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Abstract

Background: Significant improvements in myocardial structure and function have been reported 

in some advanced heart failure (HF) patients (termed Responders-R) following left ventricular 

assist device (LVAD)-induced mechanical unloading. This therapeutic strategy may alter 

myocardial energy metabolism in a manner that reverses the deleterious metabolic adaptations of 

the failing heart. Specifically, our prior work demonstrated a post-LVAD dissociation of glycolysis 

and oxidative-phosphorylation characterized by induction of glycolysis without subsequent 

increase in pyruvate oxidation via the TCA cycle. The underlying mechanisms responsible for this 

dissociation are not well understood. We hypothesized that the accumulated glycolytic 

intermediates are channeled into cardioprotective and repair pathways, such as the pentose-

phosphate pathway and one-carbon metabolism, which may mediate myocardial recovery in 

Responders.

Methods: We prospectively obtained paired LV apical myocardial tissue from non-failing donor 

hearts as well as responders and non-responders at LVAD implant (Pre-LVAD) and transplantation 
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(Post-LVAD). We conducted protein expression and metabolite profiling and evaluated 

mitochondrial structure using electron microscopy.

Results: Western blot analysis shows significant increase in rate-limiting enzymes of pentose-

phosphate pathway and one-carbon metabolism in Post-LVAD responders (Post-R) as compared to 

post-LVAD non-responders (Post-NR). The metabolite levels of these enzyme substrates, such as 

sedoheptulose-6-phosphate (pentose phosphate pathway) and serine and glycine (one-carbon 

metabolism) were also decreased in Post-R. Furthermore, Post-R had significantly higher NADPH 

levels, reduced ROS levels, improved mitochondrial density and enhanced glycosylation of the 

extracellular matrix protein, α-dystroglycan, all consistent with enhanced pentose-phosphate 

pathway and one-carbon metabolism that correlated with the observed myocardial recovery.

Conclusions: The recovering heart appears to direct glycolytic metabolites into pentose-

phosphate pathway and one-carbon metabolism which could contribute to cardioprotection by 

generating NADPH to enhance biosynthesis and by reducing oxidative stress. These findings 

provide further insights into mechanisms responsible for the beneficial impact of glycolysis 

induction during the recovery of failing human hearts following mechanical unloading.
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INTRODUCTION

Heart Failure (HF) is a global epidemic causing a huge financial burden on the healthcare 

system. Mortality rates exceed 50% in patients with advanced HF. Mechanical unloading 

through LVAD is a therapeutic intervention which serves either as a bridge to heart 

transplant or destination/lifetime therapy. Multiple studies reveal that LVAD unloading and 

circulatory support leads to substantial cardiac function improvement in a subgroup of 

patients (Responders) with end-stage HF 1-3.

Metabolism is inextricably linked with cardiac function and is tightly regulated 4, 5. 

Oxidation of fatty acids, glucose and lactate in mitochondria accounts for most of the ATP 

generation in healthy adult hearts, with fatty acids being the preferred energy substrate, 

providing > 70% of the total ATP 5. Altered energetics and metabolic reprogramming are 

believed to be integral to HF development and progression with the failing heart exhibiting a 

“fetal pattern” of substrate utilization characterized by enhanced glycolysis and decrease in 

fatty acid oxidation 4, 6. It was suggested that LVAD-induced unloading has the potential to 

reverse the deleterious metabolic adaptations of the failing heart and even activate cellular 

pathways of cardioprotection and cardiac repair 7-9. The mechanisms by which LVAD-

induced mechanical unloading affects the energy balance and metabolic reprogramming of 

chronic HF is not well understood. We reported in our previous study that the levels of 

glycolytic intermediates were induced post-LVAD, however most of the pyruvate was not 

directed to the Tricarboxylic acid (TCA) cycle 7. The absence of a corresponding increase in 

the intermediates of the TCA cycle and electron transport chain activity in mitochondria 

strongly suggested a glycolysis-oxidative phosphorylation mismatch during mechanical 
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unloading 7. This may be, in part, due to the decreased myocardial energy demand during 

unloading/ ‘resting’ making glycolysis a sufficient energy source. Alternatively, this could 

be explained by the channeling of glucose to the accessory metabolic pathways (outlined in 
Figure1) such as the pentose phosphate pathway and one-carbon metabolism, following 

LVAD support.

The first step of the pentose phosphate pathway is oxidation of glucose-6-phosphate (a 

product of glycolysis) via activity of the rate-limiting enzyme glucose-6-phosphate 

dehydrogenase (G6PD) using NADP+ (Figure 1). The pentose phosphate pathway generates 

NADPH, an important electron donor for reductive biosynthesis and for defense against 

reactive oxygen species (ROS) 10. Pentose sugars produced in the pathway can also be 

converted to ribitol, which is essential for the glycosylation of α-dystroglycan (α-DAG1) 11. 

The interaction of α-DAG1 with extracellular matrix proteins is critical for maintaining 

muscle integrity and function 11, 12. The one-carbon metabolism pathway derived from 3-

phosphoglycerate by the activity of phosphoglycerate dehydrogenase (PHGDH) is a major 

contributor for purine synthesis and generation of NADPH in the cytosol and mitochondria 

(Figure 1) 13, 14. Hence, the pentose phosphate pathway and the one-carbon metabolism 

pathway lead to an inherent coupling of nucleotide synthesis with NADPH production 13. 

Alternatively, glucose-derived metabolites may enter the polyol pathway through glucose-6-

phosphate and into the hexosamine biosynthetic pathway through fructose-6-phosphate. 

Although glycolysis and glucose oxidation are the pathways whereby glucose metabolism is 

optimized for ATP production, these accessory pathways play critical roles in biomass 

accumulation, ROS defense and cell regulation.

In this study, we investigated these accessory pathways of glucose metabolism in responders 

and non-responders after LVAD-induced mechanical unloading. We show that myocardial 

recovery correlates with the increased shunting of glycolytic intermediates into accessory 

pathways such as the pentose phosphate pathway and one-carbon metabolism, to generate 

biomolecules that support repair and maintain the redox status of cardiomyocytes.

