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Background-—The molecular mechanisms through which high-demand pacing induce myocardial dysfunction remain unclear.

Methods and Results-—We created atrioventricular block in pigs using dependent right ventricular septal pacing for 6 months.
Echocardiography was performed to evaluate dyssynchrony between pacing (n=6) and sham control (n=6) groups. Microarray and
enrichment analyses were used to identify differentially expressed genes (DEGs) in the left ventricular (LV) myocardium between
pacing and sham control groups. Histopathological and protein changes were also analyzed and an A cell pacing model was also
performed. Pacing significantly increased mechanical dyssynchrony. Enrichment analysis using Ingenuity Pathway Analysis and the
activation z-score analysis method demonstrated that there were 5 DEGs (ABCA1, APOD, CLU, LY96, and SERPINF1) in the LV
septum (z-score=�0.447) and 5 DEGs (APOD, CLU, LY96, MSR1, and SERPINF1) in the LV free wall (z-score=�1.000) inhibited the
liver X receptor/retinoid X receptor (LXR/RXR) pathway, and 4 DEGs (ACTA2, MYL1, PPP2R3A, and SNAI2) activated the integrin-
linked kinase (ILK) pathway in the LV septum (z-score=1.000). The pacing group had a larger cell size, higher degree of myolysis
and fibrosis, and increased expression of intracellular lipid, inflammatory cytokines, and apoptotic markers than the sham control
group. The causal relationships between pacing and DEGs related to LXR/RXR and ILK pathways, apoptosis, fibrosis, and lipid
expression after pacing were confirmed in the cell pacing model. Luciferase reporter assay in the cell pacing model also supported
inhibition of the LXR pathway by pacing.

Conclusions-—Right ventricular septal-dependent pacing was associated with persistent LV dyssynchrony–induced cardiomyopa-
thy through inhibition of the LXR/RXR pathway. ( J Am Heart Assoc. 2019;8:e009146. DOI: 10.1161/JAHA.118.009146)
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C ardiac pacing is a common treatment for patients with
atrioventricular block, and high-demand pacing is always

noted in such patients. However, results from several large
randomized clinical trials have suggested that long-term right
ventricular (RV) pacing may elicit left ventricular (LV) systolic
dysfunction, manifesting in an iatrogenic form of heart failure
and increasing the risks of hospitalization and death. TheDAVID
(Dual Chamber and VVI Implantable Defibrillator)1 and MADIT
(Multicenter Automatic Defibrillator Implantation) II2 trials have

indicated that frequent RV pacing (>40% of the pacing time)
resulted in significantly worse outcomes in implantable car-
dioverter defibrillation recipients with poor LV systolic function.
In patients with preserved LV systolic function, the MOST
(The mode selection trial)3 trial suggested that frequent RV
pacing can lead to heart failure hospitalization and atrial
fibrillation. Accordingly, pacemaker-induced heart failure has
generated increased attention in relation to patients who are
pacemaker dependent.
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Pacemaker-induced cardiomyopathy (PICM) is a recently
created term for LV systolic dysfunction induced by cardiac
pacing and is defined as at least 10% decrease in the LV systolic
function or <50% of LV ejection fraction after excluding other
causes of cardiomyopathy.4 According to some observation
studies, the prevalence of PICMwas 10% to 20% in patients who
received a pacemaker implantation because of an atrioventric-
ular block.5 Therefore, several clinical and animal studies have
been conducted to clarify the mechanisms of PICM and thus
prevent its development in patients who are pacemaker
dependent. LV mechanical dyssynchrony caused by RV pacing
is generally considered to be a precursor of PICM. Several
studies have reported an increase in mechanical dyssynchrony
and reduced LV ejection fraction following acute or chronic RV
apical pacing using real-time 3-dimensional echocardio-
graphy6,7 or strain-rate echocardiography.8 Some studies have
reported that RV septal pacing is superior to RV apical pacing in
terms of mechanical dyssynchrony9 and LV systolic function,
but other studies have suggested no difference in the
outcome.8,10,11 In recent clinical practice, RV septal pacing
has been the most favorable pacing site. Animal studies have
demonstrated that altered electrical activation, redistribution
of blood flow, myocardial work and oxygen uptake, collagen
degradation, cardiomyocyte apoptosis, and fibrosis induced by
RV apical pacing contribute to PICM.12,13 However, the
molecular pathway and genetic analyses in these animal
studies only examined inflammatory- and structure-related
proteins and genes.14 A systemic elucidation of the molecular
regulatory mechanisms of myocardial remodeling associated
with mechanical dyssynchrony induced by RV pacing has never
been attempted. For this reason, we conducted this porcine RV
septal-dependent pacing study using high-density oligonu-
cleotide microarrays and functional network enrichment anal-
ysis to identify the molecular regulatory mechanisms of LV
myocardial remodeling associated with persistent mechanical
dyssynchrony induced by RV septal pacing.

Methods
The authors declare that all supporting data are available
within the article and its online supplementary files.

Study Animals and the Creation of a RV Septal-
Dependent Pacing Model
This study enrolled 12 female Lanyu miniature pigs, which were
divided into 2 groups: a pacing group (n=6) and a sham control
group (n=6). All pigs received appropriate care as defined by the
Guide for the Care and Use of Laboratory Animals, published by
Taiwan’s National Institutes of Health (NIH publication No. 85-
23, revised in 1996). All procedures and echocardiography
measurements were performed with animals under anesthesia
and after food restriction for 12 hours and water restriction for
4 hours. All pigs received a surgical procedure for the creation
of a pacemaker-dependent model at an average age of 6 to
7 months and were euthanized at the follow-up 6 months after
the surgery. The procedures are briefly described, and a
flowchart of the study procedure is shown in Figure 1.

Placement of Pacemaker and Leads and Creation
of an Atrioventricular Nodal Block
All pigs received the surgical procedure under general
anesthesia with 2.0% to 4.0% isoflurane through endotracheal
intubation and premedication with atropine (1 mg/kg), keta-
mine (12 mg/kg), and xylazine (1.2 mg/kg) by intramuscular
injection. After general anesthesia was performed, an ear vein
was punctured for the placement of a catheter for an
intravenous infusion with 500 mg of cefamezine, and then
the pacemaker and lead placement procedure followed. A
pacemaker pocket was created over the left paratracheal area
and was �4 cm in length. Pacing leads were inserted into an
external jugular vein using the cutdown method. A RV screw-in
bipolar lead (St Jude) was first inserted into the RV under
fluoroscopic guidance and was fixed over the RV septum
(Figure S1) after 2 criteria were met—one was that the
threshold was <1 V under the pulse width of 0.4 ms and the R-
wave amplitude was higher than 4 mV; the other was that the
electric axes of leads I, II, and III were positive. A right atrial
screw-in bipolar lead (St Jude) was then inserted into the right
atrium and fixed over the right appendage under fluoroscopic
guidance (Figure S1) after confirming that the threshold was
<1 V at the pulse width of 0.4 ms and the P-wave amplitude
was higher than 1 mV. After the extravenous portions of the
leads were fixed over the paratracheal muscle and the
generator was connected to the leads, 1 g of vancomycin
powder was scattered over the pacemaker pocket. A 2-layer
method was used to close the surgical wound. The generator
was set to the VDD (ventricular pacing and dual sensing) mode

Clinical Perspective

What Is New?

