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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 as destination therapy. 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 non-failing controls (n=3). RNA sequencing (RNASeq)
analysis quanti�ed transcriptional pro�les 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 non-failing
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 non-failing hearts. 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 signi�cant 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
signi�cantly. 

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, signi�cant 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].
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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 de�ned 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). Then also during transplantation (post-LVAD) and control tissues
from non-failing hearts not utilized for transplant were obtained from the left ventricular free wall.
Patients in this study were all the heartmate II for a duration of 293 days. 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 identi�ed 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 RNeasy Mini Kit (Qiagen).
Qubit 2.0 �uorimeter (Invitrogen, Life Technologies) was used to obtain quantitative measurement of the
RNA.

RNA Library Construction
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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 ampli�ed using Ion AmpliSeq™ RNA Custom Panels and Library Kit (Life
Technologies). Our custom panel targeted 140 cardiac, in�ammatory, and other genes. Following the
ampli�cation, 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 puri�ed in a two-round puri�cation process using Dynabeads®
Magnetic Beads which isolated and discarded excess primer sequences and high-molecular weight DNA
from the solution. Next, library was ampli�ed using Ion AmpliSeq™ RNA Library Kit and puri�ed with
single-round puri�cation using Dynabeads® Magnetic Beads. DNA library was quantitatively measured
using the Qubit® 2.0 �uorometer with Qubit® dsDNA HS Assay kit.

Preparation of targeted DNA template
Ion library preparation was prepared by appropriately diluting the ampli�ed 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 �ltered 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 post-
receiving LVAD, and control. The Benjamini Hochberg method was used to estimate the false discovery
rate (FDR) and statistical signi�cance was accepted at FDR adjusted p-value <0.05.
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Ingenuity Pathway Analysis
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 de�nitive 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 CMis 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 quanti�ed [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 �ow pump, Heartmate II). Historically type 2 diabetes, atrial �brillation 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.

Gene expression changes in heart failure and responses to
LVAD therapy:
Analysis of 122 genes was available after �ltering 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
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signi�cant �nding 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 identi�ed to be differential 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 signi�cant �nding 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 post-
LVAD 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 signi�cantly
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 back to normal levels.

Pathway analysis in IPA:
To further determine the upstream analysis, fold change of the targeted panel genes of pre- and post-
LVAD 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
signi�cantly 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 signi�cantly 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 signi�cant
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
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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]. Persistent changes in gene expression maybe related to ongoing changes in
metabolism, oxidative stress, or continued DNA methylation.

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. 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 [24]. 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, de�ciency and mutation in PDK4 gene leads to apoptosis and dilated
cardiomyopathy in Doberman Pinschers [25, 26], whereas PDK4 overexpression perturbs metabolism and
worsens calcineurin-induced cardiomyopathy [27]. 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 [28].

PER1 expression is decreased in heart failure and increased signi�cantly in post-LVAD compared to pre-
LVAD conditions (Figure 1). PER1 is a clock gene and involved in rhythmic expression in human hearts
[29]. PER1 also controls blood pressure and normalizes renal sodium transport protein levels [30].
Circadian clock proteins have potential effects on myocardial gene expression, metabolism, and function
within hearts [31]. Circadian rhythm signaling was the only major pathway in IPA analysis when
compared between post- and pre-LVAD hearts. Increased expression of PER1 was insu�cient to alter the
overall transcriptional pro�le 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 [32]. 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 signi�cant 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
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death, and cardiac �broblast 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 in�uences on cardiovascular system [33].
Other groups have also demonstrated an increase in oxidative stress and abnormalities in DNA post-
LVAD therapy [7, 34]. 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 in�ammation 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 post-
LVAD [35]. 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 signi�cant down regulation of myocardial and in�ammatory gene expression including brain
natriuretic peptide, collagen, dystrophin, interleukin 8, metaloprotein and tumor necrosis factor α (TNFα)
[36]. Gene expression was determined using oligonucleotide microarray of GeneChip Expression Analysis
Algorithm version 3.2. Others have shown myocardial recovery is associated with speci�c pattern of
changes in sarcomeric, nonsarcomeric and membrane associated proteins using affymetrix microarray
by statistical algorithm Mas 5.0. [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]. Affymatrix Microarray suite 5.0 was used for gene expression in their study.
Further, Chen et al have shown that Endothelial nitric oxide synthase  (eNOS) and Dimethylarginine
Dimethylaminohydrolase 1 (DDAH1) expression are signi�cantly increased after LVAD support compared
to pre-LVAD [41]. A recent study demonstrated a signi�cant decrease in the expression of genes that
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 signi�cantly downregulated
post-LVAD [43]. T test and Mann-Whitney U test were used to compare genes expression of pre and post
LVAD for their study respectively. Numerous transcriptional changes are known to occur with LVAD
therapy with many of these changes likely being bene�cial while others are maladaptive [44].

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
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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 con�ned 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 of 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 [45]. 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 modi�cations.
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Tables
Due to technical limitations, Tables 1 & 2 are only available for download from the Supplementary Files
section.

Figures

Figure 1
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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.

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).
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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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