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Abstract
Background: Myocardial recovery with Left ventricular assistant device (LVAD) therapy is dichotomous
with some patients obtaining remission from end-stage heart failure whereas most require
transplantation or remain on pump support long term. Our goal was to determine transcriptional and free
radical responses to LVAD treatment.
Methods: Tissues were collected from patients before and after LVAD placement in non-ischemic dilated
cardiomyopathy patients (n=14) along with controls (n=3). RNA sequencing (RNASeq) analysis
quantified transcriptional profiles by using a custom targeted panel of heart failure related genes on the
PGM sequencer. The differential expression analysis between groups was conducted using edgeR
(Empirical analysis of digital gene expression data in R) package in Bioconductor. Ingenuity Pathway
Analysis (IPA) was carried out on differentially expressed genes to understand the biological pathways
involved. Electron Paramagnetic Resonance (EPR) Spectroscopy was utilized to measure levels of free
radicals in whole blood collected pre- and post-LVAD implantation (n=16).
Results: 35 genes were differentially expressed in pre-LVAD failing hearts compared to controls. In
response to LVAD therapy, only Pyruvate dehydrogenase kinase 4 (PDK4) and period circadian protein
homolog 1 (PER1) were altered with 34 heart failure related genes still differentially expressed post-LVAD
compared to controls. IPA showed that DNA methylation-related genes were upregulated in both pre- and
post-LVAD and was persistent with a Z-score of 2.00 and 2.36 for DNA Methyltransferase 3A (DNMT3A)
and DNA methyltransferase 3B (DNMT3B), respectively. Inhibition of micro RNA21 (mir21) was also
significant on pathway analysis in the post-LVAD population with a Z-score of -2.00. Levels of free
radicals in blood of pre- and post-LVAD patients did not change significantly.
Conclusion: LVAD therapy does not reverse many of the transcriptional changes associated with heart
failure. Persistent changes in gene expression may be related to ongoing oxidative stress, continued DNA
methylation, or changes in metabolism. PDK4 is a key regulator of glucose metabolism and its increased
expression by LVAD therapy inhibited pyruvate metabolism.

Background
Non-ischemic dilated cardiomyopathies are a major cause of illness and death in humans [1]. Advanced
therapies like cardiac transplantation are often not a viable option for patients due to the limited donor
supply. LVADs are mechanical pumps used to support some patients with advanced heart failure as
bridge-to-transplant therapy or destination therapy to improve quality of life [2]. The number of patients
receiving LVADs as treatment of advanced heart failure has recently increased. While these devices
provide immediate improvement in cardiac output and quality of life, significant problems remain such as
death due to infections, ongoing heart failure, strokes, and device malfunctions [3]. Furthermore, recovery
of heart function and device explant is rare with many patients deteriorating over time [4].

Page 3/20

Prior studies suggest that failure of assist devices to produce sustained myocardial recovery may be due
to persistence of fetal transcriptional patterns of contractile and metabolic genes [5, 6]. The cause of
these continued changes are unknown but it has been suggested that LVAD therapy increases oxidative
stress, and that these patients have abnormalities in DNA repair mechanisms and ongoing DNA damage
[7]. Oxidative stress can be defined as an imbalance between antioxidant defenses and the production of
reactive oxygen species (ROS), which at high levels cause cell damage but at lower levels induce indirect
changes in intracellular signaling pathways [8]. Increased oxidative stress is associated in most types of
HF, including that resulting from ischemic and non‐ischemic cardiomyopathy [8].
Next generation sequencing of RNA and DNA allows high-throughput sequencing of entire genome or
targeted genes at a rapid and low cost for the purposes of quantifying changes in gene expression or
studying mutations [9]. It can assist in identifying and validating pathways involved in the
pathophysiology of disease progression in advanced heart failure [4]. Our goal was to evaluate
transcriptional changes and free radical responses to LVAD therapy.