• Lipotoxicity was induced by right ventricular septal-depen-
dent pacing associated with persistent left ventricular
dyssynchrony and the inhibition of the liver X receptor/
retinoid X receptor pathway was the key mechanism.

What Are the Clinical Implications?

• How to reduce lipotoxicity in cardiomyocytes might be a
potential strategy to prevent pacemaker-induced cardiomy-
opathy, and further studies should be conducted to validate
this hypothesis.
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and synchronized to the pig’s physiological sinus rate; the
output setting was 2 times the threshold; and the sensitivity
setting was 0.5 times the P or R wave.

After RV lead placement, atrioventricular nodal ablation
was performed using a thermocontrol ablation catheter under
fluoroscopic and electrophysiological guidance (the setting
was 50 W and 60°C) until a complete atrioventricular block
was achieved.

Transthoracic Echocardiography
All echocardiographic procedures were performed using
a commercially available echocardiography system (Vivid
7; GE-Vingmed, Horten, Norway). Before transthoracic echocar-
diography measurements were performed, each animal was
anesthetized with atropine (1 mg/kg), ketamine (12 mg/kg),
and xylazine (1.2 mg/kg) by intramuscular injection. Two-

Figure 1. Flowchart of the creation of a right ventricular septal-dependent pig pacing model,
echocardiographic examination, microarray analysis, functional network enrichment analysis and genes,
proteins, and histochemical studies. Echocardiograms were performed twice, first within 1 wk after
pacemaker implantation and then within 1 wk before all pigs were euthanized at the 6-mo follow-up in the
pacing and sham control groups. Atrioventricular (AV) nodal ablation and generator placement for pacing (in
ventricular pacing and dual chamber sensing [VDD] mode) were only performed in the pacing group. In both
groups, the atrial (A) lead was placed in the right atrial appendage (RAA) and the ventricular (V) lead was
placed in the right ventricular (RV) septum. Myocardial tissues of the septum and free wall of the left
ventricle (LV) at the level of the papillary muscle were dissected and collected after euthanasia at the 6-mo
follow-up in the pacing and sham control groups and some tissues were stored in optimum cutting
temperature compound (OCT) for histochemical studies. The midmyocardial layer of the myocardial tissues
was sent for histochemical and microarray analysis, and Western blotting/polymerase chain reaction (PCR)
studies. BW indicates body weight.
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dimensional strain and M-mode echocardiography was per-
formed in the right parasternal area at a left lateral decubitus
position. The LV end-diastolic diameter, LV end-systolic diam-
eter, and end-diastolic and end-systolic thickness of the LV
posterior wall were measured using theM-mode under the right
parasternal long-axis view, as is recommended by the American
Society for Echocardiography.15 The LV mass index and LV
ejection fraction were computed.16 Intraventricular dyssyn-
chrony was assessed and analyzed using septal-to-posterior
wall motion delay (SPWMD) in the M-mode, and 2-dimensional
strain echocardiographic analysis was performed using grays-
cale images in the midventricular (papillary muscle layer) short-
axis view (60–90 frames per second). The reference point was
placed at the beginning of the QRS wave of the ECG. Radial
strain dyssynchrony was assessed as the difference between
the septal and free wall time-to-peak radial strain at midven-
tricular segments.

Specimen Storage
The LV free wall and septal tissues at the papillary muscle
level of the pigs were obtained after euthanasia under general
anesthesia. Some ventricular tissues were immediately frozen
in liquid nitrogen at �80°C for ribonucleic acid (RNA)
analyses. Additionally, some ventricular tissues were placed
into a tissue Tek container, which was then filled with tissue
Tek optimum cutting temperature compound (Sakura Finetek,
California); these samples were frozen in liquid nitrogen for
later histochemical analysis, and some were immediately fixed
in 3.7% buffered formalin and then embedded in paraffin for
histological study.

RNA Isolation
RNAs were extracted from the myocardial tissue using a
RiboPure kit (Ambion, Grand Island, New York) according to
the manufacturer’s protocol. The quality of RNA was assessed
using an Agilent 2100 Bioanalyzer (Agilent Technologies Inc,
Santa Clara, California), and samples with an optical density
ratio 260/280 >1.8 and RNA integrity number >7.0 were
selected for microarray processing and real-time reverse
transcriptase–polymerase chain reaction.

Microarray Analysis and Enrichment Analysis
The Sus scrofa gene (mRNA) was used for microarray analysis
on a Porcine Gene 1.0 ST Array (Affymetrix, Santa Clara,
California). The arrays were scanned using a GeneChipR
Scanner 3000 7G (Affymetrix). Microarray quality control and
normalization was performed using the affyQCReport R pack-
age and rma function of the affy R package.17 Differentially
expressed genes (DEGs) with a fold change of ≥1.5 (Log2FC

>0.58) or <0.67 (Log2FC < �0.58) were selected, and
functional classes were assigned to all known genes using
information from the Gene Ontology database available at the
Gene Ontology consortium website (http://amigo.geneontol
ogy.org/amigo). Ingenuity Pathway Analysis was used for
functional enrichment analysis. The activation states (in-
creased or decreased) of the pathways affected by DEGs were
assessed using the z-score analysis method.18 We adopted a
statistical approach by defining a quantity (z-score) that
determined whether a biological function exhibited significantly
more “increased” predictions than “decreased” predictions
(z>0) or vice versa (z<0).

Quantitative Determination of RNAs Using Real-
Time Polymerase Chain Reaction
The RNA samples were quantified using a spectrophotometer.
First-strand cDNAs were synthesized using reverse transcrip-
tase and oligo (dT) primers. Real-time quantitative polymerase
chain reaction was performed using the ABI Prism 7500 FAST
sequence detection system (Applied Biosystems, California)
and SYBR Green PCR Master Mix (Applied Biosystems). The
RNA results were normalized against glyceraldehyde 3-
phosphate dehydrogenase gene expressions (the endogenous
control). We selected 10 genes that were differentially
upregulated or downregulated by RV pacing in the microarray
analysis and obtained gene expression levels for all spec-
imens using real-time quantitative polymerase chain reaction.
Selected genes and primer sequences are presented in
Table S1.

