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Figure 3.9 Glucose analogues used in isolated working heart perfusions. Hearts were 
perfused ex vivo for either 60 minutes under normal workload (pink) or for 30 minutes 
under normal workload and subsequently for 30 minutes at high workload (red). Hearts 
were perfused with either glucose, 2-deoxyglucose (which is phosphorylated by 
hexokinase and retained in the cardiomyocyte as the G6P analogue, 2-DG 6-P), or 3-O-
methylglucose (which cannot be acted upon by hexokinase and remains in the 
cardiomyocyte as a free glucose analogue). All hearts perfused with glucose analogues 
were also perfused with acetoacetate (7.5 mM) and propionate (5 mM) for energy 
provision. 

 

Figure 3.10 Increased phosphorylation of mTOR and p70S6K is associated with 
increased hexose 6-phosphate levels in hearts perfused with 2DG. Representative western 
blots of Akt, TSC2, mTOR and p70S6K phosphorylation in hearts perfused with glucose and 
glucose analogues 2 deoxyglucose (2DG) and 3-O-methylglucose (3OMG) at either normal 
or high workload. 2DG, but not 3OMG, increased phosphorylation of TSC2, mTOR, and 
p70S6K at high workload. Hearts perfused with 2DG had significantly increased levels of 
intracardiac hexose 6-phosphate levels. All hearts perfused with glucose analogues were also 
perfused with acetoacetate (7.5 mM) and propionate (5 mM) for energy provision. 
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3.2.7. Glucose 6-Phosphate-dependent mTOR Activation is Mediated By 

Downregulation of AMPK 

 

 Up to this point my data suggest that TSC2 or one of its upstream regulators 

mediates G6P-dependent mTOR activation in the heart. AMPK is a heterotrimeric 

enzyme that lies upstream of TSC2 and regulates fuel supply and substrate metabolism 

in response to the metabolic milieu of the heart. When phosphorylated at Thr 172, 

AMPK phosphorylates acetyl co-A carboxylase (ACC) at Ser 79, a commonly used 

marker of AMPK activation, and phosphorylates TSC2 at Ser1387 and RAPTOR at Ser 

792 to inhibit mTOR (Young, Cell Metabolism 2008). High glucose-mediated mTOR 

activation is regulated by a downregulation in AMPK in skeletal muscle (Saha et al. 

Diabetes 2010). I therefore examined changes in AMPK phosphorylation in all perfused 

hearts. Neither increased workload nor glucose alone was associated with a change in 

AMPK phosphorylation. However, perfusion at increased workload with glucose led to a 

downregulation of phospho-AMPK (Thr 172), phospho-ACC (Ser 79) and phospho-

TSC2 (Ser 1387). Rapamycin treatment prevented the downregulation of AMPK, ACC, 

and TSC2 phosphorylation. RAPTOR phosphorylation was unchanged with workload or 

rapamycin treatment (Fig. 3.11). 
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Figure 3.11 G6P-dependent mTOR activation is mediated by AMPK 
downregulation. (A) Representative western blots demonstrate a reduction in AMPK 
phosphorylation (T 172) and ACC phosphorylation (Ser 79) in hearts perfused with 
glucose at high workload. 
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3.2.8 Metformin Inhibits mTOR Activation and Rescues Contractile Function at 

High Workload 

 To confirm whether AMPK downregulation was necessary for glucose-

dependent mTOR activation and to determine whether it could be prevented with 

metformin (AMPK activator) pretreatment, rats were systemically pre-treated with either 

control (NaCl) or metformin in vivo for 7 days (IP, 250 mg/kg/d or 500 mg/kg/d) prior to 

being perfused with glucose at high workload. Compared to control treatment, 

metformin prevented AMPK downregulation and inhibited mTOR, p70S6K, and 4EBP1 

phosphorylation in a dose-dependent manner (Fig. 3.12). In order to determine whether 

these effects were due to metformin’s systemic effects or direct effects in the heart, I 

perfused hearts with glucose at high workload in buffer that contained metformin at 

three doses (5 mM, 7.5 mM, 10 mM). Ex vivo perfusion with metformin also prevented 

AMPK downregulation and inhibited mTOR, p70S6K, and 4EBP1 phosphorylation in a 

dose-dependent manner in hearts perfused at high workload with glucose (Fig. 3.12). 
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 We assessed rates of glucose uptake and oxidation as well as cardiac glucose 6-

phosphate levels in these hearts, as well. In unstressed hearts (perfused at normal 

physiologic workload), systemic in vivo metformin treatment did not significantly 

change rates of glucose uptake or glucose oxidation. In hearts subjected to high 

workload, in vivo metformin treatment did not change rates of glucose uptake (11.7± 1.1 

µmoles/min/g dry) but increased rates of glucose oxidation (11.0± 0.7 µmoles/min/g 

dry) and blunted G6P accumulation compared to vehicle treated animals (Fig 3.13). 

Metformin improved cardiac power 26% in hearts perfused at increased workload with 

glucose (Fig. 3.14). Metformin treatment had no effect on mTOR phosphorylation or 

cardiac power in hearts perfused at physiologic workload.  

Figure 3.12 G6P-dependent mTOR activation is inhibited by metformin. Both in 
vivo metformin prior to perfusion and ex vivo metformin during perfusion increased 
AMPK phoshphorylation and prevented P70S6K phosphorylation in a dose-
dependent manner. 
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 The major regulator of AMPK is a shift in the AMP:ATP ratio. Therefore, I also 

assessed AMP, ADP, and AMP levels in all perfused hearts. Surprisingly, I found no 

significant change in their levels under any perfusion condition (Table 3.1). 

 

 

 

 

 

  

Figure 3.13 Metformin treatment corrects the mismatch between rates of 
glucose uptake and oxidation at high workload and blunuts G6P accumulation. 
Rates of glucose uptake and oxidation were closely coupled at normal workload (in 
both vehicle and metformin treated rats). At high workload (stressed), metformin 
corrected the mismatch between rates of glucose uptake and oxidation (top). G6P 
accumulation was reduced in hearts perfused at high workload with glucose after 
metformin treatment (bottom). * p<0.05 versus rates of glucose uptake in vehicle 
treated rats. #p<.001 versus metabolic rates in vehicle treated rats. 
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Figure 3.14 Metformin treatment improves cardiac power at high workload. 
Contractile performance in the isolated working rat heart perfused with glucose in the 
presence and absence of metformin treatment. n=5-8; *p<0.05 
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3.2.9 Glucose Phosphorylation Modulates mTOR Activation in vivo (TAC and 

ACSL-/- mice)  

 

 To determine whether changes in glucose metabolism led to G6P accumulation 

in mouse hearts subjected to increased workload in vivo, I assessed cardiac G6P 

accumulation and mTOR activation in mice that were sacrificed one day and two weeks 

after transverse aortic constriction (TAC). We selected hearts at one day (before 

significant structural and functional changes) and two weeks (after significant structural 

and functional changes) after TAC in order to check the validity of our hypothesis that 

metabolic changes precede, trigger, and sustain structural and functional changes in 

hearts subjected to increased workload in vivo. Cardiac G6P levels are 2.3-fold and 4.6-

fold higher compared to sham-operated animals 1 day and 2 weeks after TAC, 

respectively (Fig. 3.15). Both P70S6K and 4EBP1 phosphorylation were significantly 

increased both 1 day and 2 weeks after TAC compared to sham-operated mice (Fig 

3.16). 
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Figure 3.15 Early metabolic changes are associated with G6P accumulation in hearts 
subjected to high workload in vivo. Intracardiac G6P levels are 2.3-fold and 4.6-fold 
higher compared to sham-operated animals 1 day and 2 weeks after TAC, respectively. 
n=5-8; *p<0.05 

 

Figure 3.16 Early metabolic changes are associated with mTOR activation in hearts 
subjected to high workload in vivo. Representative western blots demonstrate an increase 
in p70S6K and 4EBP1 phosphorylation 1 day and 2 weeks after TAC. n=8 for the TAC and 
n=5 for the sham operated mice. *p<.002 
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 Next, I tested my hypothesis in a genetic model that was metabolically similar to 

the pressure overload-induced hypertrophied heart by using the cardiac specific long-

chain acyl coenzyme A synthetase (ACSL) -/- mouse. ACSL is necessary to activate 

fatty acids to their acyl coenzyme A counterparts before they can be oxidized. 

