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Abstract
Background—Heart failure is associated with impaired myocardial metabolism with a shift
from fatty acids to glucose utilization for ATP generation. We hypothesized that cardiac
accumulation of toxic lipid intermediates inhibits insulin signaling in advanced heart failure and
that mechanical unloading of the failing myocardium corrects impaired cardiac metabolism.

Methods and Results—We analyzed myocardium and serum of 61 patients with heart failure
(BMI 26.5±5.1 kg/m2, age 51±12 years) obtained during left ventricular assist device (LVAD)
implantation and at explantation (mean duration 185±156 days) and from 9 controls. Systemic
insulin resistance in heart failure was accompanied by decreased myocardial triglyceride and
overall fatty acid content but increased toxic lipid intermediates, diacylglycerol and ceramide.
Increased membrane localization of protein kinase C isoforms, inhibitors of insulin signaling, and
decreased activity of insulin signaling molecules Akt and FOXO, were detectable in heart failure
compared to controls. LVAD implantation improved whole body insulin resistance (HOMA-IR:
4.5±0.6 to 3.2±0.5; p<0.05) and decreased myocardial levels of diacylglycerol and ceramide while
triglyceride and fatty acid content remained unchanged. Improved activation of the insulin/
PI3kinase/Akt signaling cascade after LVAD implantation was confirmed by increased
phosphorylation of Akt and FOXO, which was accompanied by decreased membrane localization
of protein kinase C isoforms after LVAD implantation.
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Conclusions—Mechanical unloading after LVAD implantation corrects systemic and local
metabolic derangements in advanced heart failure leading to reduced myocardial levels of toxic
lipid intermediates and improved cardiac insulin signaling.
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Advanced heart failure (HF) is associated with structural, functional, inflammatory and
metabolic derangements of the failing myocardium that develop and worsen during
progression of the disease state.1, 2 Metabolic abnormalities of the failing myocardium are
characterized by transcriptional changes with suppression of genes regulating fatty acid
uptake and oxidation while the expression of genes controlling glucose metabolism remain
relatively stable, 2–4 a transcriptional program that is typical of embryogenesis.1, 5, 6 The
overall net result is a relative decrease in the metabolism and oxidation of fatty acids (FAs)
and a shift towards glucose for primary ATP generation. These changes are also
accompanied by profound mitochondrial dysfunction and impaired overall oxidative
metabolism.7

Besides this myocardial dysbalance of glucose and FA metabolism, patients with advanced
HF also develop systemic insulin resistance (IR) and worse IR correlates with greater
morbidity and mortality.8 Circulating proinflammatory cytokines such as TNFα and IL1β as
well as dysregulation of adipokines have been linked to the development and progression of
IR in HF,9 which parallels metabolic derangements previously described in patients with
abnormal glucose homeostasis indicative of early diabetes mellitus.10

The complex network of cellular lipid metabolism pathways must supply substrates for
generation of ATP via mitochondrial beta-oxidation, production of cellular structural
components and creation of signaling molecules that regulate a number of cellular processes
including insulin signaling.11 Less than 5% of total body triglycerides are stored in the non-
adipose tissues such as skeletal muscle and myocardium; nevertheless, these neutral lipids
can serve as an important energy storage form while pathologic lipid accumulation in
skeletal muscle can trigger insulin resistance.12 Several intermediates of lipid metabolism
have toxic pro-apoptotic and pro-inflammatory actions.13–15 Skeletal muscle and
myocardium of patients with diabetes mellitus have increased levels of diacylglycerol
(DAG) and ceramide, which have been directly linked to mitochondrial dysfunction and
impaired intracellular glucose and FA oxidation.14, 16 Intracellular lipid accumulation
associated with such deleterious effects on cellular function has been termed “lipotoxicity”.
Proof that lipids themselves are toxic has come from studies showing that overexpression of
enzymes that increase intracellular lipid levels leads to insulin resistance, and gene deletion
of these enzymes, which reduces toxic levels of intracellular lipids, improves insulin
sensitivity.13, 17–20 In addition, induced lipid accumulation in the heart leads to cardiac
dysfunction.13, 15, 21

The aim of our study was to compare levels of intracellular lipids between patients with
advanced HF and controls and to test the hypothesis that mechanical unloading through left
ventricular assist device (LVAD) implantation leads to reversal of metabolic derangements
in the failing myocardium.
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Methods
Patient Cohort and Sample Collection

We retrospectively analyzed 61 patients (52 male, 9 female) with advanced HF undergoing
LVAD implantation at Columbia University Medical Center. Patients received either
pulsatile-flow LVADs (n=30) or continuous-flow LVADs (n=31). Clinical and laboratory
characteristics of all patients and hemodynamic conditions within 5 days before LVAD
implantation and explantation were collected.