METHODS

Disclosure:

The authors declare that all supporting data are available within the article (and its online 

supplementary files).

Study Population

Patients with advanced HF were prospectively enrolled at the time of LVAD implant as a 

bridge-to-transplant or destination therapy. Patients who received LVAD secondary to acute 

HF were prospectively excluded. Control tissue was acquired from Donors with non-failing 

hearts that were not allocated for transplantation due to non-cardiac reasons. This study was 

carried out at institutions comprising the UTAH Cardiac Transplant Program (University of 

Utah Health Science Center, Intermountain Medical Center, and the George E. Wahlen VA 

Medical Center, Salt Lake City, Utah). The institutional review board of each institution 

approved the study and all patients provided informed consent.
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Clinical Data Collection

We collected clinical data including demographics, comorbidities, invasive hemodynamic 

and laboratory information within 1 week before LVAD implantation and again between 2-4 

weeks after device implantation. Structural and functional response to unloading was 

determined via serial 2-dimensional, M-mode, and Doppler echocardiograms that were 

performed monthly. Additionally, before LVAD implantation, baseline transthoracic 

echocardiograms were taken. We followed the serial echocardiographic data of patients after 

surgery for up to 6 months and, based on the two key parameters during diminished support 

or “turn-down” echo’s: LVEF and LVEDD, they were categorized as either responder or 

non-responder. These echocardiographic parameters were measured after 30 minutes of 

diminished LVAD support, i.e. “turn-down” echos. Specifically, the revolutions per minute 

of the LVAD device were reduced for 30 min to the minimum allowed by the manufacturer 

in order to increase the load on the myocardium. Responders (R) were defined as having a 

relative increase in left ventricular ejection fraction (LVEF) ≥ 50% compared to baseline, a 

final resulting EF≥ 40%, and a final left ventricular end diastolic diameter (LVEDD) of <6 

cm. If these criteria were not met, the patient was considered a Non-Responder (NR). The 

phenotypic status of the patients was determined only if patients had undergone at least a 

minimum of 3 months of LVAD support, given prior work by us and others that this 

represents the minimum time on support to attest for potential salutary effects of mechanical 

unloading and circulatory support induced by LVAD.

Tissue Acquisition

Myocardial tissue was acquired from organ donors and consenting HF patients as described 

previously 7.

Materials

Antibodies to G6PDH (#8866), Transketolase (#8616), PHGDH (#13428), SHMT2 

(#12762), Catalase (#12980), SOD1 (#4266), GPX1 (#3206), PRDX2 (#46855), GLUT1 

(#12939), GLUT4 (#2213), GFAT1 (#3818), O-GlcNAc (#9875), Ribosomal protein L7a 

(#2415), Ribosomal protein S3 (#9538) were obtained from Cell Signaling Technology 

(Beverly, MA). Antibodies to HSP60 (#MA3-012), and ISPD (#PA5-25854) from Thermo 

Fisher (Waltham, MA); FKRP (#sc-374642), TALDO (#sc-365449) and ALDR 

(#sc-166918) from Santa Cruz Biotechnology (Santa Cruz, CA); Anti-4HNE (#46545) from 

Abcam (Cambridge, MA) and; α-Dystroglycan (IIH6C4) (#05-593) from EMD Millipore 

(Burlington, MA). Amersham Protran 0.45 μM nitrocellulose membrane (#10600003) and 

ECL Prime western blotting detection reagent (#RPN2232) from GE Healthcare Life 

Sciences (Germany). LI-COR Odyssey blocking buffer, IRDye 680RD Donkey anti-mouse 

(#926-68072) and, IRDye 800CW Donkey anti-rabbit (#926-32213) from LI-COR (Lincoln, 

NE). NADP/ NADPH Assay kit (#ab176724) from Abcam (Cambridge, MA) and OxyBlot 

Protein Oxidation Detection kit (#S7150) from Millipore Sigma (Darmstadt, Germany).

Metabolomic analysis

The levels of metabolites in cardiac tissue were quantified by gas chromatography–mass 

spectroscopy (GC-MS) analysis, as described previously7.
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Western Blot analysis

Proteins were extracted using RIPA lysis buffer containing HALT Protease and Phosphatase 

inhibitor cocktail solution (Pierce, Rockford, IL). After homogenization using a bead-

homogenizer, tissue lysates were incubated on ice for an hour. Samples were centrifuged at 

14,000g for 30 minutes at 40C. Equal volume of 2X sample buffer containing 1 mM DTT 

was added to the supernatant. Protein estimation was performed using Pierce BCA Protein 

Assay Kit (Thermo Scientific, Rockford, IL). Samples were boiled for 10 minutes and 30 μg 

of protein was loaded on 8-12% SDS-PAGE gels. SDS-PAGE and western blotting was 

performed.

Electron Microscopy:

Epon-embedded tissue blocks were subjected to ultramicrotomy and osmium/uranyl acetate-

based staining for electron microscopy. Imaging was performed on a JEM 1010 electron 

microscope (Jeol, Peabody, Massachusetts). A total of 5 optical fields/ heart were examined 

at 11,000 x magnification. Mitochondrial number and volume density were estimated as 

previously described7.

NADP/NADPH Assay

50 mg tissue samples were washed with cold PBS and homogenized in 400 μl of mammalian 

cell lysis buffer using a bead homogenizer (20 Hz for 2-4 minutes). Homogenates were 

centrifuged at 2500 RPM for 10 mins at room temperature. Supernatants were transferred in 

a new tube and the NADPH/ NADP assay was performed following manufacturer’s 

instructions (Abcam, Cambridge, MA). Fluorescence was measured in a microplate reader at 

Excitation/Emission =540/590.

Statistics

Statistical analysis was performed using GraphPad Prism software. Measures of variation 

were expressed as mean ± standard error of the mean. Significant differences were 

determined using either Student’s t-tests (two-tailed) for 2 independent samples or using 

ordinary one-way ANOVA test (corrected for multiple comparisons with Tukey) for all 

groups. Multiple t-test was performed for nucleotides levels and two-way ANOVA for 

mitochondrial size. p-value < 0.05 was considered statistically significant.