Western Blotting
Protein extracts of ventricular tissue were prepared using a
PRO-PREP protein extraction solution (Intron Biotechnology,
Gyeonggi-do, Korea). Homogenates were centrifuged at
20 817 g for 30 minutes at 4°C to yield supernatants. The
concentrations of sample proteins were determined using the
Bradford method (Bio-Rad Inc, Hercules, California) according
to the supplier’s instructions. Recombinant human tumor
necrosis factor-a protein (Abcam, Cambridge, Mas-
sachusetts), HeLa whole cell lysate (Santa Cruz, Texas),
Ramos cell lysate (Santa Cruz), rat liver tissue lysate (Santa
Cruz), HT-1080 whole cell lysate (Santa Cruz), HeLa stau-
rosporine-treated cell lysate (Abcam), and Jurkat apoptosis
cell lysate (Cell Signaling Technology, Danvers, Mas-
sachusetts) served as positive controls. Protein extracts
(30 lg) were electrophoresed on 10% to 15% acrylamide SDS-
PAGE gel at room temperature for 1 hour and electrotrans-
ferred onto Polyvinylidene difluoride (PVDF) membranes for
1.5 hours on ice. The membranes were blocked at room
temperature for 1 hour in Tris-buffered saline containing 0.1%
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Tween-20 and 5% (w/v) nonfat dry milk or 2% (w/v) bovine
serum albumin. The primary antibodies—including anti-tumor
necrosis factor-a (1:1000 dilution; Abcam), interleukin-6
(1:1000 dilution; Santa Cruz), interleukin-10 (1:500 dilution;
Biorbyt, Carrickfergus, UK), C-reactive protein (1:500 dilution;
Biorbyt), fibronectin (1:500 dilution; Santa Cruz), cleaved
caspase 3 (pig tissues: 1:1000 dilution; rat ventricular
cardiomyocytes [RV-40 strain]: 1:500 dilution; Abcam),
cleaved caspase 8 (1:1000 dilution; Santa Cruz), and cleaved
caspase 9 (1:1000 dilution; Biovision, Milpitas, CA)—were
used to react with the blots at 4°C overnight in 5% nonfat dry
milk or 2% bovine serum albumin. The blots were washed 3
times in Tris-buffered saline containing 0.1% Tween-20 and
incubated at room temperature for 1 hour with horseradish
peroxidase–labeled secondary antibody at dilutions of 1:5000
in Tris-buffered saline containing 0.1% Tween-20 containing
5% nonfat dry milk or 2% bovine serum albumin. Following 3
washes, blots were incubated with Immobilon Western
chemiluminescent HRP substrate (Millipore, Burlington, Mas-
sachusetts). All specific values of evaluated proteins were
standardized to anti-a-sarcomeric actin antibody (1:10 000
dilution; Sigma Aldrich, St Louis, Missouri). Chemilumines-
cence was quantified using a BioSpectrum 810 imaging
system (UVP) (Analytik Jena, Germany).

Histological Analysis
LV tissues obtained from the free wall and septum were
deparaffinized in xylene and rehydrated in decreasing con-
centrations of alcohol. Slides were then stained with hema-
toxylin and eosin. Tissue sections were observed under an
Olympus BX51 microscope, with the analyses including at
least 100 randomly selected cells under 9400 magnification.
All specimen images were captured using an Olympus DP70
camera, and cardiomyocytes were subsequently analyzed
(UTHSCSA, Image tool, version 3.0).

Masson’s Trichrome Staining
LV tissue sections were tested using a modified Masson’s
trichrome stain kit (ScyTek Laboratories, Inc, Logan, Utah)
according to the manufacturer’s directions. Briefly, 5-lm
sections were deparaffinized and fixed with Bouin’s solution,
stained with Weigert’s iron hematoxylin solution, incubated
with Biebrich scarlet/acid fuchsin solution in a phospho-
molybdic/phosphotungstic acid solution, and then incubated
with aniline blue and acetic acid. After dehydration, sections
were mounted and visualized using an Olympus DP70
microscope. The percentage of the positive-stained area of
fibrosis was determined using Image Pro Plus 6.0 software
(Media Cybernetics, Silver Spring, Maryland).

Oil Red O Staining
Pig LV tissue sections and rat ventricular cardiomyocytes (RV-
40 strain) were subjected to an Oil red O stain kit (ScyTek
Laboratories, Inc) according to the manufacturer’s directions.
Sections were mounted and visualized using an Olympus
DP70 microscope (for pig LV tissues) and a Leica Dmi3000
microscope (for rat ventricular cardiomyocytes). Lipid (neural
fat stained by Oil red O) was quantified by analyzing the
magnified (940) images using Cellsens Dimension software
(Olympus, Tokyo, Japan) and counting the number of red stain
pixels, using porcine fat for the positive control.

Cell Culture and Pacing Model
Rat ventricular cardiomyocytes (RV-40 strain) were cultured in
Prigrow III Medium (ABM Inc, Canada). Culture medium was
supplemented with 10% (vol/vol) fetal bovine serum and 1%
penicillin/streptomycin. Cells were incubated at 37°C in a
humidified atmosphere of 5% CO2 and 95% air. After cells
reached 80% confluence, cells received nonpacing or pacing
at rates of 0.5, 1.5, and 3 Hz at the output of 1 V and pulse
width of 0.4 ms by using a C-PACE EP culture pacer (IonOptix
Corporation, Massachusetts) for 24 hours. Each pacing
condition per experiment was tested in quadruple and each
experiment was repeated 3 times.

Measurement of Lipids Using Flow Cytometry
Nile red (Sigma Aldrich) was used to stain lipids. Rat
ventricular cardiomyocytes were plated in each well of 4-well
plates and allowed to attach for 24 hours. After being paced
for 24 hours, the cells were harvested through trypsinization,
washed in PBS, and suspended in 5 lg/mL Nile red. After
incubation for 15 minutes at 40°C, the cells were washed 3
times and suspended in PBS. To determine the intracellular
Nile red content using flow cytometry, 10 000 cells per
sample were analyzed using the Cytomic FC500 (Beckman
Coulter, Indiana). The fraction of RV-40 ventricular myocytes
expressing Nile red was determined in 10 000 sorted
myocytes. Nile red fluorescence was collected through a
530�30 nm wavelength.

Luciferase Reporter Assay
Rat ventricular cardiomyocyte (RV-40 strain) were transfected
with a fixed amount of plasmid DNA using Lipofectamine
2000 (Invitrogen, California) according to the manufacturer’s
instructions. The plasmid was pGreenFire1-LXRE in ABCA1
(System Biosciences, California). The pGreenFire1-LXRE-in-
ABCA1 Lentivector co-expresses a destabilized copepod GFP
and luciferase from the LXR response elements and
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neighboring regions in the ABCA1 promoter paired with a
minimal CMV promoter. Pacing protocol in the pacing groups
followed the cell pacing model. After 24 hours, harvested
ventricular cardiomyocytes were washed with PBS and lysed
in 200 lL of 1 Glo Lysis Buffer (Promega, Wisconsin) using a
Dual-Glo Luciferase Reporter Assay System kit (Promega).
Briefly, 75 lL of the same aliquot of ventricular cardiomy-
ocytes lysate was transferred to a 96-well white microtiter
plate, and 75 lL of each luciferase substrate was added
simultaneously with a multichannel pipette. The firefly lumi-
nescence was measured in EnSpire Multi mode reader
(PerkinElmer, Massachusetts) after cell lysis was completed.
In addition, pGF-mCMV (vector only)/pRL-TK vector (renilla
luciferase) served as a negative and internal control and the
ventricular cardiomyocytes treated with LXR-agonist
(1 lmol/L, T090131; Sigma, MO) but without pacing served
as a positive control. The LXR activity (firefly/renilla) at the
ABCA1 promoter of ventricular cardiomyocytes of each
experiment was standardized to pGF-mCMV. The LXR activity
of ventricular cardiomyocytes in each pacing group was
normalized against the nonpacing group. Each experiment
was tested in triplicate and each experiment was repeated 5
times.