Myocardial specimens were collected from a subset of patients (n=21) and blood samples
were obtained from all patients (n=61) at the time of LVAD implantation for end stage HF
as a bridge-to-transplantation and at the time of LVAD explantation during cardiac
transplantation. Control blood samples were obtained from patients without cardiovascular
disease recruited at Columbia University Medical Center (n=10). Control myocardial
samples (n=6) were obtained from a tissue bank of de-identified specimens collected from
non-failing hearts determined to be unusable for cardiac transplantation due to acute
recipient issues or donor coronary artery disease, but without evidence of previous
infarction. The newly obtained heart samples were immediately snap frozen, placed in liquid
nitrogen for transport and stored at −80C until final analysis.

The present study was approved by the Institutional Review Board of Columbia University.
All patients provided written informed consent before inclusion into the study.

Echocardiographic Analysis
Conventional echocardiograms were obtained from all patients within 5 days before LVAD
implantation and at 1 month after the surgery (Sonos-5500® or Sonos-7500®; Philips
Healthcare Corp, Andover, MA, USA). The routine standard echocardiographic examination
included M-mode, 2D-echocardiogram and Doppler study for measurements of ventricular
septal and posterior wall thickness, end-systolic and end-diastolic LV diameters (LVESD
and LVEDD). The LV ejection fraction (LVEF) was calculated by biplane Simpson’s
method from apical 4- and 2-chamber views. Mitral inflow was obtained by pulsed-wave
Doppler echocardiography with the sample volume between mitral leaflet tips during
diastole, and peak early (E) and late (A) transmitral filling velocities and their ratio (E/A),
and deceleration time of E were measured. The peak positive dP/dt (dP/dtmax, first
derivative of LV pressure with respect to time) as an index of contractility was calculated
based on continuous wave Doppler determination of the velocities in mitral regurgitant
jets.19 Early diastolic annular velocity (E’) was obtained by placing a tissue Doppler sample
volume at the septal and lateral mitral annulus in the apical 4 chamber view and the E/E’
ratio was calculated. Measurements were performed from 5 cardiac cycles and averaged.

Serum Analysis
Venous blood samples were collected and stored after centrifugation at −70°C until the
assays were performed. Levels of insulin were measured with commercially available
enzyme-linked immunosorbent assay (ELISA) kits (CalBiotech, Austin Drive Spring Valley,
CA). The Homeostatic Model of Analysis - Insulin resistance (HOMA-IR) was utilized to
described levels of insulin resistance in all patients and controls.22 Circulating levels of BNP
were analyzed by the institutional core laboratory.

Tissue Culture
A human ventricular cardiomyocyte-derived cell line, designated AC-16, was kindly
provided by M. M. Davidson.23 Cells were maintained in Dulbecco’s Modified Eagle
Medium:Nutrient Mixture F-12 (Ham) (DMEM:F12) (Invitrogen, Carlsbad CA).

Chokshi et al. Page 3

Circulation. Author manuscript; available in PMC 2013 June 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Experiments were performed on cells at 70–80% confluence after four hours of starvation.
Cells were exposed to 0.4 mM palmitic acid (PA) (Sigma Aldrich) in methanol conjugated
with 1% FA-free bovine serum albumin (BSA) overnight (16 hours). Control cells were
incubated in the presence of 0.25% vehicle (methanol). After overnight treatment with
palmitic acid (0.4 mM for 16 hours), cells were incubated for different time intervals with
500 nm insulin (Sigma Aldrich) diluted in HEPES buffer for different time intervals in the
presence or absence of PKC inhibitor (RO-318220, Sigma, USA).

Gene Expression Analysis
Total RNA was extracted using standard methods and the abundance of specific mRNAs
was determined by RT-PCR with a Prism 7700 Sequence Detector (Perkin-Elmer, Foster
City, CA, USA). Sequences of primers and TaqMan probes specific for CD36, CPT1, ACO,
GLUT1, GLUT4, IR, PDK4, ATGL, HSL, DGAT1 and DGAT2, and BNP were described
previously.6, 13, 15, 18 Gene expression was normalized using expression of 18S mRNA and
expressed as relative expression.