For the clinical table, descriptive statistics were used, including frequencies, percentages and 

means. Measures of variation were expressed as mean ±standard error and compared using 

the student’s t-test for independent samples. Categorical data were compared using the χ2 

test or Fisher’s exact test, as appropriate. Univariate analyses were performed to determine 

the effect of baseline variables on the phenotypic status of the patients. A 2-tailed p value 

<0.05 was considered statistically significant. Analyses were performed by using SPSS 

version 20.0 (SPSS Inc, Chicago, IL).

Study Approval

The study was approved by the University of Utah’s Institutional Review Board 

(IRB_00030622) entitled “Effects of Mechanical Unloading on Myocardial Function and 
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Structure in Humans”. No study-related procedure was done before obtaining signed consent 

forms from all patients or their representatives. All the procedures followed were in 

accordance with institutional guidelines.

RESULTS

Study population and clinical characteristics

Consecutive patients with advanced HF were evaluated at the time of LVAD implantation 

and clinical characteristics of study subjects are shown in Table 1. LVEF and LVEDD were 

measured using turn-down echocardiography before and after the LVAD implantation as 

described in the method section. Patients with a post-LVAD LVEF ≥40% along with a >50% 

relative LVEF improvement and a LVEDD <6 cm were classified as responders, whereas 

patients with LVEF <35% or a relative improvement of LVEF <50% (regardless of LVEDD) 

as non-responders 15. The responders had significantly higher mean LVEF of 42.2±2% after 

LVAD support as compared to the non-responders whose mean LVEF was 19.3±1%, despite 

having similar LVEF prior to LVAD implant. The LVEDD after LVAD implant was 

significantly lower in responders (4.8±0.4 cm) than the non-responders (6.3±0.2 cm). The 

responders also had higher prevalence of non-ischemic cardiomyopathy and they were 

significantly younger with shorter duration of HF symptoms.

Changes in Glucose uptake, Polyol and Hexosamine biosynthetic pathways in relation to 
cardiac recovery.

Glucose enters the cardiac myocyte via the insulin-sensitive glucose transporter 4 (GLUT4) 

and the insulin-independent GLUT1. GLUT4 is the major transporter given its greater 

abundance and translocation to the sarcolemma in response to cardiac contraction. GLUT4 

expression decreases in HF and cardiac hypertrophy while GLUT1 is elevated in cardiac 

hypertrophy 16. We investigated protein abundance of glucose transporters using paired 

myocardial tissue samples obtained at the time of LVAD implantation (pre-LVAD) and at 

time of transplantation (post-LVAD) from both responders (R) and non-responders (NR). 

Figure 2A and 2B shows similar levels of GLUT4 across the various groups. Relative to 

donor hearts, post-LVAD hearts from both R and NR shows a significant increase in GLUT1 

protein (Figure 2A and 2C), suggesting enhanced glucose uptake upon mechanical 

unloading.

Glucose can be metabolized in multiple pathways providing not only ATP but also important 

metabolites for cellular functions. Glucose-6-phosphate generated during glycolysis can be 

converted to sorbitol via aldose reductase (ALDR) in the polyol pathway (Figure 1). Using 

the metabolomic analysis, we discovered that the levels of sorbitol are significantly lower in 

Post-R hearts relative to donor and Post-NR (Figure 2D). It was previously reported that 

ALDR expression was induced by two-fold in failing human hearts 17. However, the levels 

of ALDR in this study appear to be similar among the failing and non-failing hearts, with a 

significant reduction in Post-R relative to the Post-NR (Figure 2E-2F). Given the reduction 

in ALDR in Post-R, it is possible that reduced sorbitol in Post-R could be due to decreased 

flux toward sorbitol synthesis, suggesting downregulation of polyol pathway in post-LVAD 

responders.
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Glucose also supports flux into the hexosamine biosynthetic pathway via the activity of the 

rate-limiting enzyme, glutamine fructose-6-phosphate amidotransferase (GFAT), which 

converts the glycolytic intermediate fructose-6-phosphate to the principal end product 

uridine diphosphate-N-acetylglucosamine (UDPGlcNAc) (Figure 1). UDPGlcNAc is the 

substrate for O-linked glycosylation of a number of proteins via transferases 18 and hence an 

increase in hexosamine biosynthetic pathway flux may promote protein O-linked β-N-

acetylglucosamine glycosylation (O-GlcNAcylation). Multiple studies reported increased 

mRNA and protein for O-linked β-N-acetylglucosamine transferase (GFAT) and increased 

UDPGlcNAc levels in mouse models of heart failure and hypertrophy 19, 20. Western blot 

analysis of GFAT1 protein revealed similar protein levels across the various groups, with no 

difference between Post-NR and Post-R (Figure 2G and 2H). Interestingly, despite similar 

enzyme levels, the O-GlcNAcylation of proteins (using a specific antibody for O-GlcNAc) 

revealed a significant increase in O-GlcNAcylation of proteins in Post-NR compared to 

Donors (Figure 2G and 2I). Glycosylation in Post-R was significantly reduced as compared 

to Post-NR (Figure 2G and 2I), suggesting increase flux into hexosamine biosynthetic 

pathway specifically in Post-NR.

Pentose phosphate pathway and myocardial recovery

To examine potential contributions of the pentose phosphate pathway to myocardial 

recovery, we examined protein abundance of key enzymes and metabolites (Figure 1) 

involved in this pathway. Western blot analysis showed a trend towards an increase in G6PD, 

transketolase (TKT), and transaldolase (TALDO) in the failing heart (Pre-R and Pre-NR) 

relative to donors (Figure 3A-3D), supporting prior reports in animal models of HF 21, 22. 