Methods
Tissue collection protocols, procedures and archival in the Nebraska Cardiovascular Biobank and
Registry were approved by the Institutional Review Board (IRB) of The University of Nebraska Medical
Center following guidelines in the declaration of Helsinki. All patients signed informed written consent for
the collection and use of tissue samples prior to donation. The left ventricular apex tissues were obtained
from the Nebraska Cardiovascular Biobank from 14 non-ischemic dilated cardiomyopathy patients at
time of LVAD placement (pre-LVAD) and also during transplantation (post-LVAD). Control tissues from
non-failing hearts not utilized for transplant were obtained from the left ventricular free wall from patients
who had brain death but normal heart function on imaging. These hearts are normally used for heart
transplant if an acceptable recipient is available. They are not normal or healthy donors but their cardiac
function is preserved or “non-failing”. Patients in this study were all the heartmate II for a duration of
293 days. The heartmate II is a left ventricular assistance device that is implanted in left ventricular to
provide circulatory support in chronic heart failure patients. Tissues were immediately placed into
Allprotect (Qiagen, Germantown, MD) solution to stabilize mRNA. Tissue was then further dissected in the
lab and aliquots were made, placed in Allprotect, and frozen at -70 until use. An additional 16 patients
had blood drawn at the time of LVAD implant and post-LVAD for measurement of free radicals. Our RNA
library construction, targeted DNA template and sequencing were performed, as we previously described
[4]. The study targeted 140 genes were previously identified by quantitate RT PCR, gene arrays and next
generation sequencing has been associated with heart failure [4, 5, 10-16].

RNA Isolation
RNA was isolated from approximately 10 mg of myocardial tissue with the RNeasyâ Mini Kit (Qiagenâ).
Qubit 2.0 fluorimeter (Invitrogen, Life Technologies) was used to obtain quantitative measurement of the
RNA.
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RNA Library Construction
10 ng of RNA, isolated from the cardiac tissue, was reverse transcribed to synthesize complementary
deoxyribonucleic acid (cDNA) using the Ion AmpliSeq™ RNA RT Module and Applied Biosystems thermal
cycler. Target sequences were amplified using Ion AmpliSeq™ RNA Custom Panels and Library Kit (Life
Technologies). Our custom panel targeted 140 cardiac, inflammatory, and other genes. Following the
amplification, partial digestion of primer sequences was carried out using FuPa reagent from Ion
AmpliSeq™ RNA Library Kit. Ion AmpliSeq™ adaptors were then ligated to the targeted deoxyribonucleic
acid (DNA). Target DNA sequences were purified in a two-round purification process using Dynabeads®
Magnetic Beads which isolated and discarded excess primer sequences and high-molecular weight DNA
from the solution. Next, library was amplified using Ion AmpliSeq™ RNA Library Kit and purified with
single-round purification using Dynabeads® Magnetic Beads. DNA library was quantitatively measured
using the Qubit® 2.0 fluorometer with Qubit® dsDNA HS Assay kit.

Preparation of targeted DNA template
Ion library preparation was prepared by appropriately diluting the amplified stock library. Emulsion
polymerase chain reaction (PCR) on ion sphere particles was used to amplify diluted libraries with the Ion
One Touch™ 2 System. Ion One Touch™ Enrichment System was used to enrich the template-positive
ISPs.

Sequencing
Sequencing was performed for all patients on the Ion Torrent Personal Genome Machine (PGM), utilizing
the Ion 316 chip. Coverage analysis as well as mapping the reads and alignment was done using the Ion
Torrent Browser SuiteTM .

Statistical analysis
RNA-sequencing data was collected for control condition (n=3), and before and after receiving LVAD
conditions (n=14), and then filtered to remove genes with very low reads. The expression of each gene on
the cardiac panel was assessed in proportion to the total reads on the chip. The data normalization and
differential expression analysis was conducted using edgeR (Empirical analysis of digital gene
expression data in R) package in Bioconductor developed by Robinson et al [17, 18]. The normalization
factors for the data were estimated by the trimmed mean of the M-values normalization method in the
edgeR package and used to adjust for varying sequencing depths and potentially other technical effects
across samples. We were testing if genes are differentially expressed among 3 conditions: pre- and postreceiving LVAD, and control. The Benjamini Hochberg method was used to estimate the false discovery
rate (FDR) and statistical significance was accepted at FDR adjusted p-value <0.05.

Ingenuity Pathway Analysis
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To further evaluate the biological pathways, log fold change utilizing IPA was carried out on the targeted
panel genes between pre and post LVAD.