Protein Analysis
Tissues and cells were lysed in 200µl of lysis buffer containing 20mM Tris-HCl (pH 8.0),
2mM EDTA, 2mM EGTA, 6mM β-mercaptoethanol, 0.1mM sodium vanadate, 50mM
sodium fluoride, protease inhibitors and phosphatase inhibitors (Roche, Indianapolis, IN).
Protein extraction was performed using standard techniques. Protein lysates from cells were
resolved on 4–15 % SDS PAGE reducing gels (Bio-Rad), transferred to PVDF membranes
(Bio-Rad), blocked in 5% milk/TRIS-buffered saline, and probed with antibodies for
detection of phosphoAkt, total Akt, phosphoFoxo, total Foxo and GAPDH (all from Cell
Signaling Technologies Inc, MA, USA). Membranes were washed, incubated with
appropriate secondary antibodies conjugated to horseradish peroxidase, washed in TBS-T
and detected by using ECL Western Blotting System Kit (Thermo Scientific).

Analysis of PKC isoform localization and activity was performed after protein isolation.
Membrane and cytosolic fractions were separated by ultracentrifugation at 33,000 rpm for
1h. 25 µg from each fraction was applied to SDS-PAGE and transferred onto nitrocellulose
membranes and PKC isoforms detected using specific antibodies (PKCα from Millipore,
Billerica, MA; PKCβ, PKCδ and PKCε from Santa Cruz Biotechnology, Santa Cruz, CA).
Specific PKC activity was measured using the non-radioactive PKC kinase activity kit
(Assay Designs, Ann Arbor, MI) as previously described.15

Lipid Measurements
Total lipids were extracted by the Folch method of extraction. Briefly, 25–50 mg of tissue or
cell pellet were homogenized in PBS and chloroform:methanol (2:1). The organic phase was
separated twice and dried. The dried lipids were solubilized in 1% Triton X-100, dried, and
resuspended in distilled water. Cardiac triglyceride content was measured using the Infinity
Triglycerides kit (Thermo Scientific) with the Matrix Plus Chemistry Reference Kit
(Verichem Laboratory Inc.) as standard. Total FAs were quantified as sum of individual FAs
detected by liquid chromatography-mass spectrometry (LC/MS)-based lipidomics (Waters
Xevo TQ MS ACQUITY UPLC system, Waters, Milford, MA). Total DAG and ceramide
were detected using the diacylglycerol kinase method as previously described.24

Histology
Histopathology was assessed on myocardial specimens obtained at the time of LVAD
implantation and at the time of explantation after paraffin fixation and H&E and Masson’s
trichrome staining. Myocardial fibrosis was quantified on serial sections using Masson’s
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trichrome staining for the detection of collagen. Area of fibrosis was analyzed using the
ImagePro software (NIH) and expressed as percent of total section area. Myocyte cross-
sectional area (CSA) was analyzed after semiquantitative analysis with circumferential
markings of the myocytes using ImagePro software and expression of average cross-
sectional area and distribution of fiber sizes within each sample.

Statistical Analysis
Data are presented as means ± SD. Normality was evaluated for each variable from normal
distribution plots and histograms and by the Kolmogorov-Smirnov test. The
echocardiographic and laboratory variables, as well as serum and myocardial gene
expression of before and after surgery, and the % changes of the variables through the
surgery were compared between the groups with Student’s unpaired two-tailed t-test for
groups with parametric distribution and the Mann-Whitney-U test for samples with non-
parametric distribution. The values before and after the surgery in each group of patients
were assessed with Student’s paired t test for groups with parametric distribution and the
Wilcoxon test for samples with non-parametric distribution. Comparisons of more than two
groups were performed using ANOVA with appropriate post-hoc testing. A p value of <0.05
was considered statistically significant. All data were analyzed using the SPSS version 18
(IBM, USA).

Results
Baseline Characteristics

We analyzed a total of 61 patients undergoing placement of a LVAD at our institution
between 1998 and 2010. Clinical characteristics of all patients are summarized in Table 1.
The duration of LVAD support ranged from 31 to 662 days (mean 176 days). Patients with
HF had generalized insulin resistance by HOMA-IR (3.7±1.8 in HF vs. 1.1±0.6 in controls;
p<0.01).

Echocardiographic Assessment
Echocardiographic parameters before and after LVAD placement are listed in Table 2. In
short, LVEDD and LVESD after LVAD implantation was significantly smaller compared to
the parameters before the surgery in both groups. LVEF increased during mechanical
support. Additional parameters are listed in Table 2.