Statistical Analysis
Data are presented as the mean�SD or SEM. Mann–Whitney
U test was used to compare the pacing group and the sham
control group. Wilcoxon signed rank test was used to
compare 2 repeated measurements within the pacing group
or the sham control group. Friedman test was used to detect
differences in 3 or more repeated measurements within each
group. Statistical analysis was performed using commercial
statistical software (SPSS for Windows, version 13; SPSS Inc,
Chicago, Illinois). A P value (2-tailed) of <0.05 was considered
statistically significant.

Results

Study Animals
This study enrolled 6 female pigs in the pacing group, with an
average age of 7.2�0.7 months, and 6 female pigs in the
sham control group, with an average age of 6.0�0.6 months.
During the operation for pacing model creation, the mean
body weight was 31.8�1.60 kg in the sham control group
and 30.7�0.92 kg in the pacing group (P=0.873). All pigs
were euthanized at follow-up 6 months after the creation of
the pacing model and during these 6 months their feeding
was unlimited. On the day of euthanizing, there was no
significant difference in body weight between the 2 groups
(mean body weight was 42.2�2.13 kg in the sham control
and 41.5�2.06 kg in the pacing group; P=0.522).

Echocardiographic Parameters
Echocardiograms were performed twice, first within 1 week
after pacemaker implantation and then within 1 week before
all pigs were euthanized. During the perioperative period, the
heart rate was 97.2�4.6 bpm in the sham control and
100.0�5.9 bpm in the pacing group (P=0.872). In the pre-
euthanizing period, the heart rate was 93.50�7.55 bpm in
the sham control and 91.8�2.74 bpm in the pacing group
(P=0.261). The LV end-diastolic diameter of the pacing group
at 6-month follow-up was significantly larger than that at the
baseline (P=0.028), and this was not observed in the sham
control group (Figure 2A). No significant change in LV mass
index was identified after the 6-month observation period in
the sham control group, whereas LV mass index had
increased in the pacing group (Figure 2B). No difference in
LV systolic function was measured after the 6-month
observation period in either group (Figure 2C). Dyssynchrony
parameters, including SPWMD and septal to free wall radial
strain over the papillary muscle level, were measured to
determine dyssynchrony induced by pacing. The pacing group
had significantly increased dyssynchrony parameters com-
pared with the sham control group in the immediate
postoperative period (SPWMD: �73.67�14.98 versus
5.50�5.869 ms, P=0.004; radial strain: �50.33�9.77 versus
�2.00�6.56 ms, P=0.010). Likewise, the pacing group
exhibited significantly higher dyssynchrony parameters com-
pared with the sham control group at the 6-month follow-up
before euthanizing (SPWMD: �76.00�6.23 versus
�10.83�5.52 ms, P=0.004; radial strain: �64.67�16.64
versus 16.17�14.15 ms, P=0.005) (Figure 2D and 2E).
However, no significant change in dyssynchrony parameters,
including SPWMD and septal-to-free-wall radial strain, was
identified after the 6-month observation period in the pacing
group.

Microarray Analysis and Functional Enrichment
Analysis: Inhibition of LXR/RXR Pathway and
Activation of ILK Signaling Pathway in the LV
Myocardium Following 6 Months of Pacing
The midmyocardial layer of the septum and free wall of the
LV at the level of the papillary muscle were dissected after
euthanasia at 6-month follow-up in the pacing and sham
control groups. A total of 19 212 Sus scrofa genes were used
to identify the gene expression profile in the LV tissues of the
sham control and pacing groups. To identify the DEGs in the
LV myocardium after pacing, the gene expression profile in
the LV tissues of septum and free wall derived from 3 sham
control pigs were compared with LV tissues from comparable
locations derived from 3 pacing pigs through microarray
analysis. A total of 301 genes were identified as exhibiting
more than 1.5-fold changes in LV septal tissues; 148 of these
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genes were differentially upregulated (Log2FC [pacing/sham
control] >0.58) (Table S2), and 153 were differentially
downregulated (Log2FC < �0.58) (Table S3). A total of 293
genes were identified as exhibiting 1.5-fold changes in LV
free-wall tissues; 119 genes were differentially upregulated
(Log2FC >0.58) (Table S4), and 174 genes were differentially
downregulated (Log2FC < �0.58) (Table S5). The heat map
graphs are depicted in Figure 3A and 3B.

To elucidate the molecular mechanisms of RV septal pacing
on LV gene expression, we used Ingenuity Pathway Analysis
(Qiagen, Hilden, Germany) for functional enrichment analysis.
Networks with the highest scores (P-score=42, ie, P<10�42)
were generated from 301 DEGs from the LV septum and 293
DEGs from the LV freewall using the Ingenuity Pathway Analysis
Global Molecular Network algorithm, as depicted in Figure S2.

The most commonly involved canonical pathways, diseases,
and functions of DEGs in LV sputum included liver X receptor/
retinoid X receptor (LXR/RXR) activation, lipid metabolism,
integrin-linked kinase (ILK) signaling, and apoptosis, whereas
themost commonly involved canonical pathways, diseases, and
functions of DEGs in LV free wall included LXR/RXR activation,
metabolism, cardiac hypertrophy, and calcium signaling
(Table 1). These results demonstrated that the molecular

mechanisms in both the LV free wall and LV septum following
6 months of RV septal pacingwere significantly associatedwith
lipid metabolism, whereas others related to ventricular struc-
tural remodeling. Furthermore, we used activation z-score
analysis to measure the activation states (increased or
decreased) of the pathways affected by the DEGs, and only 2
pathways in the LV septum presented z-scores: inhibition of the
LXR/RXR pathway, and activation of ILK signaling (z-
score=�0.447 and 1.000, respectively) (Figure 3C). The
canonical pathways of LXR/RXR and ILK signaling are depicted
in Figure S3. As shown in Table 2, 5 DEGs (ABCA1, APOD, CLU,
LY96, and SERPINF1) significantly involved in the LXR/RXR
pathway in the LV septum had an activation z-score=�0.447,
which suggested that these 5 genes mildly inhibited the LXR/
RXR activation pathway. Four DEGs (ACTA2, MYL1, PPP2R3A,
and SNAI2) significantly involved in the ILK signaling pathway in
the LV septum had an activation z-score=1.000, which
suggested that these 4 genes moderately activated the ILK
signaling pathway. We similarly used the activation z-score
analysis method to determine the activation states of the
pathways affected by the DEGs in the LV free wall and
discovered that only the LXR/RXR pathway had a z-
score=�1.000 (Figure 3D), which suggested that APOD, CLU,

Figure 2. Echocardiography showed increased left ventricular (LV) size, mass, and dyssynchrony induced by 6 mo of right ventricular septal-
dependent pacing. A, The left ventricular end-diastolic diameter (LVEDD) of the pacing group at 6-mo follow-up was significantly larger than that
at the baseline (P=0.028). B, LV mass index increased in the pacing group at 6-mo follow-up compared with baseline. C, No difference in LV
ejection fraction (LVEF) was measured after the 6-mo observation period in the pacing and sham control groups. D, The pacing group had
significantly increased septal-to-posterior wall motion delay (SPWMD) compared with the sham control group in the immediate postoperative
period (P=0.004). Likewise, the pacing group exhibited significantly increased SPWMD compared with the sham control group at the 6-mo
follow-up before euthanasia (P=0.004). However, no significant change in SPWMD was identified after the 6-mo observation period in the pacing
group. E, The pacing group had significantly increased septal-to-free-wall radial strain compared with the sham control group in the immediate
postoperative period (P=0.010). Likewise, the pacing group exhibited significantly increased septal-to-free-wall radial strain compared with the
sham control group at the 6-mo follow-up before euthanasia (P=0.005). However, no significant change in septal-to-free-wall radial strain was
identified after the 6-mo observation period in the pacing group. Gray bar: sham control group; black bar: pacing group.
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LY96, MSR1, and SERPINF1 genes moderately inhibited the
LXR/RXR pathway in the LV free wall (Table 2). The canonical
LXR/RXR pathway is depicted in Figure S4.

