red staining. (F) Myocardial infarct size was determined by Masson's trichrome staining. n ¼ 6 per
group. *p < 0.05 versus WT-MI group. (G) Quantifications of percentage of fibrosis area in the myocardium stained by Sirius red staining. n ¼ 6 per group. *p < 0.05 versus WT-MI
group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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groups (Table 1), suggesting compromised glucose metabolism in
LXRa!/!mice after MI. Interestingly, linear regression analysis
revealed a significant linear relationship (r ¼ 0.76, p < 0.01) be-
tween LV volume and SUV in mice following MI (Fig. 2C). Of note, in
non-cardiac tissues (liver and muscles) SUV was independent from
LXRa deficiency as well as MI (Table 2). Collectively, LXRa!/!mice
presented a compromised adaptive capacity to augment glucose
uptake in response to MI that was associated with deteriorated
cardiac remodeling.

3.3. Loss of LXRa altered glucose metabolism profiles in response to
MI

We next explored the effect of LXRa deficiency on key proteins
involved in cardiac metabolism and regulation following MI. Both
GLUT1 and GLUT4 protein levels were increased in the two MI
groups compared with sham group. However, the expressions of
GLUT1 and GLUT4 were significantly less upregulated in LXRa!/

!mice when compared with WT counterparts, indicating impaired
membrane translocation and functionality (Fig. 3AeC). As
activated-AMPK promotes glycolysis in the settings of myocardial
ischemia/reperfusion [17], we examined whether AMPK phos-
phorylation was affected by LXRa deficiency following MI. We
found that LXRa!/!mice exhibited markedly lower phosphoryla-
tion levels of AMPK compared with WT (Fig. 3DeE). Furthermore,

CD36, the main transporter for FA uptake, was significantly
increased by 2.4-fold in LXRa!/!mice compared with WT mice
following MI, suggesting a deviated shift from glucose oxidation
pathways (Fig. 3FeG). Overall, theses data demonstrated that
myocardial glucose uptake levels were severely depressed in
LXRa!/!mice in response to MI with attenuated expressions of
AMPK phosphorylation and glucose transporters, and increased

Fig. 2. Loss of LXRa reduced myocardial glucose uptake capacity after MI. (A) Representative 18F-FDG images of small animal PET scanning in the coronal and axial planes in all
group mice. (B) Quantification of myocardial 18F-FDG uptake measured as standard uptake value (SUV) in the whole LV. n ¼ 6 per group. *p < 0.05 versus WT-MI group. (C)
Relationship between LV volume and SUV at linear regression analysis in mice subjected to MI.

Table 1
SUV values in infarcted territories and non-infracted regions in different groups after
MI.

Infarcted territories Non-infarcted regions p-value

WT 1.2 ± 0.3 7.8 ± 1.0 ˂0.01
LXRa¡/¡ 1.0 ± 0.2 5.5 ± 0.6** ˂0.01

**p˂0.01 versus WT group.

Table 2
Liver and muscle SUV values in mice subjected to sham or MI.

Sham Myocardial infarction p-value

WT LXRa!/! WT LXRa!/!

Liver 1.04 ± 0.35 1.12 ± 0.38 1.08 ± 0.45 1.14 ± 0.46 0.87
Muscle 0.55 ± 0.31 0.58 ± 0.27 0.47 ± 0.18 0.58 ± 0.25 0.51
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expression of CD36.

4. Discussion

In the present study, we provided novel insights that LXRa
involved in cardiac glucose metabolism after MI. LXRa genetic
deletion reduced cardiac glucose uptake in association with
attenuated expressions of glucose transporters in response to MI,
indicating a metabolic shift that suppressed glucose metabolism,
which was associated with exacerbated cardiac remodeling and
cardiac dysfunction.

There is accumulating evidence to suggest that LXRa may exert
direct beneficial effects in cardiovascular diseases, especially in
ischemic heart diseases. Activation of LXRa decreased infarct size
and improved LV contractile function in murine hearts subjected to
ischemic stress via suppressing cellular death pathways [18,19]. In
our study, we observed that LXRa deficiency contributed to MI-
induced LV remodeling with greater infarct size and aggravated
myocardial fibrosis. The adverse LV remodeling is associated with
progressive cardiac dysfunction [20]. We further found that LXRa
deficiency exacerbated impairment of cardiac function following
MI. Due to the importance of LV dilatation in heart failure pro-
gression [21], LV volume was measured in all groups. Loss of LXRa
exhibited remarkably greater LV volume compared with WT

following MI. Taken together, these data suggest that endogenous
LXRa may function as a stress sensor and attenuate MI-induced LV
remodeling and cardiac dysfunction.