Impaired Insulin Signaling in the Failing Human Myocardium
Next, we analyzed activation of the insulin signaling cascade and downstream targets of the
insulin receptor namely the IRS/Akt/Foxo signaling cascade in myocardial samples
collected during LVAD implantation and explantation as well as in control samples.
Samples of failing human myocardium revealed impaired phosphorylation of Akt and Foxo
compared to control samples indicating a reduced myocardial activation of the insulin
signaling cascade in advanced human HF consistent with cardiac insulin resistance (Figure
1).

Increased Levels of DAG and Ceramide in the Failing Human Myocardium
We further determined levels of intracellular lipids in failing human myocardium for
comparison with non-failing cardiac samples. Significantly decreased levels of triglycerides
and free FAs were noted in failing human myocardium compared to control samples. In
contrast, a strong increase in intracellular levels of the toxic lipid intermediates DAG and
ceramide were found in samples from patients with advanced HF compared to control
samples (Figure 2A). These findings demonstrate myocardial accumulation of toxic lipid
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intermediates in patients with advanced HF while neutral lipids and free FAs remained
decreased.

Reduction of FFA and TG with accumulation of DAG and ceramide was accompanied by
significant reduction in gene expression of CD36 and CPT1, markers of FA uptake and
oxidation, as well as GLUT4, marker of glucose uptake. PDK4 was suppressed indicating
increased glucose oxidation consistent with previous findings of abnormal metabolic gene
regulation in severe HF. Impaired mitochondrial oxidative metabolism was further indicated
by reduced expression levels of PGC1α. Of note, expression of DGAT1, the rate limiting
enzyme catalyzing the conversion of DAG to monoacylglycerol as well as ATGL, which
catalyzes triglyceride to DAG degradation, was decreased in advanced HF compared to
controls (Figure 2B).

Lipid Overload Inhibits Cardiomyocyte Insulin Signaling Through PKC Activation
We next analyzed the impact of lipid overload on insulin signaling in cardiomyocytes in
vitro. AC16 cells, a human cardiomyocyte cell line,23 was utilized for the analysis of the
insulin signaling cascade. First, we confirmed that overnight incubation with PA increased
overall intracellular lipid content using oil-red-O staining. Further, we quantified the cellular
content of triglyceride, DAG and ceramide; they all showed a significant increase after
overnight stimulation with PA (Figure 3A). We then tested whether PA affects insulin
signaling through the PI3K/Akt signaling cascade. Insulin stimulation of AC16 cells resulted
in a strong activation of Akt that was inhibited by overnight incubation with PA indicating
that PA incubation and the associated increase in intracellular lipids blocks insulin-induced
phosphorylation of Akt. Next, we tested the impact of PA stimulation on PKC activity in
AC16 cells. Incubation of AC16 cells with PA stimulated total PKC activity (+51%; p<0.05
vs. unstimulated cells) (Figure 3C). Finally, inhibition of insulin-mediated Akt
phosphorylation in cells pre-incubated with PA was reduced in the presence of a PKC
inhibitor. These findings indicate that PKC is necessary for inhibition of Akt
phosphorylation in cardiomyocytes in the setting of high intracellular lipid levels (Figure
3D).

Mechanical Unloading of the Failing Myocardium Improves Systemic Insulin Resistance
and Enhances Cardiac Insulin Signaling

LVAD implantation reduced fibrotic tissue accumulation (31.7±2.7 to 22.7±5.9%, p=0.016)
and myocyte CSA (221.5±9.1 vs. 124.6±35.0 µm2, p<0.0001) indicating mechanical
unloading of the failing myocardium.

HF patients following LVAD implantation showed reduced fasting glucose and HbA1c
levels (Table 3). This was accompanied by a reduction in circulating levels of insulin. These
changes resulted in a significant decrease in calculated HOMA-IR, consistent with improved
systemic insulin sensitivity, in patients with advanced HF following LVAD placement
(3.7±1.8 in HF vs. 2.5±0.8 post-LVAD; p<0.05) (Figure 4 and Supplemental Figure 1).

Analysis of insulin signaling in myocardial samples obtained from patients before and after
VAD implantation showed a dramatic increase in phosphorylation levels of Akt and Foxo
(Figure 5). These findings indicate enhanced myocardial insulin signaling in response to
mechanical unloading of the failing myocardium.