Free radical measurement
We utilized EPR Spectroscopy (a.k.a. ESR Spectroscopy) to measure levels of free radicals in whole blood
collected from heart failure patients pre- and post-LVAD implantation. EPR Spectroscopy is one of the
most sensitive and definitive methods for measuring short-lived, reactive molecules known as free
radicals (i.e. molecules with an unpaired electron). We utilized the cell-permeable, free radical-sensitive
spin probe, 1-hydroxy-3-methoxycarbonyl-2, 2, 5, 5-tetramethylpyrrolidine (CMH). CMH is oxidized by free
radicals to form a stable nitroxide radical (CM) with a half-life of several hours at physiological pH and
temperature. Importantly, this stable CM is detectable by EPR spectroscopy resulting in an EPR spectrum
whose amplitude is directly proportional to the levels of free radicals in the sample. For our studies, whole
blood was collected from heart failure patients and immediately incubated with CMH. After this
incubation, the blood sample was inserted into a Bruker E-scan EPR Spectrometer that is housed in the
EPR Spectroscopy Core at the University of Nebraska Medical Center. EPR spectrum were obtained from
each sample and the amplitude was quantified [19].

Results
Patient characteristics:
We analyzed tissue on 14 patients who had LVAD placement and subsequent transplant along with 3
normal hearts as controls. Heart failure patient’s clinical and demographical information are shown in
Table 1. Our sample population was 78% male and 100% Caucasian with an average age of 54. All heart
failure patients had end stage heart failure refractory to medical therapy and received LVAD support
(100% axial flow pump, Heartmate II). Historically type 2 diabetes, atrial fibrillation and hypertension were
common. Ejection fraction of all heart failure patients was less than 25% at the time of LVAD placement.
Average LVAD duration of patients was 293 days.
Table 1. Heart Failure Patient Characteristics.
Patients (n)

14

Age (year)

54.5±14.63

Gender (% Male)

78.5

Race (%Caucasian)

100

Comorbid Illness (%)

DM 50% /HTN 100% /Afib 50%/CKD 57%

LVEF at time of placement (%)

<25

LVAD duration (Days)

293.28± 212.51
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LVEF= Left Ventricular Ejection Fraction. DM= diabetes mellitus, HTN= Hypertension, Afib= Afibrillation, CKD=
Chronic Kidney Disease.

Gene expression changes in heart failure and responses to LVAD therapy:
Analysis of 122 genes was available after filtering the data from sequencing. Table 2 shows that
expressions of same genes from pre and post LVAD patients were compared with controls (non failing
hearts). Differential expression was detected in 35 genes when comparing pre-LVAD and normal heart
patients. Neuronal PAS domain protein 2 (NPAS2) and Myosin heavy chain 6 (MYH6), were the most
significant finding based on p-value and absolute log fold change (p-values, 0.000048 and 000053; log
fold change -1.6 and -2.7respectively). 34 genes were identified to be differentially expressed between
post- LVAD and non-failing hearts using cutoff adjusted p-value of 0.05. Vascular endothelial growth
factor A (VEGFA) was the most significant finding in the post-LVAD population relative to non-failing
hearts (p= .0000003, log fold change -2.3). Chemokine ligand 4 (CCL4) was the gene with the greatest
change in expression relative to non-failing hearts in both the pre-LVAD (log fold change 6.8) and postLVAD groups (log fold change 7). Only 2 genes were expressed differentially between pre- and post-LVAD
when adjusting for within-subject correlation. It was detected that PDK4 and PER1 were significantly
higher in post-LVAD compared to pre-LVAD tissues (Figure 1). PDK4 is elevated in heart failure and LVAD
therapy increases PDK4 expression further. PER1 is decreased in heart failure. LVAD therapy improves
PER1 but not resume to normal levels.
Table 2. Expressions of same genes from pre and post LVAD patients were compared with control (normal heart
function).
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Genes

Pre LVAD
Log Fold Change

Pre LVAD P-values
Unadjusted

Post LVAD
Log Fold Change

Post LVAD P-values
Unadjusted

NPAS2
MYH6
CAV3
RPS18
VEGFA
KCNIP2
MYL3
ABCC9
TAZ
TNNC1
BAG3
HK2
BCL2L13
PLEKHA3
ATRNL1
ACTC1
GLS
UBE2B
CCL4
WEE1
TBX2
SOD1
CRY1
LDB3
PDK4
ACTN2
ALPL
SMAD3
JUP
CXCL10
COX8A
TGFB1
DMD
PER2
PER1