For a given pathological environment, the heart selects the most
efficient substrate for energy production through reciprocal
downregulation of fatty acid oxidation and enhanced glucose reli-
ance [22]. The shift of substrate preference to glucose in failing
heart was considered adaptive based on the theoretically higher
oxygen efficiency of ATP production from glucose that confers
cardioprotection [23]. LXRa plays a major role in regulation of lipid
and glucose homeostasis and has been implicated in the tran-
scriptional regulation of cardiac glucose metabolism in an adapta-
tion to hypertrophic stress [7,24]. Furthermore, activation of LXRs
led to intracardiac accumulation of lipid droplets protecting against
myocardial ischemia injury [9]. However, the direct effect of LXRa
on glucose metabolism in ischemic heart diseases remains un-
known. Our evidence revealed that the FDG uptake in the whole LV
was significantly lower in mice deficient for LXRa as compared to
WT mice after MI. Additionally, LXRa!/! mice manifested much
lower SUV values in non-infarcted regions than that of WT mice
after MI. Interestingly, we found a significant negative relationship
between LV volume and SUV, suggesting the reduced glucose was
associated with a larger LV volume in current model. Collectively,
these data indicate that adverse remodeling and metabolic shift

Fig. 3. Knockout of LXRa perturbed cardiac glucose metabolism in response to MI. Representative Western blot and quantitative analysis of metabolic proteins normalized to
GAPDH and expressed as fold change for the following: (AeC) GLUT proteins, (DeE) phosphorylated AMPK, and (FeG) CD36. n ¼ 6 per group. *p < 0.05 versus WT-MI group.
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following MI are directly related and that the capacity to facilitate
glucose uptake is impaired by LXRa deficiency.

Glucose transporters, GLUT1 and GLUT4, are important glucose
transporters and CD36 is the primary transporter for FA uptake in
the heart. Glucose utilization was impaired in response to
myocardial ischemia when GLUT4 was selectively eliminated in the
heart [25]. FA uptake was decreased in CD36 deficiency mice while
overexpression of CD36 increased FA uptake [26,27]. There is
mounting evidence to demonstrate that LXRs overexpression both
in adipose tissue and skeletal muscle directly regulates transcrip-
tion of GLUT1/4, resulting in a metabolic shift that favored glyco-
lytic metabolism and increased glucose uptake [10,28]. Glucose
uptake and utilization was increased and FA utilization was
decreased under hypoxia [29,30]. Hence, GLUT1/4 and CD36 were
selected as indicators of glucose and FA metabolism of heart in our
study. We found that both GLUT1 and GLUT4 were markedly
upregulated in the two MI groups compared with sham groups,
which was consistent with PET scan imaging. Other studies also
demonstrated that glucose transporters were perturbed under
ischemic stress [31,32]. Furthermore, it was found in our study that
LXRa-null mice exhibited noticeablely decreased GLUTs expres-
sions when challenged with MI. By contrast, the primary FA
transporter, CD36, was significantly increased in heart of LXRa-null
mice after MI, which decreased glucose consumption and aug-
ments the consumption of FA. Increased fatty acid supply by
increased FA transporter CD36 are associated with and contributed
to impaired cardiac function, whereas CD36 deficiency can reverse
the cardiac dysfunction [33]. Several studies have been performed
to confirm the protective action of AMPK against myocardial
ischemia injury [34,35]. It was found in our study that phosphor-
ylation of AMPK was markedly induced following MI. Once acti-
vated, AMPK can promote glucose uptake and glycolysis via
upregulation of GLUT4 in the heart [36]. However, the phosphor-
ylation level of AMPK was relatively downregulated in LXRa-null
mice compared with WT mice under ischemic stress, which may
lead to impaired glucose uptake and deleterious action on the
heart.

There are some limitations in our study. We used mice
harboring a systemic deletion of LXRa, which might have a sys-
temic effect on glucose metabolism in the whole body. However,
the SUV values in non-cardiac tissues, such as liver and muscles,
were independent of LXRa deficiency and MI (Table 2), which
suggests the blood tracer availability for myocardial uptake
remained unaffected in LXRa!/! mice. In addition, The role of
glucose signaling independent of energy-providing effects has been
addressed in the failing heart [37,38], and LXRa has been implicated
to activate an ancillary pathway of glycolysis protecting against
pathological cardiac hypertrophy and dysfunction [5]. Therefore,
further studies are required to investigate whether the protective
role of LXRa by enhancing glucose uptake after MI is dependent on
its energy production or not.

Herein, we demonstrated for the first time that genetic deletion
in LXRa decreased glucose uptake in a mice model of MI, resulting
in a metabolic shift that suppressed glucose metabolism, which
was in associationwith adverse cardiac remodeling. Targeting LXRa
to promote glucose uptake seem to be beneficial under patho-
physiological conditions where glucose metabolism is compro-
mised, which may represent a novel therapeutic target for the
treatment of heart failure.
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