To validate the changes in the expression of these 10
genes, RNAs from comparable locations of LV tissues
obtained for microarray analysis in the 6 sham control pigs
and the 6 pacing pigs were sampled and quantitated using
real-time reverse transcriptase–polymerase chain reaction.
Among the LXR/RXR pathway–related genes in the LV septal
tissue, ABCA1, APOD, CLU, and LY96 were downregulated but
SERPINF1 was upregulated by pacing (Figure 4A). All genes
related to the ILK signaling pathway in the LV septal tissues
(ACTA2, MYL1, PPP2R3A, and SNAI2) were upregulated by
pacing (Figure 4B). Among the LXR/RXR pathway–related

genes in the LV free wall tissue, APOD, CLU, LY96, and MSR1
were downregulated but SERPINF1 was upregulated by pacing
(Figure 4C). Therefore, a discrepancy between the microarray
analysis and real-time reverse transcriptase–polymerase
chain reaction analysis was identified only for SERPINF1
expression (Table S6).

According to these findings on the inhibition of the LXR/
RXR pathway and activation of the ILK signaling pathway in LV
tissue following 6 months of RV septal pacing, we focused on
examining the lipid expression, cardiac hypertrophy, inflam-
matory-related cytokines, apoptotic markers, degree of myol-
ysis, and fibrosis status related to the LXR/RXR pathway and
ILK signaling pathway in the LV tissue following RV septal-
dependent pacing for 6 months.

Figure 3. Inhibition of the LXR/RXR pathway and activation of ILK signaling pathway induced by 6 mo of right ventricular septal-dependent
pacing. A, Unsupervised hierarchical clustering of RNA microarray expression sequence tags in the left ventricular septum of the pacing group
and sham control group. A total of 301 genes were identified, of which 148 were differentially upregulated and 153 were differentially
downregulated. B, Unsupervised hierarchical clustering of RNA microarray expression sequence tags in the left ventricular free wall of the pacing
group and sham control group. A total of 293 genes were identified, of which 119 were differentially upregulated and 174 genes were
differentially downregulated. Bar color indicates mRNA expression level. Red indicates upregulation; black, no change; green, downregulation.
C, Activation z-score analysis method was used to measure activation states of the canonical pathways affected by differentially expressed
genes in the left ventricular septum. Only 2 pathways were identified to present z-scores: the LXR/RXR and ILK signaling pathways
(z-score=�0.447 and 1.000, respectively); that is, the LXR/RXR pathway was inhibited and the ILK signaling was activated. D, Only the LXR/
RXR pathway was identified to exhibit a z-score in the left ventricular free wall; that is, the LXR/RXR pathway was inhibited (z-score=�1.000).
ILK indicates integrin-linked kinase; LXR/RXR, liver X receptor/retinoid X receptor.
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Hypertrophy, Myolysis, Fibrosis, and Lipid
Accumulation Developed in LV Myocardium
Following 6 Months of Pacing
In terms of hypertrophy of cardiomyocytes, cell size in the
pacing group was significantly larger than that in the sham
control group at both the LV septum and free wall (Figure 5A).
The degree of myolysis was also significantly higher in the
pacing group than in the sham control group at both the LV
septum and free wall (Figure 5B). The area of extracellular
fibrosis was significantly greater in the pacing group than the
sham control group at both the LV septum and free wall, and
the intergroup difference was more prominent in the LV
septum than in the LV free wall (Figure 5C). With regard to
lipid metabolism disorder, Oil red O staining was used to
evaluate the lipid expression in cardiomyocytes. The lipid

expression in cardiomyocytes was significantly greater in the
pacing group than the sham control group in the LV septum
and free wall; additionally, the intergroup difference in lipid
expression was more prominent in the LV septum than in the
LV free wall (Figure 5D).

Increased Expression of Inflammatory and
Apoptosis Markers in LV Myocardium Following
6 Months of Pacing
The expression of inflammatory cytokines (tumor necrosis
factor-a, interleukin-6, C-reactive protein) and an anti-
inflammatory cytokine (interleukin-10) was significantly
increased following RV septal pacing for 6 months compared
with the sham control, and the intergroup difference in the
inflammatory-related cytokines was again more prominent in

Table 1. Top Involved Canonical Pathways and Top Diseases and Functions in the Network Between Pacing and Sham Control
Groups Using Ingenuity Pathway Analysis Global Molecular Network Algorithm

Location Top Canonical Pathways and Diseases and Functions Involved Genes P Value

Septum* LXR/RXR activation LY96, SERPINF1, CLU, ABCA1, APOD 4.47E-04

Clathrin-mediated endocytosis signaling OR1A1, ACTA2, FGF7, CLU, APOD 2.95E-03

ILK signaling SNAI2, ACTA2, PPP2R3A, MYL1 1.70E-02

Atherosclerosis signaling VCAM1, CLU, APOD 2.75E-02

Lipid metabolism, metabolic disease,
and adipose tissue

ABCA1, ARNTL, CES1, CLU, EPHX2, GNMT, INSR, POMC, VCAM1,
MSTN, PLIN2, PRLR, RDH16, APOD, FGF7, PTGFR, XDH, SLCO1A2,
ACTA2, CCK, HK2, IL15, KCNA5, MME, P2RY1, ROBO2,
SERPINF1, TGFBI, TSPO, ZBTB12, ZNRD1

2.53E-06 to 1.00E-04

Cell death and survival (apoptosis) ABCA1, ALDOC, APOD,CCK, CES1, CLU, CXCL2, DOCK8, EPHX1,
EPHX2, EYA4, FAP, FBXO32, FGF7, FOXF2, FRZB, GNMT, HK2,
IFNA1/IFNA13, IL15, INSR, KCNA5, KLF8, LUM, MME, MSTN,
NDEL1, NTRK3, OR10A3, PLK2, POMC, PPP2R3A, PRLR, PTGFR,
RASGRP2, RPS6KL1, SERPINF1, SLC22A3, SNAI2, STC1,
TDP2, TSPO, VCAM1, XDH

9.54E-05 to 1.22E-03

Cellular movement ACTA2, CCK, CCL21, CLU, CXCL2, DOCK8, FAP, FGF7, IL15, INSR,
KLF8, LUM, LY96, MME, NDEL1, NTRK3, P2RY1, PHACTR1,
POMC, RASGRP2, ROBO2, SERPINF1, SNAI2, STC1, TDP2,
TGFBI, TSPO, VCAM1

1.63E-04 to 2.25E-04

Cardiovascular disease (atherosclerosis) ABCA1, ALDH5A1, CES1, CLU, CXCL2, EPHX2, P2RY1,
PLIN2, VCAM1, XDH