-1.605275919
-2.669087096
-1.707932338
-1.784036157
-1.9420985
-2.115280577
-2.498739179
2.506677564
-1.450228008
-2.551724313
-1.597396575
-1.746817258
-1.266480026
3.006631634
3.662335117
-2.634399187
1.71614315
1.639008895
6.86866137
1.962736091
-1.466773894
-1.299284014
-1.533613797
-1.607768047
2.336542961
1.68167516
-1.167406256
-1.107144774
-1.019116
3.598467431
-1.026853703
1.933692353
1.257128687
2.138459293
-1.612261379

4.87094E-05
5.31977E-05
8.79425E-05
0.00010296
0.000148401
0.000226768
0.000300433
0.000512818
0.000833679
0.000911945
0.000925165
0.00111143
0.001220225
0.001301471
0.00169003
0.00189368
0.002592714
0.002871839
0.003407897
0.003521401
0.003658799
0.005732061
0.006713156
0.007365461
0.0139209
0.013140977
0.010718361
0.017122147
0.047965376
0.011522037
0.050187355
0.011185138
0.037259302
0.016886363
0.000368588

-1.397723442
-2.174408706
-1.70580784
-1.532513748
-2.271725989
-2.113046896
-2.464807535
2.480693355
-1.424198085
-2.562617548
-1.391152514
-1.765372871
-1.320725868
2.610379124
4.028755573
-2.561656694
1.707989608
1.63245571
7.014954165
2.30452751
-1.70561214
-1.243696096
-1.200993733
-2.561656694
4.294772562
1.937477277
-1.398953606
-1.270954679
-1.244178135
5.336797098
-1.04518993
2.022138359
1.414148957
2.312433775

0.0007821
0.000768555
1.79226E-05
0.002332871
3.38603E-07
0.005727492
0.001070655
0.001362304
0.001730641
0.002380371
0.002891381
0.00204897
0.000458956
3.86136E-06
0.001271235
0.009567495
0.001244745
0.000969307
0.00836106
0.005741519
0.0006502
0.005174953
0.037197353
0.009567495
3.72295E-06
0.002374327
0.002603245
0.004133984
0.005235439
0.006169904
0.007325988
0.007540614
0.007716551
0.013369433

Pathway analysis in IPA:
To further determine the upstream analysis, fold change of the targeted panel genes of pre- and postLVAD compared to control were analyzed utilizing IPA. The DNA methyltransferase 3A and 3B catalyze
the transfer of a methyl group to DNA and use S-adenosyl methionine (SAM) as the methyl donor. DNA
methylation performs a wide variety of biological functions. Figure 2 shows that DNA methylation signals
were upregulated in both pre- and post-LVAD and were persistent with a Z-score of 2.00 and 2.36 for
DNMT3A and DNMT3B, respectively. However, inhibition of mir21 with a Z-score of -2.00 emerged Post
LVAD. This inhibition represents a positive signal in the post-LVAD population. Running IPA analysis for
pre- and post-LVAD in IPA yielded a very narrow analysis since there are only 2 genes that were
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significantly different. However, circadian rhythm signaling was the only major canonical pathway since
PER1 was upregulated in post- versus pre LVAD.

Free radicals did not change significantly with LVAD therapy:
Figure 3A shows the EPR spectrum amplitude in arbitrary units (a.u.) from individual whole blood
samples collected pre- and post-LVAD from n=16 heart failure patients. The summary graph (Figure 3B)
shows the mean ± SEM of the EPR spectrum amplitude pre- and post-LVAD. There was no significant
difference in levels of free radicals between the pre- and post-LVAD groups (p= 0.272).