Accordingly, mice hearts lacking ACSL have marked reductions in fatty acid oxidation 

and rely primarily on carbohydrate metabolism for energy provision (Ellis, Mentock et 

al. 2011). As already observed in the ex vivo hearts subjected to increased workload, 

hearts from ACSL -/- mice demonstrate a downregulation of AMPK and an activation of 

mTOR in the absence of any increased mechanical load placed on the heart (Ellis, 

Mentock et al. 2011).  Moreover, the changes in AMPK signaling are independent of any 

change in the AMP/ATP ratio, as well. We assessed G6P accumulation in these mouse 

hearts and demonstrated that G6P accumulation was associated with mTOR activation in 

this mouse model, as well (Fig 3.17). 

 

 

 

Figure 3.17 G6P accumulation correlates with mTOR activation in the ACSL -/- 
mouse. Intracardiac G6P levels are 2.5-fold higher in ACSL -/- mice compared to WT 
mice. N=5. Data are presented as mean ± SEM. 



86 

3.2.10 Mechanically unloading failing human hearts with a left ventricular assist 

device (LVAD) reduces Glucose 6-Phosphate levels and mTOR Activation  

 

 When the human heart is subjected to sustained increases in workload it 

ultimately fails. Changes in substrate energy have been observed in failing human hearts 

metabolism (Razeghi, Young et al. 2001; Kato, Niizuma et al. 2010), but the effect of 

mechanical unloading on intermediary glucose metabolism and mTOR signaling is not 

known. In order to gain insight into whether ‘load-induced’ cardiac growth is governed 

by G6P accumulation in the failing human heart, I obtained cardiac tissue from Dr. O.H. 

Frazier and his team at the Texas Heart Institute during LVAD implantation and again 

during explantation from 11 non-diabetic patients with idiopathic dilated 

cardiomyopathy and assessed the tissue for changes in G6P concentration and mTOR 

activation. G6P levels significantly decreased after mechanical unloading (Fig. 3.18A-B) 

as did phosphorylation of p70S6K and 4EBP1 (Fig. 3.18C). 
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Figure 3.18 Mechanical Unloading of Failing Human Hearts Reduces G6P 
accumulation and mTOR activation. (A) Intracardiac G6P levels in each patient with 
idiopathic dilated cardiomyopathy before after mechanical unloading. (B) Average G6P 
levels demonstrate a dramatic reduction at time of explant from LVAD. (C) 
Representative western blots demonstrate a reduction in mTOR downstream targets 
P70S6K and 4EBP1 in failing human hearts after mechanical unloading. n=11 paired 
samples. Panel A traces individual patients. Panel B shows mean ± SEM* p< 0.05  
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3.3 Discussion 

 

 Hemodynamic stress induces instant quantitative and qualitative changes in the 

use of energy providing substrates (Goodwin, Taylor et al. 1998). The structural and 

functional response to increased workload has been extensively studied in the murine 

transverse aortic constriction (TAC) model (Rockman, Ross et al. 1991). How the 

metabolic response to increased workload regulates these changes has previously not 

been investigated. 

 I interrogated the consequences of these early metabolic changes and 

demonstrated that signals generated by glucose metabolism are associated with mTOR 

activation and impaired contractile function. The main findings are: 1) In hearts 

subjected to increased workload in vivo, metabolic remodeling precedes structural 

remodeling of the heart and accompanies load-induced mTOR activation and contractile 

dysfunction. 2) Doubling the workload ex vivo increases rates of myocardial glucose 

uptake beyond the heart’s oxidative capacity, resulting in G6P accumulation, which 

mediates load-induced mTOR activation. 4) Correcting the mismatch between glucose 

uptake and oxidation in the stressed heart with mTOR inhibitor rapamcyin or AMPK 

activator metformin prevents G6P accumulation and rescues contractile function in 

hearts subjected to increased workload. 5) In the failing human heart, mechanical 

unloading decreases levels of G6P as well as phosphorylation of p70S6K and 4EBP1. 

This makes it likely that G6P induced changes in mTOR activation and ER stress are of 

clinical relevance for the failing human heart. 
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  While the normal heart primarily oxidizes fatty acids (Bing, Siegel et al. 1954), 

increased energy requirements of hearts subjected to high workload are met by the 

oxidation of carbohydrates (Goodwin, Taylor et al. 1998). The classic explanation for 

this phenomenon is based on the fact that the heart oxidizes the most efficient substrate 

for a given situation (Taegtmeyer, Hems et al. 1980). Specifically, it can be reasoned 

that at a high workload the heart would prefer to utilize glucose since it generates more 

moles of ATP per O2 consumed compared to fatty acids (Korvald, Elvenes et al. 2000).  

I asked myself the question: what if changes in substrate utilization regulate more than 

just energy provision? 

 It is already known that aside from merely providing energy for cell function, 

glucose metabolites regulate gene expression in the liver and pancreatic β-cell (Girard, 

Ferre et al. 1997; Schuit, Huypens et al. 2001) and that long-chain fatty acids are ligand 

activators of PPARα in the heart (Finck and Kelly 2007). The lab initially had asked the 

question: could glucose-driven metabolic gene expression also occur in the heart? 

Previous work demonstrated that changes in glucose metabolism are linked to 

transcriptional changes in gene expression in the heart (Young, Yan et al. 2007). More 

specifically, we recently suggested that the metabolite G6P mediates activation of 

transcription factor carbohydrate responsive binding protein (Li, Chen et al. 2010). This 

work was conducted in parallel with our studies showing that glucose metabolism is 

required for insulin-dependent mTOR activation in the heart (Sharma, Guthrie et al. 

2007). I now provide new evidence that load-induced mTOR activation and contractile 

dysfunction is mediated by G6P, as well. 
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 My mechanistic studies ex vivo stemmed from our observations made in mice 

subjected to an increase in workload in vivo. Compared to hearts from sham-operated 

mice, hearts from banded mice demonstrated enhanced glucose uptake, G6P 

accumulation, mTOR activation and contractile dysfunction one day after TAC prior to 

the presence of structural changes. When increased workload was sustained via TAC for 

up to 4 weeks, increasing cardiac hypertrophy (assessed by our collaborators with 

cardiac MRI and confirmed by us with HW/BW measurements) directly correlated with 

continued increases in FDG retention and G6P accumulation, which suggested that 

metabolic remodeling precedes and potentially triggers and sustains structural 

remodeling of the heart.  

 Previous studies have largely ignored whether cardiac substrate metabolism can 

regulate ‘load-induced’ hypertrophy and contractile dysfunction (Shioi, McMullen et al. 