7.40E-04

Free wall† LXR/RXR Activation LY96, MSR1, SERPINF1, CLU, APOD 1.82E-04

Clathrin-mediated endocytosis signaling OR1A1, TFRC, FGF7, CLU, APOD 1.26E-03

Calcium signaling RCAN1,TRDN, MYL1

Cardiac hypertrophy ARNTL, CSRP3, EPOR, LUM, MSTN, RCAN1, EPOR,
mir-30, RCAN1, NOX4, CLU, EPHX2, LOX, NTRK3,
SDC4, TFRC, UTF1,TRDN

2.05E02 to 4.20E-05

Cell-to-cell signaling and interaction F5, GYLTL1B, HRH4, LOX, LY96, MSR1, SDC4, SERPINF1, TFRC 5.96E-04 to 4.34E-03

Metabolic disease APOD, CLU, MSR1, PTGFR, ROBO2, SERPINF1, XDH,
ARNTL, CCDC12, CTH, CYP4A11, EPOR, mir-30, MS4A6A,
MSR1, NOX4, TRIM31, ZNRD1

4.45E-05 to 7.01E-03

ILK indicates integrin-linked kinase; LXR/RXR, liver X receptor/retinoid X receptor.
*The canonical pathways/diseases/functions in the network derived from 301 differentially expressed genes of left ventricular septum.
†The canonical pathways/diseases/functions in the network derived from 293 differentially expressed genes of left ventricular free wall.
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the LV septum than in the LV free wall (Figure 6A through
6D). In terms of apoptosis, the expression of cleaved caspase
3, 8, and 9 was significantly increased following RV septal
pacing for 6 months compared with the sham control, and the
intergroup difference in the expression of cleaved caspase 3,
8, and 9 was more prominent in the LV septum than in the LV
free wall (Figure 6E through 6G).

Cell Pacing Model to Validate the Changes in
DEGs Related to the LXR/RXR Pathway and ILK
Signaling Pathway in the Pig Pacing Model
To determine the causal relationship between pacing and the
DEGs related to the LXR/RXR pathway and the ILK signaling
pathway and lipid expression after pacing, we created a cell
pacing model. We also used this model to test the hypothesis
that pacing with different rates rather than a fixed current
accrued different changes in DEGs and lipid expression
following pacing. In this cell pacing model, rat ventricular
cardiomyocytes (RV-40 strain) received nonpacing or pacing
for 24 hours at 0.5, 1.5, or 3 Hz. Notably, consistent with the
gene expression profile of the pig pacing model, the
expression of ABCA1, APOD, CLU, LY96, and MSR1 was
significantly downregulated but the expression of SERPINF1,

ACTA2, MYL1, PPP2R3A, and SNAI2 was significantly upreg-
ulated for higher pacing rates, especially at 1.5 and 3 Hz
compared with nonpacing and 0.5-Hz pacing (Figure 7A and
7B). There was no significant difference in the expression of
ABCA1, APOD, CLU, LY96, SERPINF1, MSR1, MYL1, and
SNAI2 between the nonpacing and 0.5-Hz pacing groups.

Cell Pacing Model to Validate the Changes in the
Expression of Lipid, Apoptosis, and Fibrosis in the
Pig Pacing Model
Lipid expression in rat ventricular cardiomyocytes was
evaluated by histochemical study with Oil red O and by flow
cytometry analysis with Nile red. Nile red expression was
significantly higher with pacing at 1.5 and 3 Hz compared
with nonpacing and pacing at 0.5 Hz (Figure 7C). The
expression of cleaved caspase 3 was significantly higher with
pacing at 1.5 and 3 Hz compared with nonpacing and pacing
at 0.5 Hz (Figure 7D). The expression of fibronectin was
significantly higher with pacing at 1.5 and 3 Hz compared
with nonpacing and pacing at 0.5 Hz (Figure 7E). Notably,
there was no difference in the expression of lipid, caspase 3,
and fibronectin between the nonpacing and 0.5-Hz pacing
groups. Therefore, it was the pacing rate rather than the

Table 2. Log2 Fold Change Values and Predictive Activity of the Differentially Expressed Genes Significantly Involved in LXR/RXR
Activation and ILK Signaling Pathways

Tissue Pathways Symbol Entrez Gene Name Z Score Log2FC Value

Predictive Activity
to Pathway
(IPA Knowledge
Base and
Reference Base*)

Septum LXR/RXR pathway ABCA1 ATP-binding cassette, subfamily A, member 1 �0.447 �0.708 Inhibition*

APOD Apolipoprotein D �1.460 Inhibition

CLU Clusterin �1.147 Inhibition

LY96 Lymphocyte antigen 96 �0.668 Activation

SERPINF1 Serpin peptidase inhibitor, clade F (alpha-2 antiplasmin,
pigment epithelium derived factor), member 1

�0.628 Inhibition

ILK signaling ACTA2 Actin, alpha 2, smooth muscle, aorta 1.000 0.679 Activation

MYL1 Myosin, light chain 1 1.98 Activation

PPP2R3A Protein phosphatase 2 regulatory subunit B, alpha 0.586 Inhibition

SNAI2 Snail homolog 2 0.581 Activation

Free wall LXR/RXR activation APOD Apolipoprotein D �1.000 �1.139 Inhibition

CLU Clusterin �1.298 Inhibition

LY96 lymphocyte antigen 96 �0.656 Activation

MSR1 Macrophage scavenger receptor 1 �0.888 Unknown

SERPINF1 Serpin peptidase inhibitor, clade F (alpha-2 antiplasmin,
pigment epithelium derived factor), member 1

�0.640 Inhibition

ILK indicates integrin-linked kinase; IPA, Ingenuity Pathway Analysis; LXR/RXR, liver X receptor/retinoid X receptor.
*Analysis according to references: 19–21.
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pacing current (1 V at 0.4 ms) that inhibited the LXR/RXR
pathway and activated the ILK signaling pathway, resulting in
lipid accumulation, apoptosis, and fibrosis.

Luciferase Reporter Assay to Evaluate the LXR
Activity at the ABCA1 Promoter After Pacing
According to the result of microarray analysis/IPA, ABCA1
was a downstream gene of the LXR/RXR pathway. Hence, we
evaluated the LXR activity at the ABCA1 promoter in the rat
ventricular cardiomyocytes (RV-40 strain) after pacing. The
LXR activity at the ABCA1 promoter of ventricular cardiomy-
ocytes was significantly suppressed by pacing (1.5 and 3 Hz
pacing) and was significantly enhanced by treatment with LXR
agonist (Figure 8). These results provided additional support
of inhibition of the LXR pathway by pacing.