Discussion
This study indicates that LVAD therapy does not reverse many of the transcriptional changes associated
with heart failure and increased the expression of PDK4, a key regulator of glycolysis. Heart failure is a
complex disease process where transcriptional changes contribute to contractile dysfunction,
arrhythmias, and ultimately cell death [20]. These ongoing changes in gene expression likely contribute
to poor rates of myocardial recovery post-LVAD therapy and ongoing issues with symptomatic heart
failure as well as arrhythmias. LVADs are currently being utilized as destination therapy, bridge to
transplantation or bridge to recovery. Despite the device indication only 1% of patients are being
explanted for recovery of cardiac function suggesting new therapies or approaches are necessary to
achieve this goal [21]. Long periods of changes in gene expression could be related to ongoing changes
in metabolism or continued DNA methylation.
The main finding at this study is that LVAD therapy increases PDK4 expression. The heart consumes
more energy than any other organ and is capable of metabolizing carbohydrates, fatty acids and amino
acids in order to meet its needs. Measured metabolites of glucose metabolism, amino acids, creatinine
and citric acid cycle intermediates are diminished in heart failure contributing to an overall energy
depleted state [6]. Many of these metabolites are normalized with LVAD therapy along with improvements
in hemoglobin A1C (HbA1c), fasting plasma glucose, and daily insulin requirements [22]. Unfortunately,
abnormalities the citric acid cycle persist post-LVAD likely contributing to ongoing contractile dysfunction
[6, 23]. In heart failure there is a switch from fatty acids (β-oxidation) to carbohydrates (glycolysis) as a
fuel preference [24]. PDK4 is a key regulator of glucose metabolism and it’s expression is elevated in
heart failure and worsened by LVAD therapy in the current study [25]. These changes would contribute to
an ongoing preference for glycolysis over β-oxidation in heart failure and post-LVAD hearts. Both
overexpression and under-expression of PDK4 can contribute to contractile dysfunction. For example,
deficiency and mutation in PDK4 gene leads to apoptosis and dilated cardiomyopathy in Doberman
Pinschers [26, 27], whereas PDK4 overexpression perturbs metabolism and worsens calcineurin-induced
cardiomyopathy [28]. PDK expression is regulated by numerous ligands including insulin, epinephrine,
and adiponectin, along with nuclear hormone receptors such as peroxisome proliferator-activated,
glucocorticoid, estrogen, and thyroid receptors [29].
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PER1 expression is decreased in heart failure and increased significantly in post-LVAD compared to preLVAD conditions (Figure 1). PER1 is a clock gene and involved in rhythmic expression in human hearts
[30]. PER1 also controls blood pressure and normalizes renal sodium transport protein levels [31].
Circadian clock proteins have potential effects on myocardial gene expression, metabolism, and function
within hearts [32]. Circadian rhythm signaling was the only major pathway in IPA analysis when
compared between post- and pre-LVAD hearts. Increased expression of PER1 was insufficient to alter the
overall transcriptional profile of heart failure in these LVAD patients.
Oxidative stress contributes to numerous different diseases including diabetes and heart failure through
activation of stress pathways involving serine/threonine kinases which have a negative effect on insulin
signaling [33]. Excessive levels of ROS and free radicals can cause DNA damage, modify proteins and
cause cellular injury. Excess generation of these reactive molecules can arise from several sources
including mitochondria, NAD(P)H oxidase, xanthine oxidase and uncoupled nitric oxide synthase [8]. In
this study, LVAD therapy did not impact levels of free radicals, as measured by EPR Spectrosopy. These
chronic increases in free radicals likely contribute to a further decline in myocardial function and ongoing
changes in myocardial gene expression. Pathway analysis suggests many of these changes are
attributable to alterations in DNA methylation. Our results showed that inhibition of micro RNA21 (mir21)
was also significant on pathway analysis in the post-LVAD population with a Z-score of -2.00. Mir21
plays a vital role in vascular smooth muscle cell proliferation and apoptosis, cardiac cell growth and
death, and cardiac fibroblast functions. Mir21 targeted Phosphatase and tensin homolog (PTEN),
Programmed cell death protein 4 (PDCD4), Protein sprouty homolog 1 (SPRY1) and Sprouty homolog
2(SPRY2) and effects on their expression and eventually that influences on cardiovascular system [34].
Other groups have also demonstrated an increase in oxidative stress and abnormalities in DNA postLVAD therapy [7, 35]. Mondal et al also demonstrated that patients post-LVAD had higher levels of ROS,
DNA damage in leukocytes and abnormalities in DNA repair. There are several possible explanations as
to why LVAD therapy does not improve oxidative stress. Many patients with LVADs have ongoing issues
with heart failure, arrhythmias, anemia due to hemolysis as well as inflammation from surgery or
infections. While medicines can have antioxidant effects and aid myocardial recovery, guideline directed
medical therapy is often poorly tolerated in patients with advanced heart failure, and poorly utilized after
LVAD therapy. We previously have found only 1/3 of patients are on beta-blockers three months postLVAD [36]. New approaches may be necessary to metabolically reprogram the heart after LVAD therapy in
order to improve myocardial energetics and facilitate recovery.
Previous transcriptional studies utilizing oligonucleotide microarrays have shown that LVAD placement
induces significant down regulation of myocardial and inflammatory gene expression including brain
natriuretic peptide, collagen, dystrophin, interleukin 8, metaloprotein and tumor necrosis factor α (TNFα)
[37]. Several recent studies have demonstrated that LVAD support results in alterations in gene
expression, including (TNFα) [38, 39], Her2/neu, Her4 [27, 39] and glucose transporter 1 and 4 [40].
Further, Chen et al have shown that Endothelial nitric oxide synthase (eNOS) and Dimethylarginine
Dimethylaminohydrolase 1 (DDAH1) expression are significantly increased after LVAD support compared
to pre-LVAD [41]. A recent study demonstrated a significant decrease in the expression of genes that
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boost a healthy immune response that was partially recovered after 6 months of LVAD support [42] and
proteins involved in cytoskeleton and mitochondrial energy metabolisms significantly downregulated
post-LVAD [43].
This work was supported by a pilot grant to explore transcriptional changes in association of LVAD
therapy along with changes to oxidative species. We plan additional studies with the next generation of
left ventricular assist devices along with newer medical therapy to hopefully further aid recovery in this
population.
Limitations
This study has several limitations. Only a targeted panel of genes previously demonstrated to be
abnormal in heart failure were evaluated and much broader transcriptional changes are known to occur
with LVAD therapy. Our analysis was confined to genes we previously have associated with contractile
dysfunction in heart failure to limit false discovery. In addition, this study is limited to translational data
and proteomics and metabolic studies are needed to further understand the biology of these changes.
Our sample size was limited to 14 as part of a pilot study and patients were predominantly male
Caucasians so our results may not be generalizable to the broader population. The scope of the current
study does not allow for in depth bioinformatics of protein interactions and numerous confounders
potentially exist. LVAD therapy continues to evolve and the next generation of LVADs is less thrombotic
and has shown an improvement in clinical outcomes [44]. New pumps however, while more
hemocompatible with patients, have not yet demonstrated improvements in myocardial recovery or
remission from heart failure. Finally, the medical therapy of these patients was not standardized and it is
not feasible to adjust for the confounding effects of medications on gene expression or oxidative stress.
Further studies are needed to better understand the mechanisms of cardiac recovery with LVAD therapy,
interact action with newer devices, and risk factors for non-responders.