Interestingly, we observed significantly higher levels of the G6PD, TKT and TALDO in 

Post-R relative to the Post-NR, whose levels remain similar to Pre-NR (Figure 3A-3D). We 

also measured the levels of key pentose phosphate pathway metabolites generated using GC-

MS. Sedoheptulose-7-phosphate and fructose-6-phosphate in Post-R were significantly 

reduced relative to Post-NR (Figure 3E and 3F). Together with potentially increased enzyme 

activity, this pattern could be consistent with increased non-oxidative pentose phosphate 

pathway flux in HF patients with clinical signs of myocardial recovery after LVAD-induced 

unloading.

The pentose phosphate pathway generates ribose which serves as a precursor for ribitol, that 

is required for glycosylation and full activity of α-dystroglycan (DAG1) 23. The levels of 

ribitol was significantly higher in failing hearts relative to donors, but was significantly 

reduced in Post-R as compared to Post-NR with similar levels to donors (Figure 4A). Protein 

levels of ribitol-5-phosphate cytidylyltransferase (ISPD), which generates CDP-ribitol, a 

precursor for DAG1 glycosylation were decreased in the failing heart (Figure 4B and 4C). 

However, ISPD levels in Post-R were significantly increased relative to Post-NR (Figure 4B 

and 4C). Fukutin-related protein (FKRP), which mediates the addition of CDP-ribitol to 

DAG1, were similar between Post-NR and Post-R, but was statistically increased relative to 

donors, only in Post-R (Figure 4B and 4D). Moreover, western blot analysis using an 

antibody which specifically detects glycosylated DAG1 (referred as F-α-DAG) revealed a 

significantly higher level of DAG1 glycosylation in Post-R relative to Post-NR (Figure 4E 

and 4F). FKRP is not rate-limiting for DAG1 glycosylation, which is more dependent on 
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increased availability of CDP-ribitol 11, 24. Thus overall, these results are consistent with a 

model in which, in responders, increased oxidative pentose phosphate pathway flux could 

channel ribitol and CDP-ribitol towards DAG1-glycosylation. Increased DAG1-

glycosylation would be predicted to increase its activity for maintaining extracellular matrix 

and cytoskeletal integrity.

One-Carbon metabolism and myocardial recovery

To determine the relationship between recovery and one-carbon metabolism, we assessed 

key enzymes and metabolite levels in this pathway (Figure 1). Figure 5A-5C shows that the 

rate-limiting enzyme PHGDH, and serine hydroxymethyl transferase (SHMT) were 

significantly induced in Post-R relative to Post-NR. Notably, while PHGDH appears to be 

increasing in failing hearts, SHMT2 follows an opposite trend. Levels of serine (Figure 5D) 

and glycine (Figure 5E), which are intermediates in the one-carbon metabolism pathway, 

were significantly decreased in Post-R relative to Post-NR. Together, these changes could be 

consistent with increased flux through the one-carbon metabolic pathway in Post-R, 

suggesting an association between increased one-carbon metabolism and post-LVAD cardiac 

improvement in responders.

The ribose sugars generated from pentose phosphate pathway and the one-carbon 

metabolites from one-carbon metabolism are utilized for nucleotide synthesis. We measured 

the metabolite levels of various nucleobases in donors and post-LVAD responders and non-

responders. Figure 5F shows significantly higher levels of nucleobases in Post-NR relative to 

donors and significant reduction in Post-R relative to Post-NR. One possibility accounting 

for the equivalent nucleobase levels between non-failing hearts and Post-R, could be 

increased utilization in Post-R for repair/transcription process. To determine whether 

decreased nucleotides in Post-R correlates with increased RNA or protein synthesis 

(possibly required for completion of cell cycle 25), we quantified the ribosomal proteins L7a 

and S3, as an indirect measure. Figure 5G-5I shows a significant increase in both the 

ribosomal proteins, L7a and S3 (Figure 5H and 5I respectively) in Post-R as compared to 

Post-NR, could indicate increased usage of nucleotides in Post-R for RNA, ribosomes and 

ultimately protein synthesis.

Redox pathways in responders and non-responders

The NADP+/NADPH ratio reflects the redox status in the cell. NADPH, the reduced form of 

NADP, plays an important role in maintaining antioxidant defenses by neutralizing reactive 

oxygen species (ROS). We therefore analyzed the NADPH levels and ROS in the myocardial 

tissue. As shown in Figure 6A, NADPH levels are significantly reduced in Pre-NR and Post-

NR hearts relative to donor hearts. In contrast, NADPH levels were reduced to a lesser 

extent in Pre-R and were not statistically different from those of donor hearts in Post-R. 

NADPH was significantly higher in Post-R relative to Post-NR. Consistent with this, NADP

+/NADPH ratio was highest in NR regardless of pre- or post-LVAD (Figure 6B). The NADP

+/NADPH ratio in pre-R hearts was similar to that of donor controls, and was maintained at 

that low level in Post-R subjects (Figure 6B). Thus, the NADPH pool may identify those 

hearts that are more likely to recover post LVAD implantation.
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4-hydroxynonenal antibody (4-HNE), a highly reactive cytotoxic aldehyde released during 

lipid peroxidation by ROS forms stable protein-adducts and is an indirect measure of 

oxidative stress. There was a significant increase 4-HNE adducts in Post-NR as compared to 

donors. In contrast, Post-R exhibited reduced levels of 4-HNE relative to Post-NR, that were 

unchanged relative to donors (Figure 6C and 6D). To further confirm our results, we used 

the OxyBlot Protein Oxidation Detection kit to detect protein carbonylation. The pattern 

observed was similar to that of 4-HNE, with the highest levels of protein carbonylation seen 

in Post-NR and the lowest levels in Post-R (Figure 6E). Protein carbonylation was similar 

between non-failing donors and failing hearts at the Pre-LVAD implantation time point 

irrespective of the outcome post-LVAD implantation. Prior studies have suggested that 

LVAD induces oxidative stress in lymphocytes of HF patients 26, whether similar effects 

occur in cardiomyocytes remain to be demonstrated. Our data would suggest that increased 

NADPH may represent an important mechanism that prevents oxidative stress in post-R 

hearts. Also, the evidence of these adaptations was present in responders even prior to LVAD 

implantation. Interestingly, antioxidant enzymes such as superoxide dismutase and catalase 

are similar across the groups (Supplementary Figure 1A-1D) with a slight increase in Post-

NR and Post-R relative to donor hearts and are therefore less likely candidates to account for 

the difference in oxidative stress pathways observed between responders and non-

responders.