2003; McMullen, Sherwood et al. 2004; Zhang, Contu et al. 2010). In order to address 

this issue I utilized the isolated working heart model. The isolated working rat heart 

allows a dynamic minute-by-minute assessment of metabolism and function and permits 

us to assess intracellular metabolite concentrations and activation of the major regulatory 

proteins along the mTOR signaling cascade at the end of the perfusion. The ex vivo 

isolated working heart model also provided us complete control over workload, substrate 

concentration and hormone supply. My findings ex vivo demonstrated that an acute 

increase in workload alone is not sufficient to activate mTOR in the absence of glucose. 

Only in the presence of glucose did hearts subjected to high workload demonstrate 

increased phosphorylation of mTOR and its downstream targets p70S6K and 4EBP1, 

suggesting that ‘load-induced’ hypertrophic signaling through mTORC1 is in fact 
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substrate-dependent. More specifically, our data suggested mTORC1 is activated by the 

metabolic signal G6P, which accumulates at increased workload when rates of glucose 

uptake exceed the heart’s oxidative capacity. 

 TSC is the primary critical signaling node upstream of mTORC1 regulated by 

differential phosphorylation on numerous TSC2 serine and threonine residues (Huang 

and Manning 2008). I dissected the load and substrate-dependence of mTORC1 

signaling in the heart and determined that increased workload alone triggers PI3K, Akt, 

and minimal Akt-dependent phosphorylation of TSC2 at Ser939  phosphorylation, both 

in the presence and absence of glucose. However, complete load-induced mTORC1 

activation required not only Akt-dependent phosphorylation of TSC2 at Ser939 but also 

a downregulation of AMPK-dependent phosphorylation of TSC2 at Ser1387 (Shaw, 

Bardeesy et al. 2004), which occured with G6P accumulation. Indeed, AMPK activation 

with metformin, both in vivo and ex vivo, prevented G6P-mediated mTOR activation at 

increased workload in a dose-dependent manner.  

 In skeletal muscle, high levels of glucose activate mTOR in an AMPK-dependent 

manner by modulating redox state (Saha, Xu et al. 2010). In the heart, the redox state 

does not change with workload (Taegtmeyer 1985). Indeed, lactate levels and lactate-to-

pyruvate ratio were unchanged in hearts perfused with glucose at high workload 

indicating no significant changes in the cytosolic state, and presumably, the nuclear 

redox state (NAD+-to-NADH ratio). However, like in skeletal muscle, AMPK 

downregulation by glucose in the heart occurs independent of the energy state, which is 

consistent with previous work that has demonstrated no change in the energy charge of 

the heart with increased workload both ex vivo (Taegtmeyer 1985) (Neely, Denton et al. 
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1972) and in vivo (Balaban, Kantor et al. 1986). AMPK is activated by the AMP/ATP 

ratio in the heart (Young, Li et al. 2005). However, studies have also suggested that 

metabolites such as long-chain fatty acids can activate AMPK without accompanying 

changes in AMP and ATP levels in skeletal muscle (Clark, Carling et al. 2004). 

 In the genetically modified ACSL -/- mouse, which preferentially upregulates 

cardiac glucose metabolism (like a heart subjected to increased workload), G6P levels 

are elevated, AMPK is downregulated, mTOR signaling is activated, and hearts 

hypertrophy independent of change in the AMP/ATP ratio, as well (Ellis, Mentock et al. 

2011). Taken together, our studies highlight that ‘load-induced’ mTOR activation is 

mediated by changes in glucose metabolism. 

 The two major isoforms of transporters that shuttle glucose into the 

cardiomyocyte are GLUT1 (glucose transporter responsible for basal glucose transport 

independent of insulin) and GLUT4 (glucose transporter responsible for insulin-

mediated glucose transport into the cardiomyocyte). Interestingly, hearts overexpressing 

GLUT1 hypertrophy (Liao, Jain et al. 2002) as do hearts deficient in GLUT4 likely 

secondary to compensatory GLUT1 overexpression (Abel, Kaulbach et al. 1999). These 

data support our hypothesis that non-insulin mediated glucose uptake likely plays a 

major role in mediating cardiac growth. Glucose uptake is increased in both models, 

which gives indirect support to my hypothesis. Neither group assessed the role of 

intermediary metabolite accumulation or mTOR activation in their models.  

 Enhanced glucose uptake in the heart has been associated with contractile 

dysfunction and deemed ‘glucotoxic’ by increasing flux through the hexosamine 
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biosynthetic pathway, dysregulating protein glycosylation, and producing reactive 

oxygen species (Ren and Davidoff 1997; Modesti, Bertolozzi et al. 2005). Interestingly, 

genetically modified mice that take up excess glucose but also demonstrate enhanced 

glycolytic flux are, however, protected from glucotoxicity (Liao, Jain et al. 2002; 

Taegtmeyer, McNulty et al. 2002). Taken together, these data support our hyopthesis 

that intermediary glucose metabolite (G6P) accumulation may be imposing a metabolic 

stress on the heart and contributing to contractile dysfunction in an mTOR-dependent 

manner.  

 Rapamycin pretreatment rescued G6P-mediated cardiac dysfunction at increased 

workload. Rapamycin is well known for its ability to bind and disrupt the mTOR 

complexes (Yip, Murata et al. 2010). I now provide compelling evidence that its 

metabolic effects on the heart may mediate its inhibition of mTOR and its downstream 

targets, as well. Prolonged rapamycin treatment inhibits mTORC2 assembly, which 

prevents phosphorylation of Akt (Sarbassov, Ali et al. 2006), a known regulator of 

glucose uptake in the heart (Cong, Chen et al. 1997). Therefore, not surprisingly, I 

observed that rapamycin administration reduced Akt phosphorylation and blunted rates 

of glucose uptake at increased workload. In doing so, rapamycin prevented the mismatch 

between glucose uptake and oxidation, depleted intracardiac G6P, inhibited the 

phoshporylation of mTOR and its downstream targets, and improved contractile function 

at high workload. 

 Interestingly, rapamycin improved cardiac power despite lowering rates of 

myocardial glucose uptake and oxidation to levels nearly equivalent to hearts beating 

against a normal workload may seem paradoxical. One may ask: how can the heart 
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perform better when it is oxidizing less substrate? From an energetic perspective, the 

data suggests that the increased energy requirements of hearts subjected to high 

workload, which are met by the oxidation of carbohydrates, may no longer be necessary 

in hearts of rats treated with rapamycin. I will expand upon the mechanism in the next 

chapter. The improvement in cardiac power observed in rapamycin treated rats also 

gives credence to the hypothesis that the hypertrophic process may not be necessary to 

maintain systolic function in hearts subjected to increased workload (Hill, Karimi et al. 

2000). 

 While metformin is known to improve cardiac function in murine models of 

heart failure (Gundewar, Calvert et al. 2009; Yin, van der Horst et al. 2011), its ability to 

alleviate contractile dysfunction in hearts subjected to increased workload has yet to be 

studied. I demonstrate that when administered directly to the heart ex vivo or 

systemically in vivo, metformin enhances the heart’s capacity to oxidize glucose, reduces 

intracardiac G6P levels, inhibits mTOR activation and improves contractile function in a 

dose-dependent manner. Therefore, I propose that like rapamycin, metformin 

metabolically protects hearts subjected to increased workload and in doing so may 

account for improving survival in diabetic patients with heart failure (Aguilar, Chan et 

al. 2011). Whereas metformin decreases substrate supply to the heart by lowering 

circulating nonesterified free fatty acids, inhibiting hepatic gluconeogenesis, improving 

peripheral glucose uptake, and improving energy homeostasis  (Wang, Zhang et al. 