Reduced Myocardial Toxic Lipids after Mechanical Unloading
We next analyzed levels of intracellular lipids and FAs in myocardial samples obtained from
patients before and after LVAD implantation. No changes were detectable in the triglyceride
or FA content in response to LVAD implantation (p=NS). In contrast, levels of DAG and
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ceramide were reduced following LVAD placement (DAG: −31%; p<0.05 vs. pre-LVAD;
ceramide: −53%; p<0.05 vs. pre-LVAD) (Figure 6A). Surprisingly, these changes were
accompanied by increased expression of CD36 indicating higher FA uptake. This appeared
to be compensated by greater FA oxidation as both and CPT1 and PDK4 mRNA levels
increased following LVAD implantation (Figure 6B). Greater oxidation of incoming lipids
might prevent their conversion to cellular toxic lipids with LVAD placement as DGAT 1
and 2 mRNA expression did not change following mechanical unloading. In line with
previous reports on impaired mitochondrial function in advanced HF and the corrective
impact of mechanical unloading,25 expression of PGC1α, a central regulator of oxidative
metabolism, also increased following LVAD implantation (+145%; p<0.05 vs. pre-LVAD)
consistent with an overall improvement of mitochondrial function and oxidative metabolism
(Figure 6B). Further, activation of AMPK also increased in the myocardium following
LVAD implantation compared to advanced HF (+223%; p<0.05 vs. pre-LVAD) (Figure
6C).

Reduced PKC Activity in Response to VAD implantation
Finally, we analyzed levels of cytoplasmic and membrane-bound PKC isoforms to
determine the activation. There was a clear reduction in membrane associated PKCα,
indicative of a reduced PKCα activation in the myocardium of patients following LVAD
implantation (−34%; p<0.05 vs. pre-LVAD). PKCδ showed a non- statistical significance
trend towards reduced activation (−27%, p=0.08 vs. pre-LVAD). No differences were noted
in PKCθ activity levels in response to LVAD implantation. These data indicate reduced
activation of PKC following mechanical unloading of the failing myocardium (Figure 7).

Discussion
Although it is well known that HF alters glucose and lipid metabolism, our current study
demonstrates for the first time that patients with advanced HF have a novel metabolic
cardiac phenotype indicative of myocardial lipotoxicity accompanied by insulin resistance in
non-obese patients. A central part of this phenotype is reduced insulin signaling, PKC
activation and accumulation of DAG and ceramide. Mechanical unloading corrects each of
these abnormalities (Figure 8).

Advanced HF leads to an imbalance of catabolic and anabolic pathways favoring catabolism
and loss of muscle mass in advanced stages of the disease.26 In part, this might result from
insulin resistance, which has been characterized as a prognostic factor defining poor
outcome.8, 27 Impaired glucose homeostasis in HF has been linked to increased
catecholamine levels,28 low grade inflammation,8 reduced blood flow and potentially
immobilization. The use of LVADs in our patients corrected many of these abnormalities
and improved HOMA-IR. In the absence of HF, metabolic changes associated with insulin
resistance are most commonly referred to as the “metabolic syndrome” with obesity being
the most prevalent. Metabolic risk factors established in individuals without overt disease
such as lipid abnormalities and obesity do not carry the same risk in patients with advanced
HF; in fact, some metabolic abnormalities (e.g. high cholesterol levels or increased BMI)
carry a survival benefit in this patient population.29, 30 This apparent paradox has been
characterized as the “lipid paradox” or “obesity paradox” in patients with HF.

One characteristic of the metabolic syndrome and diabetes is accumulation of signaling
lipids; these lipids are thought to cause insulin resistance and other types of cellular
dysfunction. Lipotoxicity is a consequence of either increased lipid – especially FA - uptake
or impaired lipid oxidation and storage leading to accumulation of DAG and/or ceramide.
Both, DAG and ceramide have been implicated in insulin resistance,14 mitochondrial
dysfunction,14, 31 and apoptosis.32 Genetic alterations in mice that increase tissue DAG lead
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to insulin resistance,14 while prevention of ceramide synthesis negates saturated fat-induced
insulin resistance.33 Analysis in hearts from patients with severe HF show a marked
suppression of genes associated with both FA oxidation and non-toxic storage of lipid in
triglyceride. Although CD36, a well-established mediator of cardiac FA uptake was reduced,
it is likely that residual FAs entering the heart are re-routed into synthesis of DAG and
ceramide leading to accumulation of these signaling lipids.