Discussion
Our animal study indicated that RV septal-dependent pacing
for 6 months led to persistent LV mechanical dyssynchrony
induced by pacing and increased the LV end-diastolic
diameter and LV mass. The genetic and protein pathways
analyzed in prior studies were limited,14,22 whereas our study
used high-density oligonucleotide microarrays and conducted
enrichment analysis to systemically explore the molecular
regulatory mechanisms of LV myocardial remodeling associ-
ated with persistent mechanical dyssynchrony induced by RV
pacing. A RNA microarray and functional network enrichment
analysis showed that the LXR/RXR pathway was inhibited in
both the septum and free wall of the LV, and the ILK signaling
pathway was activated in the LV septum following 6 months
of RV septal pacing. The biological changes related to
inhibition of the LXR/RXR pathway and activation of the ILK

Figure 4. Differentially expressed LXR/RXR pathway-related and ILK signaling pathway-related genes induced by 6 mo of right ventricular
septal-dependent pacing. A, LXR/RXR pathway–related genes in the left ventricular septal tissue, ABCA1, APOD, CLU, and LY96 were
downregulated but SERPINF1 was upregulated by pacing. B, All genes related to the ILK signaling pathway in the left ventricular septal tissues
(MYL1, PPP2R3A, SNAI2 and ACTA2) were upregulated by pacing. C, LXR/RXR pathway–related genes in the left ventricular free wall tissue,
APOD, CLU, LY96, and MSR1 were downregulated but SERPINF1 was upregulated by pacing. Gray bar: sham control group; black bar: pacing
group. ILK indicates integrin-linked kinase; LXR/RXR, liver X receptor/retinoid X receptor.
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signaling pathway—including cardiomyocyte hypertrophy,
activation of apoptosis, increased fibrosis, myolysis, and
intracellular lipid accumulation—were confirmed using histo-
chemical studies. Notably, the causal relationships between
pacing and the DEGs related to the LXR/RXR pathway, ILK
signaling pathway, and lipid expression, apoptosis, and
fibrosis were confirmed using a cell pacing model. Moreover,
the LXR activity at the ABCA1 promoter of rat ventricular
cardiomyocytes (RV-40 strain) evaluated by luciferase repor-
ter assay was found to be significantly suppressed by pacing.

LV mechanical dyssynchrony caused by RV pacing is
generally considered to be a precursor of PICM. Our study and
prior clinical and animal studies7,22 have demonstrated
pacing-induced LV dyssynchrony through M-mode imaging
and strain echocardiography. In addition, our study demon-
strated that the LV end-diastolic diameter was enlarged and
an LV mass was increased after 6 months of RV septal pacing
even though no significant change in the degree of LV
dyssynchrony existed after 6 months of pacing. Although
systolic function should be theoretically reduced by pacing,
the difference in LV systolic function between the pacing and
sham control groups did not reach statistical significance.
This might be related to the small number of experimental
animals. For the first time, our genetic and molecular results
demonstrated, after 6 months of RV septal-dependent pacing
associated with persistent pacing-induced LV dyssynchrony

was performed, the genetic inhibition of the LXR/RXR
pathway and biological changes related to inhibition of the
LXR/RXR pathway such as cardiomyocyte hypertrophy,
activation of apoptosis, increased fibrosis, myolysis, and
intracellular lipid accumulation.

The LXR/RXR pathway is the principal pathway related to
lipid metabolism, and inhibition of the LXR/RXR pathway
leads to intracellular lipid accumulation.23,24 An excess
accumulation of intracellular lipid increases endoplasmic
reticulum stress, mitochondrial dysfunction, oxidative stress,
and defective intracellular signaling, eventually leading to
apoptosis and inflammation. This pathophysiological phe-
nomenon has been described as “lipotoxicity.”25 In terms of
cardiomyocytes, this pathophysiological phenomenon has
been identified as “lipotoxic cardiomyopathy,”26 which also
produces excessive levels of cardiac hypertrophy.27 Several
in vivo and in vitro studies of lipotoxic cardiomyopathy have
been conducted, mainly focusing on aging, diabetes mellitus,
a high lipid diet, and ischemic heart disease.28 Using animal
models, LXR/RXR pathways and some associated genetic
changes were evaluated, including changes in expression of
ABCA1, CD36, and scavenger receptors. In our study,
significant intracellular lipid accumulation, histologic changes
such as prominent fibrosis, myolysis, and the activation of
apoptosis, and elevated inflammation markers were discov-
ered in the LV myocardium after 6 months of RV septal

Figure 5. Hypertrophy, myolysis, fibrosis, and expression of lipid developed in left ventricular myocardium following 6 mo of right ventricular
septal-dependent pacing. A, Histochemical study with hematoxylin and eosin showed that cell size in the pacing group was significantly larger
than that in the sham control group at both the left ventricular septum (LVS) and LV free wall (LVFW). B, Histochemical study with hematoxylin
and eosin showed that the degree of myolysis was significantly higher in the pacing group than in the sham control group at both the LVS and
LVFW. C, Histochemical study with Masson’s trichrome staining showed that the area of extracellular fibrosis was significantly greater in the
pacing group than the sham control group at both the LVS and LVFW, and the intergroup difference was more prominent in the LVS than in the
LVFW. D, Histochemical study with Oil red O showed that the lipid expression in cardiomyocytes was significantly greater in the pacing group
than the sham control group in the LVS (left figure) and LVFW (right figure). The intergroup difference in lipid expression was more prominent in
the LVS than in the LVFW. Insets: distribution of intracellular lipid. Bar=50 lm. Gray bar: sham control group; black bar: pacing group.
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pacing. Moreover, a RNA microarray and enrichment analysis
indicated that the LXR/RXR pathway was inhibited in both the
septum and free wall of the LV following 6 months of RV
septal pacing. With the combined results of these analyses,
our study showed that RV septal pacing induced lipotoxic
cardiomyopathy through inhibition of the LXR/RXR pathway
and that this is a novel regulatory mechanism of LV
myocardial remodeling associated with persistent mechanical
dyssynchrony.

Among the LXR/RXR pathway–related genes identified in
the Ingenuity Pathway Analysis, ABCA1, APOD, CLU, LY96,
and MSR1 were discovered to be downregulated but
SERPINF1 was upregulated in the LV tissue following
6 months of RV septal pacing; these genetic changes were
also confirmed using the cell pacing model. Notably, the cell
pacing model demonstrated that pacing rate rather than
pacing current inhibited the LXR/RXR pathway and

consequently resulted in lipid accumulation. ABCA1 is an
ATP-binding cassette transporter and is mainly involved in
mediating the cellular efflux of phospholipids and cholesterol
in the LXR/RXR pathway. The suppression of ABCA1 expres-
sion leads to intracellular lipid accumulation.19–21 APOD is an
atypical apolipoprotein, a component of HDL, a multiligand
multifunctional transporter, and associated with antioxidation
and antistress activities in fruit flies. Increased APOD
deposition was found in atherosclerotic lesions of humans
with cardiovascular disease and was established to be a
compensatory response.29 CLU is also a component of HDL
and plays a protective role in vascular disease progression.
CLU reduces the tumor necrosis factor-a–stimulated
expression of chemokines, cell adhesion, and MMP-9
expression.30,31 Therefore, downregulation of APOD and
CLU should increase oxidative stress and inflammation and
activate cell apoptosis. Our findings are consistent with those