As mitochondria are targets of oxidative damage, we evaluated mitochondrial morphology 

and two parameters were determined. Mitochondrial volume density (Vd) was significantly 

reduced in Pre-NR hearts relative to the non-failing donors, whereas Vd in pre-R hearts was 

not statistically different as compared to donors or to Pre-NR (Figure 6F). However, Post-R, 

Vd was significantly increased in Post-R relative to Post-NR and achieved the same level as 

donor controls (Figure 6F). Mitochondrial size distribution was also examined. There was a 

left-ward shift in the distribution curve towards smaller mitochondria in all failing hearts 

pre-LVAD relative to controls, which could indicate mitochondrial fission. The distribution 

shifted in Post-R mitochondria to overlap with that of control donor hearts, while the 

distribution of Post-NR mitochondria was unchanged (Figure 6G).

DISCUSSION

Cardiac energy metabolism is complex owing to its ability to metabolize multiple substrates 

and channel them into multiple pathways for energy production or biosynthesis. In the 

present study, we provide evidence that pentose phosphate pathway and one-carbon 

metabolism (but not hexosamine biosynthetic pathway or polyol pathway) in responders 

could contributes to cardioprotection, tissue repair and facilitate recovery. We observed a 

significant increase in NADPH, likely through the pentose phosphate pathway and one-

carbon metabolism, that could fuel biosynthetic pathways and protect the heart from 

oxidative stress. In addition, improved mitochondrial density and size in responders 

suggested salutary effects of reduced ROS and repair pathways. We also showed that 

metabolites such as ribitol (generated from pentose phosphate pathway) could potentially 

play a role in cardiac recovery by increasing glycosylation of DAG1, required for stable 

interactions between cardiomyocytes and the extracellular matrix. It is noteworthy that hints 

of these adaptations were already present in the responders before the LVAD intervention. 
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(as evident from our findings in their myocardial tissue at the LVAD implantation time 

point). Collectively, these data identify novel metabolic mechanisms emanating from non-

glycolytic glucose metabolism that may promote LVAD-induced cardiac recovery (Figure 7).

In the failing heart, the relative contribution of glucose as a metabolic substrate might 

increase in addition to other substrates such as ketones. There is ongoing debate regarding 

whether this metabolic shift away from fatty acids towards glucose in the failing heart is 

beneficial or detrimental in the disease progression. We observed an increase in GLUT1 

suggesting an LVAD-induced upregulation of glucose uptake. However, only responders 

appeared to channel this excess glucose to accessory pathways of glycolysis. One hallmark 

of increased glucose metabolism in hypertrophic hearts is accelerated glycolysis 27. Many 

studies indicate that increased glycolysis is not associated with an increase in glucose 

oxidation suggesting an uncoupling of glycolysis and glucose oxidation 6, 28, 29. Glucose can 

be metabolized in multiple pathways in addition to providing an energy source that may be 

more efficiently metabolized than fatty acids. These metabolites regulate multiple biological 

functions27 that include potent effects on cardiomyocyte function. Our conclusions based on 

correlation of elevated pentose phosphate pathway and one-carbon metabolism with 

myocardial recovery, support an adaptive rather than maladaptive role for increased non-

glycolytic glucose metabolism.

Therapeutic interventions such as LVADs and beta-blockers are increasingly suggested to 

modulate metabolism, which could account for their positive effects on HF patients7, 30, 31. 

We have reported previously, a post-LVAD dissociation between glycolysis and oxidative 

phosphorylation7. That study revealed that there was an increase in glycolytic intermediates, 

amino acids and nucleobases following LVAD-unloading relative to a match paired pre-

LVAD time point, without a concomitant increase in TCA cycle and mitochondrial 

respiration 7. One intriguing concept is that glycolysis though being less efficient in terms of 

generating ATP, the decreased myocardial energy demand during unloading or resting could 

make glycolysis an adequate energy source. Additionally, since most of the ROS is 

generated by mitochondrial respiration, the flux of glycolytic intermediates to other 

pathways that mediate redox homeostasis could be beneficial for the heart. This could result 

in reducing inexorable ROS generation as the disease progresses and may favor cardiac 

recovery.

The work presented here provides evidence that the glycolytic intermediates were 

predominantly directed towards pentose phosphate pathway and one-carbon metabolism 

pathways in Post-R but not in non-responders. Increased flux into these metabolic pathways 

in responders was also accompanied with improved mitochondrial dynamics and beneficial 

changes in a regulator extracellular matrix integrity. It is well established that the 

mitochondrial structure and dysfunction is tightly associated with ROS32. Aberrant 

mitochondrial morphology may lead to enhanced ROS formation, which, in turn could 

impair mitochondrial bioenergetics and damage mitochondria in other ways to further 

exacerbate oxidative stress in a self-perpetuating vicious cycle. Also, ROS plays a major role 

in the pathophysiology of HF and triggers ventricular remodeling through numerous 

mechanisms33. Of note, G6PD-deficient mice exhibit increased ischemia-reperfusion injury, 

supporting the importance of the pentose phosphate pathway in protection against oxidative 
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injury34. One hypothesis raised by the findings of this study is that increases in 

mitochondrial density and size could possibly be explained in part by increased generation 

of NADPH. Although NADPH can also be generated through TCA cycle (Malic enzyme and 

isocitrate dehydrogenase), the major source for cytosolic NADPH remains to be pentose 

phosphate pathway 35. On the other hand, one-carbon metabolism contributes substantially 

to mitochondrial NADPH generation36, 37. We observed similar TCA cycle metabolite levels 

between Post-NR and Post-R (data not shown), suggesting that pentose phosphate pathway 

and one-carbon metabolism but not TCA cycle contributes to NADPH regeneration. This in 

turn reduces ROS and supports synthesis of building blocks and biomolecules which could 

support mitochondrial biogenesis or repair. However, it is possible that increase in NADPH 

or functional myocardial recovery is secondary to improved mitochondrial structure and 

function by yet unknown mechanisms. The significantly higher nucleotide levels in Post-NR 

could reflect mitochondrial and nuclear DNA damage along with reduced DNA repair 

mechanisms and diminished transcription. Prior studies have reported that majority of 

cardiomyocytes in failing heart harbor a polyploid genome. A post-LVAD increase in 

cardiomyocyte diploidy due to cell cycle progression with mitotic cytokinesis and its 

correlation with recovery has been described25.

