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Outline 

• Define the question and model to 

determine the connection between 

diabetes and heart disease. 
 

• Identify the molecular mechanisms by 

which glucose directly alters molecular 

function. 
 

• Determine cross species comparisons 

and additional mechanisms. 
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2.5 million years 50 years 

Metabolic Origins of Disease 

From: Roger Unger - UTSW 
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1985 – Obesity 

No Data           <10%               10%–14% 
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2010 – Obesity 

2010 – Diabetes 2010 – Heart Disease 

2010 – Physical Inactivity 

≤19%         20%–23%        24%–27%        28%-30%         ≥31% 

 

   2015 
 

2nd Obesity 

3rd Diabetes 
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Through Metabolic Substrate Balance 

Glucose Fatty Acids 
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Changes in Human Heart GLUT Levels 

Razeghi … Taegtmeyer 2002 Cardiology 280(41):34786 

RNA 

Human heart failure 



ARW 

Changes in Human Heart GLUT Levels 

Armoni … Karnieli 2005 J Biol Chem 280(41):34786 

Biopsies obtained during coronary bypass surgery 

HL = hyperlipidemia 

DM2 = diabetes mellitus type 2 

Razeghi … Taegtmeyer 2002 Cardiology 280(41):34786 

RNA 

Human heart failure 

Protein 

Human heart diabetes 



ARW 

Glycolysis GLOX 

Belke … Severson 2000 Am J Physiol 279:E1104 

Constitutive GLUT4 Expression Prevents 

Development of Glucose Utilization Defects 
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Glycolysis GLOX 

Belke … Severson 2000 Am J Physiol 279:E1104 

Constitutive GLUT4 Expression Prevents 

Development of Glucose Utilization Defects 
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Question: Is the change in 

cardiac metabolic  

substrate flexibility 

adaptive or maladaptive? 
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From Human to Mouse and Back Again 
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Cardiac 

Myocytes 

2-DG 

Uptake 

GLUT4 Induction Increases Basal and  

Insulin-Stimulated Glucose Uptake  
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Transgene 

Induction 

Streptozotocin (STZ)-Induced Hyperglycemia 

is Not Altered by Transgene Induction 
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GLUT4 Induction Increases Glycolysis and 

Rescues Diabetic Cardiac Glycolytic Defects 

n = 6 – 10 
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GLUT4 Induction Increases GLOX but 

Accelerates Diabetic Cardiac GLOX Defects 
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GLUT4 Induction Prevents  

Increased Cardiac POX in Diabetes 
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Oxidative Phosphorylation 

www.genome.jp/kegg/pathway.html 
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GLUT4 Induction Accelerates  

Development of Mitochondrial Dysfunction 

n = 3 – 4 

*  P < 0.05 
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In the context of diabetes, 

enhancing glucose delivery by 

expression of GLUT4 

accelerates the progression of 

mitochondrial dysfunction. 

Conclusion – Part 1 



Hypothesis:  
Glucose directly regulates 

molecular function through  

non-metabolic pathways 
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Systems Biology 
Transcriptome Genome 

/Epigenome 

Phenome 

Proteome Metabolome 

Phenome 
Obesity, diabetes, heart failure, 

BHI, etc. 
 

Transcriptome 
Northerns, qPCR, microarray 

RNA-seq, miR, lncRNA, etc. 

 

Proteome 
Mass spec, western blot, Co-IP, 

IHC, PTMs, etc. 
 

Metabolome 
Glucometer, ELISA, GC-MS, 

HPLC, NMR, fluxomics, etc. 
 