Figure 6. Increased expression of inflammatory and apoptosis markers in left ventricular myocardium following 6 mo of right ventricular
septal-dependent pacing. Immunoblotting study showed that the expression of inflammatory markers of (A) tumor necrosis factor alpha (TNF-a),
(B) C-reactive protein (CRP), (C) interleukin-6 (IL-6), and (D) interleukin-10 (IL-10) in left ventricular (LV) septum and LV free wall was significantly
increased following right ventricular septal pacing for 6 mo compared with the sham control, and the intergroup difference in the inflammatory-
related cytokines was more prominent in the LV septum than in the LV free wall. Immunoblotting study showed that the expression of apoptosis
markers of (E) cleaved caspase 3, (F) cleaved caspase 8, and (G) cleaved caspase 9 was significantly increased following right ventricular septal
pacing for 6 mo compared with the sham control, and the intergroup difference in the expression of cleaved caspase 3, 8, and 9 was more
prominent in the LV septum than in the LV free wall. Gray bar: sham control group; black bar: pacing group. PC indicates positive control.
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of other reports. SERPINF1, also called pigment epithelium
derived factor, interacts with adipose triglyceride lipase to
increase lipolysis and reduce fatty acid oxidation, contributing
to insulin resistance in cardiomyocytes.32 Studies have
demonstrated that upregulation of SERPINF1 leads to lipid
accumulation and lipotoxicity and induces apoptosis and

fibrosis.33 SERPINF1 is associated with several cardiovascular
diseases.34 In our study, although SERPINF1 was found to be
downregulated in the microarray results, SERPINF1 was
discovered to be upregulated using quantitative polymerase
chain reaction not only in the animal model, but also in the
cell pacing model. MSR1 has multifunctional polyanionic

Figure 7. Cell pacing model validated the changes in differentially expressed genes related to the LXR/RXR pathway and ILK signaling
pathway and downstream expressions (lipid expression, apoptosis, and fibrosis) observed in the pig pacing model. In this cell pacing model, rat
ventricular cardiomyocytes (RV-40 strain) received nonpacing or pacing for 24 h at 0.5, 1.5, or 3 Hz. A, Among the LXR/RXR pathway–related
genes in the rat ventricular cardiomyocytes, the expression of ABCA1, APOD, CLU, LY96, and MSR1 was significantly downregulated but the
expression of SERPINF1 was significantly upregulated for higher pacing rates, especially at 1.5 and 3 Hz compared with nonpacing and 0.5-Hz
pacing. There was no significant difference in the expression of ABCA1, APOD, CLU, LY96, SERPINF1, and MSR1 between the nonpacing and
0.5-Hz pacing groups. B, Among the ILK signaling pathway–related genes in the rat ventricular cardiomyocytes, the expression of ACTA2,
PPP2R3A, SNAI2, and MYL1 was significantly upregulated for higher pacing rates, especially at 1.5 and 3 Hz compared with nonpacing and 0.5-
Hz pacing. There was no significant difference in the expression of SNAI2 and MYL1 between the nonpacing and 0.5-Hz pacing groups. C, The
lipid expression was significantly higher with pacing at 1.5 and 3 Hz compared with nonpacing and pacing at 0.5 Hz, and there was no
difference between the nonpacing and 0.5-Hz pacing groups. D, The expression of cleaved caspase 3 was significantly higher with pacing at 1.5
and 3 Hz compared with nonpacing and pacing at 0.5 Hz, and there was no difference in cleaved caspase 3 expression between the nonpacing
and 0.5-Hz pacing groups. E, The expression of fibronectin was significantly higher with pacing at 1.5 and 3 Hz compared with nonpacing and
pacing at 0.5 Hz, and there was no difference between the nonpacing and 0.5-Hz pacing groups. PC indicates positive control. #P value was
<0.05 when pacing group was compared with nonpacing group; *P value was <0.05 when 1.5 and 3 Hz compared with 0.5 Hz group; †P value
was <0.05 when 3 Hz compared with 1.5 Hz. ILK indicates integrin-linked kinase; LXR/RXR, liver X receptor/retinoid X receptor.
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ligands, including lipoproteins, lipopolysaccharides, and amy-
loid, and acts as a ligand for acetylated low-density lipoprotein
in macrophage.35 One article reported an increased hepato-
cyte cytoplasmic cholesterol accumulation in MSR1�/�

mice.36 LY96, also known as myeloid differentiation 2, is a
coreceptor of toll-like receptor 4 and is required for bacterial
lipopolysaccharide binding. The expression of toll-like recep-
tor 4 induces the inflammation process and lipid accumula-
tion, and 1 study discovered that oxidized cholesterol esters
binding LY96 activated the expression of toll-like receptor 4.37

In our study, downregulation instead of upregulation of LY96
was observed, as a result of pacing. We speculate that the
downregulation of LY96 by pacing may be a compensatory
response to increased inflammation by other LXR/RXR
pathway–related genes.

Our study showed that among the ILK signaling pathway–
related genes identified by the Ingenuity Pathway Analysis,
ACTA2, MYL1, PPP2R3A, and SNAI2 were upregulated in the

LV septal tissue following 6 months of RV septal pacing.
These genetic changes were also confirmed using the cell
pacing model. Similar to our histologic results in a pig pacing
model, a canine model indicated that endothelial–mesenchy-
mal transition can be triggered and induce cardiac fibrosis
under dyssynchronous pacing.38 However, unlike our study,
which examined physiological pacing rate and conducted an
enrichment analysis with high-density oligonucleotide
microarrays, the canine-model study used high-frequency
pacing and evaluated selected and limited molecular mech-
anisms. ILK is an intracellular serine/threonine kinase and is
mainly involved in cell–matrix interaction to regulate
cytoskeletal remodeling, cardiac growth, physiological hyper-
trophy, proliferation, contractility, repair, and endothelial–
mesenchymal transition. ILK is most abundantly expressed in
the heart.39 Articles have reported an overexpression of the
ILK pathway in failing human hearts and cardiac hypertrophy
animal models, possibly as a compensatory stress

Figure 8. Luciferase reporter assay. Rat ventricular cardiomyocytes (RV-40 strain) received nonpacing,
pacing for 24 h at 1.5 or 3 Hz or treatment with LXR agonist (1 lmol/L, T0901317; Sigma, Missouri) but
without pacing. The LXR activity at the ABCA1 promoter of ventricular cardiomyocytes in each group was
evaluated by luciferase reporter assay and measured by fluorescence and luciferase activity. The luciferase
activity of ventricular cardiomyocytes was significantly suppressed by pacing at 1.5 and 3 Hz and was
significantly enhanced by treatment with LXR agonist. Therefore, the LXR pathway was inhibited by pacing.
mCMV indicates minimal CMV promoter; LXRE, Liver X receptor response element.
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response.40 SNAI2, a snail family member, is the key mediator
in the transforming growth factor-b–induced endothelial–
mesenchymal transition, and its upregulation was also
discovered in a dyssynchrony pacing animal model.38 ACTA2
and MYL1 are structure-related genes,41,42 and the expres-
sion of PPP2R3A was sufficiently demonstrated to be a
downstream reaction of the inflammation process and related
to structural remodeling in a heart failure model.43

Conclusion
RV septal-dependent pacing associated with persistent LV
dyssynchrony induced cardiomyopathy through inhibition of
the LXR/RXR pathway as a novel regulatory mechanism,
leading to pacing-induced cardiomyopathy. Our results
provide an avenue for future studies targeting the LXR/RXR
pathway to prevent structural remodeling associated with
pacemaker-induced cardiomyopathy.
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