2011), insulin sensitizers, such as thiazolidinediones (TZDs) increase substrate uptake to 

the insulin-responsive heart.  Despite decreasing circulating free fatty acid levels, TZDs 

therefore further flood the metabolically overloaded heart as we have previously 
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demonstrated by measuring rates of substrate utilization in the ex vivo perfused heart 

(Golfman, Wilson et al. 2005). It is possible that this contributes to explaining the 

increased risk of heart failure and adverse cardiac events associated with their use 

(Dormandy, Charbonnel et al. 2005) (Lincoff, Wolski et al. 2007; Graham, Ouellet-

Hellstrom et al. 2010).  

  Our studies also implicate a critical role for dysregulated glucose metabolism in 

cardiac growth signaling in human heart failure.  I observed a significant decrease in 

G6P accumulation in human heart failure tissue samples after LVAD support (as was 

seen in our rodent hearts treated with rapamycin and metformin). We have previously 

observed a trend for decreased myocardial glycogen content in failing human hearts after 

mechanical unloading (Razeghi and Taegtmeyer 2004) and more recently, proteomic 

analysis has revealed an upregulation of proteins involved in glycolysis, energy, and 

oxidative metabolism in LVAD supported patients (de Weger, Schipper et al. 2011). 

Moreover, our finding that markers of mTOR activation are downregulated following 

LVAD support is also consistent with studies by Baba et al. that reported decreased 

myocyte size and decreased activity of Akt with mechanical unloading (Baba, Stypmann 

et al. 2003). Taken together, these studies suggest that mechanical unloading with 

LVAD may also metabolically unload the heart by promoting a re-coupling of glucose 

uptake and oxidation, preventing intermediary metabolite accumulation, and conserving 

energy in the failing heart in an mTOR-dependent manner. To date, no reliable marker 

exists to predict which patients will benefit most from LVAD placement. Unfortunately, 

in our 11 patient samples there is no data available on cardiac ejection fraction at time of 

explantation. However, it is tempting to speculate that a metabolic parameter, such as 
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cardiac G6P levels, could be useful in identifying which patients would benefit most 

from LVAD placement. Due to the difficulty in obtaining myocardial tissue samples and 

assessing substrate flux in humans, it remains difficult to more accurately assess the 

effects of mechanical unloading on myocardial energetics and glucose utilization in the 

heart.   

 In conclusion, in this chapter I have demonstrated that metabolic remodeling 

precedes, triggers, and sustains structural remodeling of the heart. Specifically, I have 

identified that dysregulated glucose metabolism (uptake in excess of oxidation) and 

subsequent G6P accumulation mediate load-induced mTOR activation and contractile 

dysfunction. Our study highlights the importance of intermediary metabolism as a rich 

source of signals for cardiac growth and demonstrate the potential to reduce internal 

work and improve cardiac efficiency by targeting the metabolic axis in load-induced 

heart disease. 
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CHAPTER 4: SUSTAINED mTOR ACTIVATION INDUCES ENDOPLASMIC 

RETICULUM STRESS 
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4.1 Introduction 

 

 While the previous chapter detailed the upstream metabolic regulation of ‘load-

induced’ mTOR signaling, this chapter focuses on its downstream consequences. Stated 

otherwise, it seeks to answer the question: why does sustained mTOR activation lead to 

contractile dysfunction both in vivo and ex vivo? Phosphorylation of mTOR and its 

downstream targets triggers protein synthesis by promoting mRNA translation and 

ribosomal biogenesis (Mayer and Grummt 2006) and inhibiting protein degradative 

processes such as autophagy (Kroemer, Marino et al. 2010) and the ubiquitin proteasome 

system (Depre, Wang et al. 2006; Depre, Powell et al. 2010). 

 Normal contractile function of the cardiomyocyte requires all synthesized 

proteins to be properly folded (Sanbe, Osinska et al. 2005). Molecular chaperones 

located in the endoplasmic reticulum (ER) ensure the proper folding of many proteins by 

identifying hydrophobic segments of misfolded or unfolded proteins and refolding them 

into functioning proteins. In doing so, the ER is able to prevent the formation of toxic 

protein aggregates in the unstressed heart (Ron and Walter 2007). Mice expressing 

mutant molecular chaperone proteins develop cardiomyopathy secondary to the 

accumulation of protein aggregates (Maloyan, Osinska et al. 2009). Fortunately, with the 

notable exception of cardiac amyloidosis, not many primary protein-folding disorders 

have been identified. However, proteotoxicity in the stressed heart may be more 

common that generally assumed and it may be metabolically regulated.  
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 In the in vivo hemodynamically stressed heart, activation of mTOR drives protein 

synthesis and floods the ER with unfolded and misfolded proteins beyond its protein 

folding capacity leading to ER stress (Okada, Minamino et al. 2004). Histological 

examination has clearly demonstrated marked development of the ER in hypertrophic 

and failing hearts (Ferrans, Jones et al. 1975). I, therefore, explored whether increased 

glucose uptake (and subsequent accumulation of intermediary metabolites of glucose 

such as G6P) induces contractile dysfunction by generating ER stress in the stressed 

heart. Contractile dysfunction in cardiac hypertrophy and heart failure has been linked to 

elevated glucose uptake in numerous humans and animal models (Bishop and Altschuld 

1970; Taegtmeyer and Overturf 1988; Zhang, Duncker et al. 1995)  in an insulin-

independent manner (Allard, Wambolt et al. 2000). However, it has yet to be studied 

whether the mechanism involves dysregulated protein synthesis. In yeast, a number of 

the molecular chaperones that assist in protein folding in the ER are responsive to 

glucose and appropriately named glucose-regulated proteins (Groenendyk, Sreenivasaiah 

et al. 2010). 

 The two main objectives of the experiments conducted in this chapter were to: 1) 

Determining whether sustained mTOR activation leads to ER stress in the heart in a 

substrate-dependent manner. 2) Identifying whether the ER stress response can be 

targeted to improve contractile function in the stressed heart. Specifically, I tested the 

hypothesis that signals generated by glucose metabolism impair contractile function via 

mTOR-mediated ER stress in the heart. I tested this hypothesis by first assessing cardiac 

power and ER stress in hearts subjected to high workload and perfused with glucose in 

order to confirm that G6P-mediated mTOR activation is associated with ER stress and 



100 

contractile dysfunction. Next, I alleviated ER stress pharmacologically by adding 4-

Phenylbutyrate (4PBA) to the perfusate in order to determine whether relieving ER 

stress improves cardiac function despite continued G6P-mediated mTOR activation. 

Lastly, I assessed whether rapamycin pretreatment can prevent ER stress and improve 

cardiac function in hearts subjected to high workload. These experiments were meant to 

establish changes in glucose metabolism, and subsequent G6P accumulation, as a 

regulator of ER stress and contractile function in hearts subjected to high workload and 

determine whether it is possible to pharmacologically prevent G6P-mediated ER stress.  

 

4.2 Results 

 

4.2.1 Load-induced ER Stress Requires Glucose and mTOR Activation 

 

 Because of mounting evidence that dysregulated mTOR activation induces ER 

stress (Ozcan, Ozcan et al. 2008), I elucidated whether the induction of ER stress was 

responsible for the decline in cardiac power in hearts perfused with glucose at high 

workload. Transcription of the ER chaperones GRP78, GRP94, and ERp72 are increased 

when a cell exhibits ER stress. Neither high workload with NCS nor glucose at normal 

workload increased markers of ER stress (Fig. 4.1A). However, perfusion at high 

workload with glucose as the only substrate induced a 1.9-fold increase in GRP78, 1.8-

fold increase in GRP94, and a 1.6-fold increase in ERP72 mRNA expression compared 
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to hearts perfused with NCS at normal workload (Fig. 4.1A). It was also associated with 

an increase in GRP78 protein level (Fig. 4.1B). Because prolonged ER stress causes 

cellular damage and induces apoptosis I also assessed levels of GADD153/CHOP, a 

marker of ER-associated apoptosis. GADD153/CHOP protein levels were unchanged 

under all untreated conditions suggesting the absence of apoptosis (Fig. 4.1B). I used 

thapsigargin as a positive control for ER stress. Thapsigargin is a non-competitive 

inhibitor of SERCA2a (sarco-endoplasmic reticulum calcium ATP-ase) that raises 

cytosolic calcium and inhibits the fusion of autophagosomes with lysosomes. 