Conclusions
LVAD therapy does not reverse many of the transcriptional changes associated with heart failure.
Persistent changes in gene expression maybe related to ongoing oxidative stress, continued DNA
methylation, or changes in metabolism. PDK4 expression is increased by LVAD therapy suggesting
alterations in glucose metabolism may be contributing to ongoing abnormalities in energy utilization
(Figure 4). Enhancing rates of myocardial recovery post-LVAD and improving long term outcomes with
LVADs may require further therapies targeting metabolism, oxidative stress and epigenetic modifications.
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Figure 1
Differential gene expressions levels with LVAD therapy. A) PKD4 expressions compared with pre and post
LVAD and control (normal) hearts. B) PER1 expression compared with pre and post LVAD and control
(normal) hearts.
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Figure 2
Pathway analysis in IPA. Upstream analysis in IPA of fold change genes in Pre and Post compared to
control. Dashed line (indirect interaction with other molecules), solid line (direct interaction with other
molecules).

Page 18/20

Figure 3
Free radical levels in whole blood pre- and post-LVAD.
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Figure 4
PDK4 is the key regulator of pyruvate entry into the Krebs cycle. Increased expression of PDK4 would
inhibit or block entry of pyruvate into the Krebs cycle or oxidative metabolism. Our data suggests that this
occurs in heart failure pre and post LVAD patients.
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