Lipid accumulation can be a cause as well as a consequence of HF. A series of genetically
altered mice have been created that have lipid accumulation due to excess FA uptake or a
reduction in oxidation. These include overexpression of genes that cause greater trapping of
FAs,34, 35 reduced activation of PPARs (PPARD ko and ATGL ko),36, 37 and, paradoxically,
PPARα and PPARγ,20, 21, 38 which must cause greater lipid uptake than oxidation. Several
of these models have activation of PKC and development of hypertrophy.21 Therefore, lipid
accumulation aside from altering metabolism might exacerbate HF.

Increased intracellular lipid accumulation in HF has been described in previous studies and
was linked to obesity and diabetes mellitus. One prior human study showed increased levels
of triglycerides in the myocardium of obese (BMI>30 kg/m2) and diabetic patients with
advanced HF undergoing heart transplantation.39 These findings are well in line with animal
studies showing increased myocardial levels of triglycerides in murine models of
diabetes.21, 38, 40 In contrast, animal models of HF secondary to transaortic banding under
non-diabetic conditions are associated with reduced myocardial triglyceride content.41, 42

Unlike in our current study, previous human studies have not differentiated between lipid
subspecies. Limited data are available to ascertain whether a non-diabetic group with
advanced HF also has an increase in various cardiac lipids. Our current study found no
increase in FAs or triglycerides while ceramide and DAG levels increased in the non-obese
patient cohort. Perhaps this was due to a limited number of patients with diabetes and
obesity; the average BMI of our patients was 26.5 kg/m2. We also found a uniform decrease
in gene expression of regulators of primarily lipid metabolism and oxidation. In particular,
levels of DGAT1 and ATGL were reduced. We believe that the decreased levels of
triglycerides and FAs represent a depletion of energy storage pools in the failing
myocardium and the diversion of incoming FAs into DAG and ceramide. The underlying
pathophysiologic mechanism is likely a failure to oxidize FAs due to mitochondrial
dysfunction, a phenomenon which has been well described in advanced HF. Alternatively,
impaired myocardial lipolysis might be a primary mechanism leading to reduced FA
oxidation. Our patients showed reduced ATGL expression and ATGL deficiency in mice
leads to decreased PPARα activation and defective lipid use.

One of the central findings of this study is the beneficial effect of mechanical unloading on
cardiac metabolism in the failing myocardium. The advent of VADs has improved the
therapeutic options for patients with advanced HF and is now an established intervention in
patients awaiting cardiac transplantation. We here show that improved hemodynamics after
VAD implantation are accompanied by reduced whole body and cardiac insulin resistance
and improved glucose homeostasis along with a reduction in levels of the toxic lipid
intermediates DAG and ceramide. Activation of PKC by toxic lipid intermediates with
subsequent inhibition of Akt signaling represents a direct molecular link between HF-
associated lipotoxicity and myocardial insulin resistance. It remains to be clarified which
molecular mechanisms connect biomechanical cardiac stress with impaired metabolism.
However, the finding of reversible myocardial metabolic derangement following mechanical
unloading might uncover novel therapeutic strategies for the treatment of advanced HF
patients. While we found increased activation of AMPK and enhanced expression of PGC1α
after VAD implantation, partially correcting the decreased activation state found in HF
samples compared to controls, other mechanisms might contribute to the improvement in
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metabolic state. Increased expression of PGC1α after mechanical unloading also suggests
improvement in oxidative capacity and mitochondrial dysfunction of the failing
myocardium.

Our study has several limitations. First, we have only incomplete clinical and laboratory data
available on the control patients which is related to the use of samples from a de-identified
tissue depository. Further, we could not analyze subgroups of patients such as diabetic
versus non-diabetic patients, obese versus non-obese patients, ischemic versus non-ischemic
cardiomyopathies due to the limited number of patients in our tissue substudy. Further,
effects of aging and gender differences are unclear due to the small number of patients in
our study.