 Besides for unfolded and misfolded proteins, ischemia is a known trigger of the 

ER stress response. In order to determine whether ischemia was contributing to the 

imposition of ER stress in hearts perfused with glucose at high workload, I assessed 

lactate release. Lactate release did not significantly change with high workload or with 

rapamycin treatment (Fig 4.2). 
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Figure 4.1 Hearts perfused with glucose at high workload show evidence for ER 
stress. (A) qRT-PCR analysis of ER stress  markers in isolated working rat hearts. 
Data is presented as fold change in ER stress markers compared to hearts perfused 
with NCS at normal workload. Hearts perfused with glucose at high workload 
undergo a nearly two-fold increase in markers of ER stress. (B) Representative 
western blots demonstrate increased GRP78 protein level in hearts perfused with 
glucose at high workload. n=5-8, *p<0.05 compared to hearts perfused with NCS at 
normal high workload and glucose at normal workload 
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Figure 4.2 Lactate release is unchanged with workload or rapamycin treatment 
in isolated working hearts perfused with glucose. Lactate release was assessed in 
coronary effluent samples drawn every 5 minutes throughout the perfusion. Data are 
presented as mean ± SEM under each condition. n=5-8 for each group 
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4.2.2 Pretreatment with Rapamycin or Metformin Inhibits ER Stress and Prevent 

Contractile Dysfunction at High Workload 

 

 In order to determine whether ER stress was a consequence of mTOR activation, 

I assessed markers of ER stress in hearts of animals treated with either AMPK-activator 

metformin or mTOR-inhibitor rapamycin prior to being perfused with glucose at high 

workload. Increases in GRP78, GRP94, ERp72 mRNA expression and GRP78 protein 

level were prevented in hearts subjected to high workload in animals pretreated with 

rapamycin or metformin treatment prior to perfusion (Fig. 4.3A-B).  

 To determine whether ER stress contributed to the decline in cardiac power in 

hearts perfused with glucose at increased workload, perfusions were repeated in the 

presence of the ER stress-relieving agent phenylbutyrate (PBA). PBA reduced mRNA 

expression levels of GRP78, GRP94, and ERp72 (Fig. 4.3A), reduced protein level of 

GRP78 (Fig. 4.3B), and was associated with a 27% increase in cardiac power in hearts 

perfused at increased workload with glucose (Fig. 4.3C). Taken together, these data 

suggest that ER stress is, at least partially responsible for the decline in contractile 

function associated with G6P-mediated mTOR activation. PBA had no effect on cardiac 

power at normal workload. PBA also had no effect on G6P accumulation, mTOR or 

p70S6K phosphorylation (Fig. 4.3D). Hearts perfused at normal workload with ER 

stress inducing agent thapsigargin, an inhibitor of SERCA2a, were used as a positive 

control. 
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Figure 4.3 ER Stress is relieved with rapamyin, metformin, and PBA. Relief of ER 
stress improves contractile function in hearts perfused with glucose at high workload. 
(A) qRT-PCR analysis of ER stress in isolated working rat hearts. Data is presented as fold 
change in ER stress markers compared to hearts perfused with NCS at normal workload. 
Hearts perfused with glucose at high workload undergo a nearly two-fold increase in markers 
of ER stress, which is alleviated by rapamycin, metformin, and phenylbutyrate (PBA). (B) 
Representative western blots demonstrate an inhibition of mTOR signaling and GRP78 
protein level in hearts treated with rapamycin or metformin. Hearts treated directly with ER 
stress reliever PBA exhibited a decrease in GRP78 protein level independent of changes in 
mTOR signaling. Taken together, these data suggest that the induction of ER stress is 
downstream of mTOR activation and prevented by rapamycin and metformin treatment. (C) 
Cardiac power in the isolated working rat heart perfused with glucose in the presence and 
absence of PBA. PBA improved cardiac power at high workload. (D) G6P accumulation in 
isolated working rat hearts freeze clamped at the end of the perfusion protocol. n=5-8. Data 
are presented as mean ± SEM * p< 0.05 
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 Next we performed microarray analyses to delineate whether systemic 

pretreatment with either rapamycin or metformin or phenylbutyrate addition to the 

perfusion medium could transcriptionally activate other genes responsible for contractile 

function in stressed hearts perfused with glucose. Cluster analysis showed no significant 

clusters of genes similarly regulated by all three treatment groups (Fig. 4.4A). The 

number of genes differentially regulated by each treatment group are listed in Fig. 4.4B 

and the fold-change of the four genes downregulated by each of the three treatments is 

listed in Fig. 4.4C. One gene has yet to be identified and the other three genes (Scgb1a1, 

Sp6, and Bpifa1) are not known to be associated with any changes in glucose 

metabolism or protein turnover. Scgb1a1, the gene that encodes uteroglobin, has no 

physiological role known in either rodents or humans and is named for its role in binding 

progesterone in uterus of rabbits. Sp6 encodes a transcription factor with no known role 

in the heart. The Bpifa1 gene is expressed in the nasopharynx during the inflammatory 

response. Although this approach does not capture potential changes in changes that 

could occur at the post-translational level with all three treatments, these results support 

the hypothesis that an alternative mechanism is unlikely to be responsible for improving 

contractile function in stressed hearts perfused with glucose.  
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Figure 4.4 Transcriptome analysis of stressed hearts treated with rapamycin, 
metformin, and phenylbutyrate  (A) Representative heat map of microarray analyses of 
rat hearts treated with rapamycin, metformin, or phenylbutyrate prior to being perfused 
with glucose at high workload (B) Venn diagram of the number of genes identified that 
are differentially regulated by each treatment.  (C) Genes regulated by phenylbutyrate, 
metformin, and rapamycin treatment. Scgb1a1 (Secretoglobin, family 1A, member 1 
(uteroglobin)), Sp6 (Sp6 transcription factor), Bpifa1 (BPI fold containing family A, 
member 1) n=3 rats per group. Rapa, pretreated with rapamycin; METFMN, pretreated 
with metformin; PHNYLBUT, phenylbutryrate added to the perfusion medium. 

 



108 

4.2.3 Markers of ER Stress are Downregulated in Failing Human Hearts 

Following Mechanical Unloading with LVAD 

 

 In order to investigate whether changes in cardiac glucose metabolism were 

accompanied by changes in ER stress, ER chaperones GRP78, GRP94, and ERp72 were 

assessed. Protein levels of GRP78, GRP94, and ERp72 were decreased after mechanical 

unloading with LVAD in the same group of patients described before (Fig. 4.4).  

 

 

 

 

 

 

 

 

Figure 4.5. Mechanically unloading failing human hearts reduces 
markers of ER stress. Representative western blots demonstrate a 
reduction in markers of ER stress (ERP72, GRP94, GRP78) in failing 
human hearts after mechanical unloading, as well. n=11 paired samples.  
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4.2.4 Role of Autophagy in G6P-mediated mTOR activation 

 

 Protein quality control is highly regulated by autophagy in an mTOR-dependent 

manner. I therefore wanted to know the whether markers of autophagy were dynamically 

regulated with acute changes in workload and whether pretreatment with rapamycin 

could prevent these changes. At the protein level, no changes were appreciated in hearts 

of animals treated with rapamycin treatment prior to perfusion at high workload with 

glucose (Fig. 4.6). The autophagic process is very time-dependent and an assessment of 

LC3 localization into discrete punctate cytoplasmic dots (seen by immunofluoresence) 

or protein levels of LCIII and Beclin at earlier and later time-points would be necessary 

to confirm whether or not autophagy is regulated by glucose-dependent mTOR 

activation.  