Increased polyol pathway flux has been associated with cardiac dysfunction and reducing 

flux via ALDR inhibition was shown to improve cardiac functions38, 39. Thus, reduced 

glucose metabolism through the polyol pathway could also contribute to cardiac recovery. 

Reduced generation of sorbitol in Post-R is consistent with reduced polyol pathway flux. In 

addition, overexpression of the human form of ALDR in mice was found to be associated 

with impaired functional recovery after ischemia 39. Similarly, repression of the hexosamine 

biosynthetic pathway in Post-R, could represent a protective mechanism, in light of evidence 

linking increased glycosylation (end-product of hexosamine biosynthetic pathway) with 

cardiac dysfunction 40, 41. We also observed low O-GlcNAcylation in Post-R despite similar 

GFAT1 levels to Post-NR. GFAT is regulated by multiple phosphorylation events which 

regulates the enzyme activity 42, 43, hence it is possible that phosphorylation at specific sites 

might be different, however phospho-specific antibodies are not currently available. 

Increased O-GlcNAcylation is associated with cardiomyocyte dysfunction and reduced 

sarcoplasmic reticulum Ca+2-ATPase expression and abnormal calcium transients 40, 41. 

Additionally, glycosylation is linked to increased apoptosis 44. On the contrary, an increased 

flux of glucose into hexosamine biosynthetic pathway and polyol pathway in Post-NR could 

possibly explain the lack of functional recovery and further progression of disease in this 

subset of HF patients.

Mechanical stress due to pressure and volume overload in concert with metabolic 

dysfunction also induces profound changes in extracellular matrix composition that 

contribute to the pathogenesis of HF45. Because of its importance in preserving structural 

integrity and function of the heart and its central involvement in regulating cellular responses 

to cardiac injury, repair, and remodeling, the cardiac extracellular matrix provides unique 

opportunities for therapeutic interventions in HF patients. DAG1 is an important component 

of extracellular matrix which is highly glycosylated with multiple ribitol-5-phosphate 

molecules. This glycosylation is critical for maintaining matrix and myocyte 

communication, essential for optimal integrity and function of muscle11, 12, 46. Lack of 
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DAG1 glycosylation results in progressive degeneration of cardiac muscles, ultimately 

leading to heart failure 47, 48. Pentose phosphate pathway intermediates are the principal 

source of ribitol and hence for glycosylation of DAG1. Overexpression of ISPD increased 

ribitol incorporation into DAG124. In another study, treatment of FKRP-mutant mice with 

ribitol increased DAG1 glycosylation levels in cardiac muscles and reduced cardiac 

fibrosis11. Our results revealed low ribitol levels in Post-R, possibly indicating enhanced 

utilization for DAG1 glycosylation and in support, an increase in ISPD and DAG1 

glycosylation levels. We also recently announced that Post-R have significantly reduced 

myocardial fibrosis in contrast to Post-NR49. Our results also support previous reports, that 

F-α-DAG is critical for myocardial structure and that enhanced glycosylation of DAG1 

could lead to improvement of structure and function among responders following LVAD 

unloading.

We provide insights into the potential mechanisms by which the failing heart undergoes 

functional recovery upon mechanical unloading. Studies using transgenic mouse models and 

pharmacological compounds have demonstrated that increased glucose metabolism in adult 

heart is not harmful and can be beneficial when it provides sufficient fuel for oxidative 

metabolism27. We now provide evidence for previously incompletely understood issues 

linking mismatch between enhanced glycolysis and reduced glucose oxidation to recovery 

by demonstrating that non-glycolytic pathways of glucose metabolism are induced 

specifically in HF patients with improved myocardial function. These pathways could 

promote cardioprotection by improving redox homeostasis, reducing oxidative stress, 

enhancing mitochondrial structural integrity, and restoring extracellular matrix function 

(Figure 7). Together these observations point to a potentially favorable benefit of the 

metabolic shift to glucose in the failing heart specifically in responders. However, this sole 

metabolic shift does not necessarily mean adaptive and there might be multiple other 

metabolic/signaling pathways at play.

Study limitations:

HF is a complex disease with multiple factors responsible for the disease etiology, it will be 

inappropriate to confine glucose metabolism as solely responsible for cardiac recovery. 

There are likely other important metabolic pathways that were not tested. Furthermore, our 

metabolomics data represents static levels of metabolites, thus, future studies using C13-

glucose flux might distinctly reveal the precise pathways of glucose metabolism in HF. 

Finally, there were likely variable populations of cells other than cardiomyocytes such as 

fibroblasts and macrophages in the tissue used which can influence the results, that are 

beyond the scope of this study and could be addressed in future using single cell approaches.