In conclusion, this study represents the first analysis of cellular pathways of lipotoxicity and
insulin resistance in patients with advanced HF. Our study suggests a novel pathway of
lipotoxic cellular damage contributing to myocardial insulin resistance through
accumulation of the toxic lipid intermediates DAG and ceramide. PKC activation may be a
crucial mediator of this pathophenomenon. Further studies should focus on potential
therapeutic interventions correcting impaired cardiac metabolism and insulin resistance
through PKC inhibition or alterations in lipid metabolism that prevent the accumulation of
toxic lipid intermediates.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Clinical Summary

The failing human heart develops metabolic derangements characterized by a shift from
fatty acids to glucose utilization for ATP generation. These metabolic changes are
accompanied by transcriptional changes typically seen during embryogenesis. The aim of
our study was to investigate myocardial levels of toxic lipid intermediates in samples
from patients with advanced heart failure compared to controls. Further, we analyzed
whether mechanical unloading of the failing myocardium corrects impaired cardiac
metabolism. For this purpose, we analyzed myocardium and serum of patients with
advanced heart failure obtained during left ventricular assist device (LVAD) implantation
and at explantation as well as from controls. Systemic insulin resistance in heart failure
was accompanied by decreased myocardial triglyceride and overall FA content but
increased toxic lipid intermediates, diacylglycerol (DAG) and ceramide. Several
downstream signaling molecules known to regulate insulin signaling (Akt, Foxo and
PKC) were also found to be dysregulated in the failing myocardium altogether favoring
an insulin resistant state compared to controls. LVAD implantation improved insulin
resistance and decreased myocardial levels of the toxic lipid intermediates DAG and
ceramide while TG and FFA content remained unchanged. Therefore, abnormal
myocardial metabolism, insulin resistance and lipotoxicity develop in human heart
failure. Mechanical unloading through LVAD implantation corrects systemic and local
metabolic derangements in advanced heart failure. This study characterizes metabolic
changes in human heart failure with the development of cardiac lipotoxicity. Further,
these findings suggest potential therapeutic implications of mechanical unloading of the
failing myocardium for the correction of metabolic derangements in advanced human
heart failure.
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Figure 1.
Impairment of PI3Kinase/Akt signaling in human advanced HF. (A) Reduced activation
indicated by decreased phosphorylation status of Akt and FOXO in samples from patients
with advanced HF compared to control subjects (three representative samples per group).
(B) Decreased myocardial phosphorylation levels of Akt and FOXO in patients with
advanced HF compared to controls (*p<0.05, n=6–8 samples per group).
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Figure 2.
Myocardial lipid content and transcriptional changes of glucose and lipid metabolism genes.
(A) Myocardial lipid content in patients with advanced HF and controls. (B) Relative
changes in gene expression of metabolic genes controlling fatty acid and glucose uptake and
oxidation (empty bars – controls; filled bars – HF; n=6–8 individual patients in each group,
*p<0.05 vs. controls).

Chokshi et al. Page 15

Circulation. Author manuscript; available in PMC 2013 June 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Chokshi et al. Page 16

Circulation. Author manuscript; available in PMC 2013 June 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Inhibition of insulin signaling by increased cardiomyocyte lipid content. (A) Incubation of
AC16 cells with 0.4 mM palmitic acid (PA) resulted in increased cellular lipid content
measured by oil red O staining (top) and by quantitative lipid analysis (bottom, *p<0.05 vs.
unstimulated cells). (B) Overnight stimulation of AC16 cells resulted in inhibition of
insulin-mediated phosphorylation of Akt (*p<0.05 vs. 30 min insulin). (C) PKC activity in
control and PA-treated cells. (D) Inhibition of PKC activity normalized insulin-mediated
Akt phosphorylation in AC16 under high PA stimulation (n=3–4 individual samples per
group, *p<0.05 vs. control).
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Figure 4.
Insulin resistance in patients with advanced HF corrects following LVAD placement (white
bars – controls, n=10; black bars – HF pre-LVAD, n=36; grey bars – HF post-LVAD, n=30;
*p<0.01 vs. controls; #p<0.05 vs. HF pre-LVAD).
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Figure 5.
Mechanical unloading of the failing myocardium increased cardiac PI3K/Akt/Foxo
signaling. (A) Increased myocardial activation of Akt and Foxo following LVAD placement.
(B) Quantitative analysis of Akt and Foxo activation. (empty bars – pre-LVAD; filled bars –
post-LVAD; n=6 individual patients before and after LVAD implantation; *p<0.05 vs. pre-
LVAD).
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Figure 6.
Impact of mechanical unloading on myocardial lipid content, metabolic gene expression and
AMPK activation in patients with advanced HF. (A) No changes are detectable in cardiac
levels of triglycerides and free fatty acids. Increased levels of DAG and ceramide in
advanced HF correct after mechanical unloading of the failing myocardium. (B) Changes in
myocardial metabolic gene expression in response to mechanical unloading (empty bars –
pre-LVAD; filled bars – post-LVAD; *p<0.05 vs. pre-LVAD). (C) Reduced myocardial
AMPK phosphorylation in patients with advanced HF compared to controls partially
corrects after mechanical unloading of the failing myocardium (empty bars – controls; filled
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bars - pre-LVAD; grey bars – post-LVAD; *p<0.05 vs. pre-LVAD; #p<0.01 vs. controls;
n=6–8 individual patients before and after LVAD implantation).
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Figure 7.
Myocardial activation of PKC isoforms in patients with advanced HF before and after
mechanical unloading. (A) Decreased membrane localization of PKC isoforms following
mechanical unloading through ventricular assist device placement. (B) Semiquantitative
assessment of PKC isoform localization (empty bars – pre-LVAD; filled bars – post-LVAD;
n=8 individual patients before and after LVAD implantation; *p<0.05 vs. pre-LVAD).
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Figure 8.
Lipotoxic inhibition of insulin signaling in advanced HF. CD36 – cluster of differentiation
36; FATP – fatty acid transport protein; PKC – protein kinase C; IRS – insulin receptor
substrate; PI3K – phosphatidylinositol-3-kinase; GLUT4 – glucose transporter type 4; Foxo
– forkhead transcription factor; GSK3 – glycogen synthase kinase 3; p70s6k – 70-kDa
ribosomal protein S6 kinase; DAG – diacylglycerol; TG – triglyceride; MAG –
monoacylglycerol; ACS – fatty acid CoA synthase; CPT1 – carnitine palmitoyltransferase 1.
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Table 1