 
Figure 4.6 Markers of autophagy are unchanged with rapamycin treatment in 
hearts stressed with an acute increase in workload. Markers of autophagy (LC3, 
Beclin) were unchanged by rapamycin treatment prior to being subjected to high 
workload in ex vivo isolated working hearts as described in Table 2.2. NCS refers to 
hearts perfused with the non-carbohydrate substrates acetoacetate (7.5 mM) and 
propionate (5 mM), glucose refers to the hearts perfused with glucose as the only 
substrate.  
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4.3 Discussion 

  

  In hearts subjected to high workload, mTOR activation is associated with 

cardiac hypertrophy and contractile dysfunction (Shioi, McMullen et al. 2003). Even in 

Drosophila, dTOR (drosophila TOR) overactivity is associated with cardiac dysfunction 

and decreased lifespan (Topisirovic and Sonenberg 2010). Sustained mTOR activation 

synthesizes proteins beyond the folding capacity of the endoplasmic reticulum (ER), and 

induces ER stress (Glembotski 2008). By evaluating the ER chaperone expression as a 

marker of ER stress, I demonstrate that load-induced ER stress in the heart is 

metabolically regulated. Transcriptional activation of genes regulating the ER stress 

response is significantly increased in hearts subjected to high workload only when 

perfused with glucose (which leads to G6P accumulation and contractile dysfunction). 

Although the mechanism by which ER stress causes contractile dysfunction has yet to be 

defined, I suspect that it involves a perturbation of normal calcium handling. Contractile 

dysfunction in isolated rodent hearts perfused with high concentrations of glucose is 

associated with the presence of abnormal calcium transients (Tang, Cheng et al. 2010). 

Because the ER regulates calcium flux and excitation-contraction coupling, it is 

conceivable that G6P-mediated ER stress is responsible for impairing contractile 

function by inducing abnormal calcium transients. Specifically, I suggest a critical role 

for ER chaperone GRP78, which is involved in calcium transport from the ER to the 

mitochondria (Dudek, Benedix et al. 2009). In our studies, GRP78 gene expression and 
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protein levels were dynamically upregulated with even an acute increase in workload for 

30 min in the presence of glucose. Direct relief of ER stress with chemical chaperone 

PBA rescued contractile function in hearts perfused with glucose at high workload. PBA 

is already approved by the U.S. Food and Drug Administration for urea cycle disorders 

and safely used in clinical trials to treat cystic fibrosis (Rubenstein and Zeitlin 1998). It 

may have therapeutic benefit in load-induced heart disease, as well.  

 Rapamycin pretreatment also rescues G6P-mediated ER stress and cardiac 

dysfunction at increased workload. By blunting rates of glucose uptake at increased 

workload and preventing the mismatch between glucose uptake and oxidation, it 

depletes intracardiac G6P, inhibits mTOR, and prevents the imposition of ER stress.  

 However, rapamycin treatment also improves cardiac power despite lowering 

rates of myocardial glucose uptake and oxidation to unstressed levels. From an energetic 

perspective, this suggests that the increased energy requirements of hearts subjected to 

high workload, which are met by the oxidation of carbohydrates, may largely be 

responsible for fueling protein turnover and protein quality control (“internal work”). 

Protein turnover utilizes roughly 15-20% of a cell’s energy in the resting state (Waterlow 

1984), and at least 3 times more energy during times of growth (Laurent and Millward 

1980) (Lane and Martin 2010). It is, therefore, tempting to speculate that the energy 

conserved by rapamycin’s inhibition of protein synthesis and ER stress improves cardiac 

efficiency and contributes to its ability to reverse load-induced cardiac dysfunction 

(Shioi, McMullen et al. 2003; McMullen, Sherwood et al. 2004; Marin, Keith et al. 

2011). Furthermore, the improvement in cardiac power observed in rapamycin treated 

rats gives credence to the hypothesis that the hypertrophic process may not be necessary 



112 

to maintain systolic function in hearts subjected to increased workload (Hill, Karimi et 

al. 2000). Our results offer a new perspective on the energy cost of protein synthesis and 

protein quality control. 

 Metformin has been shown to inhibit ER stress in isolated mouse aortas from 

mice fed an athrogenic diet (Dong, Zhang et al. 2010) and in cardiomyocytes subjected 

to ER stress by reperfusion after hypoxia (Yeh, Chen et al. 2010). While metformin is 

known to improve cardiac function in murine models of heart failure (Gundewar, Calvert 

et al. 2009; Yin, van der Horst et al. 2011) its ability to alleviate ER stress in hearts 

subjected to increased workload has yet to be studied. I demonstrate that metformin 

inhibits G6P-mediated mTOR activation in a dose-dependent manner and protects 

against load-induced ER stress.  When administered systemically, metformin also 

improves the oxidative capacity of the heart, blunts G6P accumulation, and improves 

cardiac function. Therefore, I propose that like rapamycin, metformin metabolically 

protects hearts subjected to increased workload and in doing so may account for 

improving survival in diabetic patients with heart failure (Aguilar, Chan et al. 2011). 

 Indeed, markers of ER stress are upregulated in failing human hearts (Okada, 

Minamino et al. 2004). I now report that in hearts from a cohort of 11 non-diabetic 

patients with idiopathic heart failure, mechanical unloading with an LVAD reduces 

intracardiac G6P levels and protein levels of ER stress markers. Our studies in the rodent 

heart implicate a critical role for dysregulated glucose metabolism and toxic 

intermediary metabolite accumulation in the induction of ER stress. Similarly, I 

observed a significant decrease in G6P accumulation after LVAD support. We have 

previously observed a trend for decreased myocardial glycogen content in failing human 
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hearts after mechanical unloading (Razeghi and Taegtmeyer 2004) and more recently, 

proteomic analysis has revealed an upregulation of proteins involved in glycolysis, 

energy, and oxidative metabolism in LVAD supported patients (de Weger, Schipper et 

al. 2011). Taken together, these studies support our findings and suggest that mechanical 

unloading promotes a re-coupling of glucose uptake and oxidation, prevents 

intermediary metabolite accumulation, and conserves energy in the failing heart by 

reducing ER stress. Due to the difficulty in obtaining myocardial tissue samples and 

assessing substrate flux in humans, it remains difficult to more accurately assess the 

effects of mechanical unloading on myocardial energetics and glucose utilization in the 

heart.   

 When supplied with excess substrate by high fat feeding, mice become insulin 

resistant and skeletal muscle, liver and adipocytes all undergo ER stress (Li, Huang et al. 

2012) (Gregor and Hotamisligil 2007; Deldicque, Cani et al. 2010). Oral administration 

of ER stress relieving agent 4-phenyl butyric acid (PBA) to obese mice restores systemic 

insulin sensitivity, normalizes serum glucose levels, resolves fatty liver disease, and 

enhances insulin action in liver, muscle, and adipose tissues (Ozcan, Yilmaz et al. 2006). 