In conclusion, the recovering heart appears to direct glycolytic metabolites into pentose 

phosphate pathway and one-carbon metabolism which could contribute to cardioprotection 

by generating NADPH to enhance biosynthesis and to cope with oxidative stress. A better 

understanding of metabolic changes occurring in the failing and recovering heart would be 

helpful in developing metabolic therapies. Interventions that enhance glucose flux into 

cardioprotective pathways potentially improve the mitochondrial or extracellular matrix 

dynamics and should be investigated further as a strategy to enhance myocardial recovery.
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Non-standard Abbreviations and Acronyms:

LVAD Left Ventricular Assist Devices

HF Heart Failure

R Responder

NR Non-responder

LVEF Left Ventricular Ejection Fraction

LVEDD Left Ventricular End Diastolic Diameter

GC-MS Gas chromatography-mass spectrometry

TCA Tricarboxylic acid cycle

ROS Reactive oxygen species

HSP60 Heat shock protein 60

GLUT Glucose transporters

GFAT1 Glutamine fructose-6-phosphate amidotransferase 1

UDPGlcNAc Uridine diphosphate-N-acetylglucosamine

ALDR Aldose reductase
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G6PD Glucose-6-phosphate dehydrogenase

TKT Transketolase

TALDO Transaldolase

DAG1 alpha-Dystroglycan

F-α-DAG glycosylated DAG1

ISPD D-Ribitol-5-phosphate cytidylyltransferase

FKRP Fukutin-related protein

PHGDH Phosphoglycerate dehydrogenase

SHMT2 Serine Hydroxymethyl transferase 2

4-HNE 4-hydroxynonenal antibody
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CLINICAL PERSPECTIVE:

What is new?:

• Our study demonstrates that increase in non-glycolytic pathways of glucose 

metabolism involved in NADPH production and biosynthesis, correlates with 

cardiac recovery in LVAD-unloaded HF patients.

What are the clinical implications?

• This new information could redirect future translational investigations in an 

effort to identify novel therapeutic targets for myocardial recovery in chronic 

HF patients.
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Figure 1: Accessory pathways of glucose metabolism:
Glucose is converted to glucose-6-phosphate once it enters the cell via glucose transporters 

(GLUT1 and GLUT4). Glucose can be oxidized via glycolysis to pyruvate which enters 

TCA cycle in mitochondria to complete glucose oxidation. Alternatively, glucose can enter 

into polyol pathway and converted to sorbitol via rate-limiting aldose reductase (ALDR) 

enzyme. Glucose-6-P can be channeled into Pentose Phosphate pathway by rate-limiting 

glucose-6-phosphate dehydrogenase (G6PD), generating pentose sugars for nucleotide 

synthesis and NADPH. Pentose sugar, ribose generated from the pentose phosphate pathway 

is converted to ribitol and subsequently to CDP-ribitol by ribitol-5-phosphate 

cytidylyltransferase (ISPD), and is conjugated with α-dystroglycan (DAG1) as a 

glycosylation motif by fukutin-related protein (FKRP) enzyme. Fructose-6-phophate, a 

glycolytic intermediate can be channeled into the hexosamine biosynthetic pathway by rate-

limiting glutamine fructose-6-phosphate amidotransferase (GFAT) and converted to UDP-

GlcNAc used for glycosylation of proteins. Additionally, glycolytic intermediate 3-

phosphoglycerate enters one-carbon metabolism pathway by the rate-limiting, 

phosphoglycerate dehydrogenase (PHGDH) and among other steps, interconversion of 

glycine and serine by serine hydroxymethyl transferase (SHMT), thereby generating one-

carbon units for nucleotide and NADPH synthesis.
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Figure 2: Glucose uptake, Polyol and Hexosamine biosynthetic pathways.
A) Representative western blot from 7 independent experiments, showing the protein levels 

of glucose transporters 1 and 4 (GLUT1 and GLUT 4) in paired responders (R) and non-

responders (NR) derived pre- and post-LVAD myocardial samples. Donors serves as the 

non-failing control and heat shock protein 60 (HSP60) is the lane loading control. 

Densitometric analysis of the western blots normalized to HSP60 showing similar levels of 

(B) GLUT4 and (C) GLUT1 in Post-R as compared to Post-NR. (n=7 for each group). D) 
Gas chromatography-mass spectrometry (GC-MS) analysis of myocardial tissue samples 

across the groups showing significantly reduced sorbitol levels in Post-R (n= donors-14, 

NR-20, R-7). E-F) Representative western blot and corresponding densitometric analysis for 
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enzyme aldose reductase (ALDR). G) Representative western blot and corresponding 

densitometric analysis for hexosamine biosynthetic pathway H) rate-limiting enzyme, 

glutamine fructose-6-phosphate amidotransferase1 (GFAT1) and I) O-GlcNAcylation. p-

value < 0.05 was considered significant; # p< 0.05 as compared to donors; * p< 0.05 

compared to Post-NR. Error bars represent standard error of mean (SEM).
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Figure 3: Pentose phosphate pathway-associated myocardial recovery in HF patients.
A) Representative western blot from 7 independent experiments, showing the protein levels 

of glucose-6-phosphate dehydrogenase (G6PD), transaldolase (TALDO) and transketolase 

(TKT) in paired responders (R) and non-responders (NR). HSP60 is the lane loading control. 

Densitometric analysis of the western blots normalized to HSP60 showing significantly 

enhanced levels of (B) G6PD, (C) TKT and (D) TALDO in Post-R as compared to Post-NR. 

(n=7 for each group). GC-MS analysis of myocardial tissue samples showing reduced levels 

of metabolic substrates E) sedoheptulose-7-phosphate and F) fructose-6-phosphate in Post-R 

(n=donors-14, NR-20, R-7). p-value < 0.05 was considered significant; ##p<0.01 as 

compared to donors; *p< 0.05 compared to Post-NR. Error bars represent SEM.
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Figure 4: Enhanced α-dystroglycan glycosylation correlates with myocardial recovery.
A) GC-MS analysis depicts similar levels of ribitol in donor and Post-R, with an increase in 

non-failing heart and Post-NR (n= donors-14, NR-20, R-7). B) Representative western blot 

from 7 independent experiments revealing enhanced levels of ribitol-5-phosphate 

cytidylyltransferase (ISPD) and similar fukutin-related protein (FKRP) protein levels in 

Post-R as compared to Post-NR. HSP60 is the lane loading control. C) and D) Densitometric 

analysis normalized to HSP60 of the western blots for ISPD and FKRP respectively. E) 

Representative western blot and F) corresponding densitometric analysis, showing enhanced 

glycosylation of α-dystroglycan (DAG1) in Post-R. n=7 for each group; p-value < 0.05 was 

considered significant; #p< 0.05, ##p<0.01, ###p<0.001 and ####p<0.0001 as compared to 

donors; *p< 0.05 compared to Post-NR.
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Figure 5: One-Carbon metabolism and myocardial recovery.
A) Representative western blot from 7 independent experiments, showing the protein levels 

of phosphoglycerate dehydrogenase (PHGDH) and serine hydroxymethyl transferase 2 

(SHMT2) in paired responders (R) and non-responders (NR). Donors serve as the non-

failing control and HSP60 is the lane loading control. Densitometric analysis normalized to 

HSP60 of the western blots showing significantly enhanced levels of (B) PHGDH and (C) 
SHMT2 in Post-R as compared to Post-NR. (n=7 for each group). Error bars represent SEM. 