Baseline characteristics of patients undergoing LVAD implantation.

Age at Implant, yrs (mean ± SD) 55 ± 13.4

Gender 52 M / 9 F

BMI, kg/m2 (mean ± SD) 26.5 ± 5.29

  <19 5%

  19–25 35%

  25–30 40%

  >30 20%

History of Smoking 51%

Type 2 Diabetes Mellitus 23%

Hypertension 34%

Hyperlipidemia 46%

Etiology of Heart Failure

  Ischemic Cardiomyopathy 59%

  Dilated Cardiomyopathy 41%

Ejection Fraction, % (mean ± SD) 18 ± 5.5

LVAD Duration, days (mean ± SD) 177 ± 146
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Table 2

Echocardiographic parameters of patients before and after LVAD implantation.

Pre-VAD Post-VAD p-value

LVEDD (mm) 69 ± 12 55 ± 15 <0.0001

LVESD (mm) 63 ± 13 48 ± 17 <0.0001

LVEF (%) 17 ± 2 25 ± 15 0.003

IVS (mm) 10 ± 3 11 ± 2 NS

PWT (mm) 10 ± 2 11 ± 2 NS
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Table 3

Laboratory parameters before and after LVAD implantation.

Pre-VAD Post-VAD p-value

Complete Blood Count

   Hematocrit, % 34.0 ± 5.1 35.0 ± 6.7 NS

   Hemoglobin, g/dL 11.1 ± 1.9 11.6 ± 2.2 NS

   MCV, fl 88 ± 7.0 88 ± 7.1 NS

Renal Function

   BUN, mg/dL 40 ± 21 27 ± 17 <0.01

   Creatinine, mg/dL 1.7 ± 0.8 1.4 ± 0.6 <0.05

Hepatobiliary Function

   AST, U/L 65 ± 127 35 ± 22 0.12

   ALT, U/L 67 ± 123 31 ± 247 0.06

   Total bilirubin, mg/dL 2.3 ± 5.1 0.8 ± 0.4 0.06

   Total protein, g/dL 6.5 ± 1.0 7.4 ± 1.0 <0.001

   Albumin, g/dL 3.5 ± 0.6 4.0 ± 0.6 <0.001

   Alkaline Phosphatase, U/L 101 ± 61 120 ± 104 NS

Glucose and Lipid Metabolism

   Glucose, mg/dL 137 ± 49 112 ± 41 <0.01

   HbA1c, % 7.0 ± 1.6 6.1 ± 1.3 <0.05

   Triglycerides, mg/dL 118 ± 69 163 ± 106 <0.05

   Cholesterol, mg/dL 129 ± 36 170 ± 50 <0.001

   HDL, mg/dL 34 ± 12 48 ± 15 <0.001

   LDL, mg/dL 71 ± 27 104 ± 42 <0.001
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