Taken together, these data support our conclusions that excess substrate supply may lead 

to cellular dysfunction by inducing ER stress. Moreover, direct relief of ER stress may 

have therapeutic potential both systemically and in the heart (Engin and Hotamisligil 

2010). Interestingly, FDA-approved tyrosine kinase inhibitors imatinib and sunitinib 

have recently been found to have ER stress relieving properties, as well, and both have 

prevented and reversed obese mice from developing diabetes and heart failure (Louvet, 

Szot et al. 2008; Han, Lerner et al. 2009). 
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 In a cohort of 11 morbidly obese patients (BMI 51.3 ± 3.0 kg/m2), markers of ER 

stress were elevated in both adipose tissue and liver. Moreover, one year after gastric 

bypass surgery (which forces caloric restriction and a significant reduction in exogenous 

fuel supply to the body), markers of ER stress such as GRP78 were reduced in adipose 

tissue and liver, which directly correlated with reversal of insulin resistance (Gregor, 

Yang et al. 2009). In the heart, both diet-induced weight loss and weight-loss surgery 

lead to a reduction in left ventricular mass, regression of cardiac hypertrophy, and 

improvement in midwall fractional shortening (Rider, Francis et al. 2009; Algahim, Lux 

et al. 2010; Owan, Avelar et al. 2011). By reducing substrate supply to the heart, it is 

plausible that the beneficial cardiovascular effects may be mediated by regulating 

glucose metabolism, mTOR activation, and ER stress in the heart.  

 

4.4 Limitations  

  

 I am the first to admit that my studies are not without limitations. First, there are 

significant differences between the human and rodent heart that are worth mentioning. 

The human heart rate and ejection fraction is significantly less than that of the rodent 

heart. Also, acute increases in workload via aortic banding in vivo or doubling afterload 

ex vivo may not accurately mimic the chronic, low levels of hemodynamic stress induced 

by pathological stimuli that induce cardiac hypertrophy. Moreover, while it is plausible 

that abnormal calcium handling by the sarcoplasmic reticulum may be responsible for 

ER stress induced contractile dysfunction in the rodent heart, it is less clear whether the 
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same mechanism would exist in the human heart. Calicum handling in rodents relies 

much more heavily on transport through the sarcoplasmic reticulum than the human 

heart, which seems to rely more heavily on transsarcolemmal calcium transport (Berenji, 

Drazner et al. 2005). In spite of these limitations and because the structural, functional, 

and metabolic changes that occur in the rodent heart mimic those of the human heart, I 

believe the work in this dissertation has identified glucose metabolism (and specifically 

glucose 6-phosphate) as a dynamic regulator of myocardial protein synthesis, ER stress 

and possibly also protein turnover as well as expanded the role of energy substrate 

metabolism from simply being a provider of ATP to a regulator of cardiac protein 

synthesis and growth as well. 
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 The heart is a dynamic organ with an enormous capacity to respond to stress. The 

heart also remodels metabolically and structurally before it goes into heart failure. The 

question I began to address in my dissertation tried to fill an important gap in the current 

knowledge of cardiac physiology: Does the early metabolic remodeling process regulate 

the structural and functional remodeling process in the heart? In a series of different 

experimental strategies I provided evidence in support of our hypothesis that metabolic 

remodeling (which is potentially reversible) regulates functional and structural 

remodeling (which is largely irreversible) and discovered that it is both deleterious and 

preventable. 

 With help from collaborators at the University of Virginia, we first quantitatively 

demonstrated in vivo that enhanced glucose uptake in the heart accompanies load-

induced contractile dysfunction prior to the presence of structural changes. Stated 

otherwise, metabolic remodeling precedes structural remodeling of the heart and 

accompanies load-induced contractile dysfunction. Before beginning my dissertation 

project, numerous studies had quite convincingly provided evidence that load-induced 

mTOR signaling mediates cardiac growth (Shioi, McMullen et al. 2003; McMullen, 

Sherwood et al. 2004; Zhang, Contu et al. 2010). However, every study largely ignored 

the fact that changes in workload are accompanied by instantaneous changes in cardiac 

substrate metabolism (Goodwin, Taylor et al. 1998), which could be contributing to 

regulating ‘load-induced’ hypertrophy and contractile dysfunction as well. Indeed, my 

findings in the isolated working heart ex vivo demonstrate that an acute increase in 

workload is not sufficient to activate mTOR in the absence of glucose, suggesting that 

‘load-induced’ hypertrophic signaling through mTORC1 is glucose-dependent. A 
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number of genetically engineered mouse hearts that take up glucose in excess of its 

oxidative capacity also hypertrophy and provide evidence in support of our hypothesis, 

as well (Domenighetti, Danes et al. 2010; Ellis, Mentock et al. 2011; Liu, Yu et al. 

2011). 

 More specifically, I propose that mTORC1 is activated by the metabolic signal 

G6P. I dissected the load and substrate-dependence of mTORC1 signaling in the heart ex 

vivo and determined that doubling the workload alone triggers PI3K, Akt, and minimal 

Akt-dependent phosphorylation of TSC2 at Ser939 phosphorylation, both in the presence 

and absence of glucose. However, complete ‘load-induced’ mTORC1 activation and 

contractile dysfunction requires not only Akt-dependent phosphorylation of TSC2 at 

Ser939 but also a downregulation of AMPK-dependent phosphorylation of TSC2 at 

Ser1387 (Shaw, Bardeesy et al. 2004), which occurs with G6P accumulation (in hearts 

perfused with glucose as the only substrate at high workload).  

 In order to determine the consequences of G6P-dependent mTOR activation, I 

focused my attention on the role of endoplasmic retiticulum (ER) stress. When subjected 

to hemodynamic stress (continued pumping against high workload), increased rates of 

protein synthesis flood the ER with unfolded and misfolded proteins beyond its capacity 

to cope with the load, which leads to ER stress (Glembotski 2008). Whether increased 

glucose uptake and accumulation as G6P causes contractile dysfunction by generating 

ER stress remains unknown. I therefore investigated whether when subjected to high 

workload, the metabolic remodeling process (increased reliance upon glucose) 

contributes to a decline in cardiac function by generating ER stress.  
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 Indeed, it does. Expression levels of three early response markers of ER stress 

(GRP78, ERp72, and GRP94) all correlated with G6P-mediated mTOR activation and 

contractile dysfunction ex vivo. Furthermore, both rapamycin and metformin 

pretreatment, which inhibited G6P-mediated mTOR activation and rescued contractile 

function, also prevented the upregulation of markers of ER stress at both the 

transcriptional and translational level. Similarly, pharmacologic alleviation of ER stress 

with chemical chaperone 4-Phenylbutyrate (4PBA) improved cardiac function, as well. 

Alleviation of ER stress improved contractile function despite elevated G6P levels, 

however, suggesting that the induction of ER stress is downstream of G6P-mediated 

mTOR activation. Taken together, these data suggested that G6P-mediated mTOR 

activation leads to ER stress and impairs contractile function in hearts subjected to high 

workload.  

 I believe my findings also shed new light on the energetic cost of protein 

turnover in the stressed heart. Rather unexpectedly, rapamycin treatment improved 

cardiac power despite lowering rates of myocardial glucose uptake and oxidation to 

unstressed levels. From an energetic perspective, this suggests that the increased energy 

requirements of hearts subjected to high workload, which are met by the oxidation of 

carbohydrates, may largely be responsible for fueling protein turnover and protein 

quality control (“internal work”). Protein turnover utilizes roughly 15-20% of a cell’s 

energy in the resting state (Waterlow 1984), and at least 3 times more energy during 

times of growth (Laurent and Millward 1980). It is, therefore, tempting to speculate that 

the energy conserved by rapamycin’s inhibition of protein synthesis and ER stress 

improves cardiac efficiency and contributes to its ability to reverse load-induced cardiac 
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dysfunction (Shioi, McMullen et al. 2003; Sancak, Peterson et al. 2008; Marin, Keith et 

al. 2011). Furthermore, the improvement in cardiac power observed in rapamycin treated 

rats gives credence to the hypothesis that the hypertrophic process may not be necessary 

to maintain systolic function in hearts subjected to increased workload (Hill, Karimi et 

al. 2000). Our results offer a new perspective on the energy cost of protein synthesis and 

protein quality control. 