GC-MS analysis of myocardial tissue samples across the groups showing reduced levels of 

metabolic substrates D) serine and E) glycine (n= donors-14, NR-20, R-7). F) Metabolite 

levels of various nucleotides (n= donors-14, NR-20, R-7). G) Representative western blot of 

ribosomal proteins and corresponding densitometric analysis of H) Ribosomal protein S3 

and I) Ribosomal protein L7a (n=7 for each group). p-value < 0.05 was considered 

significant; #p< 0.05, ##p< 0.01, ###p< 0.001 and ####p<0.0001 as compared to donors; 

*p< 0.05, **p<0.01, ***p<0.001 compared to Post-NR.
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Figure 6: Oxidative stress and mitochondrial adaptations to increased non-glycolytic glucose 
metabolism.
A. NADPH levels and B) NADP+/NADPH ratio measured using the NADP+/ NADPH kit 

shows high NADPH levels and reduced ratio in Post-R. C) and D) Representative western 

blot and densitometric analysis from 7 independent experiments showing using 4-

hydroxynonenal (4-HNE) oxidative modifications in paired tissue samples from pre- and 

Post-Responders (R) and non-responders (NR). HSP60 is the lane loading control. E) Graph 

showing densitometric analysis of the reactive oxygen species (ROS) modifications revealed 

using the oxy-blot detection kit. (n=7 for each group). F) Mitochondrial volume density and 

G) mitochondria size range using electron microscopy images. (n= donors-5, pre and post 

R-7, pre and post NR-7). p-value < 0.05 was considered significant; #p< 0.05, ##p<0.01 and 

####p<0.0001 as compared to donors; *p< 0.05 and **p<0.01 compared to Post-NR. Error 

bars represent SEM.
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Figure 7: Model for non-oxidative pathways of glucose metabolism derived from glycolytic 
intermediates in LVAD-induced cardiac recovery.
The cardiac recovery in responders following LVAD-induced mechanical unloading 

correlates with an increased flux of glucose into accessory pathways such as pentose 

phosphate pathway and one-carbon metabolism for generation of biomolecules for repair, 

improving extracellular matrix integrity via α-dystroglycan glycosylation and via generation 

of NADPH, which is predominantly used for biosynthesis and less likely for reducing 

reactive oxygen species (ROS). Also, reduced flux into polyol pathway and hexosamine 

biosynthetic pathway appears to be beneficial.
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Table 1:
Clinical Characteristics of the study population.

Left ventricular ejection fraction (LVEF) and left ventricular end diastolic diameter (LVEDD) at both LVAD 

implantation (pre-LVAD) and LVAD explantation/cardiac transplantation (post-LVAD) showing clinical 

differences between Responders and Non-Responders. (Values reported as Mean ± SEM).

Variable Responders N=11
(mean ± SE)

Non-responders
N=30 (mean ± SE)

p-
value

Male sex, n (%) 9 (81.8) 26 (86.6) 0.65

Age at LVAD implantation, months 46.2±6.2 52±2.2 0.28

Pre-LVAD

LVEDD, cm 6.2±0.4 6.8±0.2 0.24

LVEF, % 20.2±2.3 18.4±1 0.41

Post-LVAD

LVEDD, cm 4.8±0.4 6.3±0.2 <0.001

LVEF, % 42.2±2 19.3±1 <0.001

HF Etiology 0.72

Ischemic cardiomyopathy, n (%) 3 (27.3) 12 (40.0)

Non-ischemic cardiomyopathy, n (%) 8 (72.7) 18 (60.0)

New York Heart Association Functional Class 0.99

II, n (%) 0 (0.0) 1 (3.3)

III, n (%) 3 (27.3) 9 (30.0)

IV, n (%) 8 (72.7) 10 (66.7)

LVAD Type 0.32

HeartMate II™, n (%) 5 (45.5) 12 (40.0)

HeartWare®, n (%) 5 (45.5) 14 (46.7)

Jarvik 2000®, n (%) 0 (0.0) 4 (13.3)

Levacor™, n (%) 1 (9.0) 0 (0.0)

Duration of HF symptoms, months 53.1±23.6 121±21 0.07

Systolic Blood Pressure, mmHg 107.2±4 100±2.7 0.14

Diastolic Blood Pressure, mmHg 63±4.4 67.4±2 0.31

Mean Right Atrial Pressure, mmHg 13.5±2.5 11.2±1 0.3

Systolic Pulmonary Artery Pressure, mmHg 49.3±4 52±2.3 0.58

Diastolic Pulmonary Artery Pressure, mmHg 25.4±2.4 25.6±1.5 0.95

Pulmonary Capillary Wedge Pressure, mmHg 22±2 26±3 0.49

Cardiac Index, l/min/m2 2±0.2 1.7±0.1 0.08

Pulmonary Vascular Resistance, Wood units 2.7±0.3 3.5±0.4 0.26

B-type Natriuretic Peptide, pg/mL 1406.6±352.3 1235±248.3 0.69

Creatinine, mg/dL 1.1±0.1 1.2±0.1 0.15

Sodium, mmol/L 133.4±2 133±1 0.85

Hemoglobin, g/dL 12.2±1 12.5±0.4 0.77
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