Genome / Epigenome 
Southerns, sequencing, 

GenBank, ENCODE,  

ChIP-seq, bsDNA-seq, etc. 
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Pathway Analysis of Microarray 
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Microarray Data – Oxidative Phosphorylation 

GeneSifter using KEGG 



ARW 

O-GlcNAcylation 
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Hexosamine Biosynthesis Pathway /  

Protein O-GlcNAcylation 

Hart … Lagerlof 2011 Annu Rev Biochem 80:825 

-log(p-value) 

Amino acid metabolism 

Lipid metabolism 

Nucleic acid metabolism 

Carbohydrate metabolism 

Threshold 

0 1 2 3 4 5 6 7 8 9 10 

Microarray data 
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O-GlcNAc Cycling 

Hanover … Love 2012 Nat Rev Mol Cell Biol 13(5):312 
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GlcNAcylation Regulates  
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Systems Biology 
Transcriptome Genome 
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Mitochondrial Protein O-GlcNAcylation and 

Neonatal Cardiomyocyte Metabolic Function 

Hu … Dillmann 2009 J Biol Chem 284(1):547 

Mitochondrial Protein  

O-GlcNAcylation 

O-GlcNAcylation of NDUFA9 
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+ Adv (-) 

30 mM Glc 

+ Adv-OGA 

Complex I Activity 
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GLUT4 Induction Alters the  

Cardiac Mitochondrial Glycoproteome 

 

dbOGAP http://cbsb.lombardi.georgetown.edu and YinOYang www.cbs.dtu.dk   
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Enhanced cardiac glucose 

delivery alters metabolic flux 

through other pathways and 

regulates the mitochondrial 

proteome via O-GlcNAcylation. 

Conclusion – Part 3 
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Systems Biology 
Transcriptome Genome 

/Epigenome 

Phenome 

Proteome Metabolome 

Phenome 
Obesity, diabetes, heart failure, 

BHI, etc. 
 

Transcriptome 
Northerns, qPCR, microarray 

RNA-seq, miR, lncRNA, etc. 

 

Proteome 
Mass spec, western blot, Co-IP, 

IHC, PTMs, etc. 
 

Metabolome 
Glucometer, ELISA, GC-MS, 

HPLC, NMR, fluxomics, etc. 
 

Genome / Epigenome 
Southerns, sequencing, 

GenBank, ENCODE,  

ChIP-seq, bsDNA-seq, etc. 
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Glycemic Control, Epigenetics, and 

“Programming” of Cardiovascular Outcomes 
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Glycemic Control, Epigenetics, and 

“Programming” of Cardiovascular Outcomes 
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Epigenetics: Transgenerational and Drift 

Gut and Verdin 2013 Nature 502:489 



ARW Fischer 2014 EMBO J 33(9):945:489 

Epigenetic Code 
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DNA Methylation 101 
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Diabetes Regulated Cardiac DNA Methylation 
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Where Does Glycemic Memory Fit In? 

DOX absent = OFF 
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DOX present = ON OFF 

Where Does Glycemic Memory Fit In? 

DOX absent = OFF 

MHC-rtTA 

rtTA a-MHC 

TRE-GLUT4 
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Glucose Cycling Alters 

Epigenetic Programming 

Legend: 

0% 100% 

Heart, LV 

Genomewide 

bsDNA-seq 

5-mCpG 
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OGT:TET Mediate DNA “Tailoring” 

Mariappa … Aalten 2013 EMBO J 32:612 



ARW Broad Institute Communications 

From Human to Mouse and Back Again 
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Left Ventricular Assist Device (LVAD) 

Image from HeartWare International, Inc. 
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Human Cardiac DNA Methylation 
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Human Cardiac DNA Methylation – Diabetes 



ARW 

Human Cardiac DNA Methylation – Ischemic 

Non-Ischemic Ischemic 
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Relationship of Methylation to  

Gene Expression 

* Both	Increased
*	Inverse	Change
*Both	Decreased

q	<	0.05
FPKM	>	2	
|Fold	Change|	>	1.5
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Combined DNA Methylation and  

Gene Expression in Diabetic Hearts 
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Other Nodal Pathways 
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Overall Conclusion: Diabetes Mellitus 

To pass through; like honey “sweet” 

giphy.com 
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Enhanced glucose delivery in diabetes accelerates 

development of metabolic dysfunction. 

The molecular mechanisms of this regulation are 

controlled at multiple levels including post-

translational regulation of transcription factors. 

Glucose alters DNA methylation in a manner that 

persists even after glucose has returned to normal. 

There is a distinct cardiac methylome in response to 

diabetes and heart failure in both rodent models and 

human patients.  

 

Summary and Conclusions 
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