 My studies have also demonstrated a novel mechanism that contributes to the 

improvement in contractile function known to occur in the stressed heart with metformin 

treatment. Metformin has been shown to inhibit ER stress in isolated mouse aortas from 

mice fed an athrogenic diet (Dong, Zhang et al. 2010) and in cardiomyocytes subjected 

to ER stress by reperfusion after hypoxia (Yeh, Chen et al. 2010). While metformin is 

known to improve cardiac function in murine models of heart failure (Gundewar, Calvert 

et al. 2009; Yin, van der Horst et al. 2011), its ability to alleviate ER stress in hearts 

subjected to increased workload had previously not been studied. I demonstrate that 

metformin inhibits G6P-mediated mTOR activation in a dose-dependent manner and 

protects against load-induced ER stress.  When administered systemically, metformin 

also improves the oxidative capacity of the heart, blunts G6P accumulation, and 

improves cardiac function. Therefore, I propose that like rapamycin, metformin 

metabolically protects hearts subjected to increased workload and in doing so may 

account for improved survival in diabetic patients with heart failure (Aguilar, Chan et al. 

2011). These data may have wide implications outside of cardiovascular disease, as well. 

Metformin is associated with increased survival in various types of cancer although the 

mechanism remains unknown (Dowling, Goodwin, et al. 2011). Its well-studied effects 
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of activating AMPK, reducing plasma insulin levels, and inhibiting hepatic 

gluconeogenesis likely reduce G6P accumulation and subsequent mTOR activation.

 Next, one must consider the possible clinical relevance of my findings. Despite 

the recent advances in cardiovascular medicine, the majority of patients with heart 

disease still progress to end-stage heart failure, for which treatment is largely limited to 

cardiac transplantation. As the need for transplantable hearts continues to far exceed the 

supply of available organs, left ventricular assist devices (LVADs) are implanted with 

increased frequency. Although initially meant to serve as a ‘bridge to transplantation’, 

and not necessarily as destination therapy, many patients experienced functional 

improvement without requiring a heart transplantation but the mechanism remains 

largely unknown. Transcriptional analysis of metabolic genes revealed a reversal of the 

failing human heart to the fetal gene program (Razeghi, Young et al. 2001) and a partial 

reversal after implantation of an LVAD (Razeghi, Young et al. 2002). However, 

proteomic analysis has now shown an upregulation of proteins involved in glycolysis, 

energy, and oxidative metabolism in LVAD supported patients (de Weger, Schipper et 

al. 2011). Taken together, these data suggest improved metabolic capacity with LVAD 

implantation. Both the mTOR signaling pathway and markers of ER stress are also 

upregulated in the hypertrophied and failing human heart. I have found that in hearts 

from a cohort of 11 patients with idiopathic heart failure, mechanical unloading with a 

left ventricular assist device (LVAD) reduces protein levels of ER stress markers. 

Moreover, consistent with our data that implicate a critical role for dysregulated glucose 

metabolism and intermediary metabolite accumulation in the induction of ER stress, I 

observed a significant decrease in G6P accumulation after LVAD support. These studies 
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suggest that mechanical unloading may promote a re-coupling of rates of glucose uptake 

and oxidation prevent intermediary metabolite accumulation and contribute to a 

reduction of ER stress in the failing heart.  

 However, a number of important questions remain. This is a common feature of 

all novel research. The first question is: What is the exact molecular mechanism by 

which G6P modulates TSC2 to promote mTOR activation? Two probable mechanisms 

by which G6P may regulate TSC2 include: 1) modulation of one or several kinases that 

act on TSC2 or 2) allosteric regulation of TSC2 itself. The generation and transfection 

into of constructs containing mutated phosphorylation sites into stressed cardiomyocytes 

would help determine whether G6P modulates TSC2 or one of its upstream kinases. 

Phosphorylation site mutations on TSC2 have been used previously to investigate 

mTORC1 activation (Huang and Manning 2008). It is plausible that G6P promotes the 

phosphorylation of TSC2 or one of its upstream kinases in a manner similar to its ability 

to control the phosphorylation state of glycogen synthase (Huang, Wilson et al. 1997). 

Radiolabeled binding assays can determine whether G6P promotes mTOR activation by 

directly binding itself to TSC2 or one of its upstream kinases by pulling down the 

candidate kinases from rat heart lysates by immunoprecipitation, incubating with 

uniformly labeled [14C]-G6P, and assaying for radioactivity. This approach has 

previously been used to identify novel binding of proteins in the Akt/mTOR pathway to 

small non-protein molecules such as microfilaments (Zhu, Rosenblatt et al. 2011). 

 The second question is: By which mechanism does ER stress causes contractile 

dysfunction? I suspect the mechanism involves a perturbation of proper calcium cycling 

in and out of the cardiomyocytes specialized ER, the sarcoendoplasmic (SR) reticulum. 
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The SR is a known regulator of calcium flux and excitation-contraction coupling in the 

cardiomyocyte. Indeed, contractile dysfunction in rodent hearts perfused with high 

concentrations of glucose has already been associated with the presence of abnormal 

calcium (Hu, Belke et al. 2005). It is conceivable that this may have been mediated by 

ER stress. Moreover, mice with cardiac overexpression of the SR Ca2+ transporter 

(sarco/endoplasmic reticulum Ca2+-ATPase, SERCA) demonstrate improved cardiac 

function compared to wild type mice when subjected to aortic banding (Suarez, Gloss et 

al. 2004). Assessing glucose metabolism, mTOR activation, and markers of ER stress in 

these mice would help determine the exact mechanism by which ER stress induces 

contractile dysfunction in hearts subjected to high workload. 

 The third question is: How can the new knowledge on a metabolic signal driving 

another signaling pathway be leveraged to devise new therapeutic targets for the 

treatment of heart failure. This is perhaps the most challenging question for a young 

physician-scientist. The metabolic management of heart failure is the subject of reviews 

(Osterholt, Sen et al. 2012), clinical studies(Wallhaus, Taylor et al. 2001), and of meta-

analyses (Zhang, Lu et al. 2012). It is my hope that my work has laid the cornerstone for 

a new paradigm, just as Rudolph Schoenheimer wrote when he discovered the dynamic 

state of body constituents (Schoenheimer, 1942): “The new results imply that not only 

the fuel, but also the structural materials are in a steady state of flux. The classical 

picture must thus be replaced by one which takes account of the dynamic state of body 

structure” (page 64). 
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Conclusion 

 My findings demonstrate that metabolic remodeling precedes, triggers, and 

sustains structural remodeling of the heart. Specifically, I identify dysregulated 

glycolytic homeostasis as a novel regulator of contractile function, mTOR activation, 

and ER stress in response to increased cardiac workload. The study highlights the 

importance of intermediary metabolism, not only as energy providing substrates, but also 

as signals for driving cardiac growth. In doing so, it underscores the need to better 

metabolically protect patients with heart failure and sheds light on the metabolic effects 

of mechanically unloading the failing human heart. I believe these results have wide-

ranging implications for load-induced heart disease and based on the new findings, I 

speculate that targeting metabolism offers therapeutic promise in treating cardiovascular 

disease.  
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