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Abstract 

 

Glucose 6-Phosphate Dehydrogenase, Macronutrient Intake, and Heart Failure 

Peter Ammon Hecker, Doctor of Philosophy, 2012  

Dissertation Directed by Dr. William C. Stanley, Professor, Department of Cardiology 

 

Glucose 6-phosphate dehydrogenase (G6PD) catalyzes the conversion of G6P to 

6-phosphogluconolactone and formation of NADPH.  Human G6PD deficiency is very 

common, and may affect the development of metabolic abnormalities and heart failure 

through its affects on reactive oxygen species (ROS). NADPH fuels antioxidant 

pathways, but also fuels oxidant production by NADPH oxidase, uncoupled nitric oxide 

synthase, and other enzymes. Evidence suggests that high sugar intake, obesity, and heart 

failure increase [NADPH] and ROS formation, possibly by increasing the flux of glucose 

through G6PD. Therefore the goal of this project was to determine whether G6PD 

deficiency protects against or exacerbates oxidative stress and cardiac dysfunction in the 

context of obesity, high sugar intake, and heart failure. First, we found that G6PD 

deficiency decreased obesity but not metabolic abnormalities after long term dietary 

treatment. Second, G6PD deficiency moderately exacerbated redox stress and heart 

failure mediated by myocardial infarction, severe pressure overload, or mild pressure 

overload with high fructose intake. Third, although high sugar intake increased 

superoxide production, this did not correspond with increases in [NADPH] or mortality 

in a genetic model of cardiomyopathy. The results indicate that G6PD deficiency 

moderately exacerbates oxidative stress, diet-induced metabolic dysfunction, and heart 

failure.  
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Chapter 1 – Introduction  

 

G6PD Deficiency 

G6PD Overview 

Glucose 6-phosphate dehydrogenase (G6PD) deficiency affects over 400 million 

people, and is the most common enzyme deficiency in the world
1, 2

. G6PD is the first and 

rate determining enzyme of the pentose phosphate pathway. The activity of this pathway 

determines cytoplasmic [NADPH], and thereby affects the redox status of the cell
3
. 

Although the effects of G6PD deficiency on blood cells have been well studied, its 

effects in other tissues are relatively undefined. Because G6PD affects redox status, 

G6PD deficiency may play a role in human disease
3, 4, 4-13

.  

 

Epidemiology of G6PD Deficiency 

Hundreds of G6PD mutations have been found throughout the world, and many of 

these result in a decrease in the activity of the enzyme
2
. The severity of G6PD deficiency 

is classified by the World Health Organization on the basis of enzyme activity (Figure 

1.1)
2, 14

. The g6pdx gene is X-linked, and so G6PD deficiency most commonly affects 

males rather than females. G6PD deficiency is highly distributed throughout sub-Saharan 

Africa, regions in the Mediterranean, and parts of Southeast Asia. The deficiency may be 

well preserved in these populations because G6PD deficient patients have few or no 

complications, and because it confers a selective advantage against malaria
15

. The most 

common allele that results in G6PD deficiency, G6PD A-, is largely found in African 

populations and results in a residual G6PD activity of ~20%
16

. Most Americans that have 



2 
 

G6PD deficiency are of African descent. Approximately 10% of black Americans are 

G6PD deficient, and, overall between 0.5 and 2.9% of Americans are G6PD deficient
2
. 

Thus, G6PD deficiency is a common enzymopathy which affects a great number of 

Africans and African Americans.   

 

 
Figure 1.1.  

 

Top Panel. Worldwide 

distribution of G6PD 

deficiency.  

 

Bottom Panel. World Health 

Organization classes of G6PD 

deficiency 

 

Modified from Cappellini 2008, 

Lancet.  
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G6PD Biochemistry 

Warburg and Christian discovered G6PD in 1931
17

. The g6pdx gene was 

sequenced in 1986 by two separate groups, and resides on the long arm of the X 

chromosome (band Xq28)
18, 19

. The gene contains 13 exons, is ~20 kilobases long, and 

encodes a 545 amino acid product. The second exon contains the start codon. The crystal 

structure of G6PD was first solved in Leuconostoc mesenteroides, a gram positive species 

of bacteria, in 1994, and then adapted to a human homology model in 1996
20, 21

 (Figure 

1.2). The structure of the human enzyme was finally solved in 2000
22, 23

. The active 

G6PD enzyme consists of identical ~56 kDa subunits which interact as dimers or 

tetramers
18, 24

. Activity of the enzyme requires allosteric interactions with multiple 

NADP+ molecules
25, 26

. The binding of structural NADP+ molecules on each subunit are 

required for formation of the enzyme, and further interaction is required for catalytic 

activity
23

. The enzyme resides in the cytoplasm, and catalyzes the oxidation of glucose 6-

phosphate (G6P) to 6-phosphogluconolactone and the reduction of NADP+ to 

NADPH(Figure 1.3)
27

. The most common G6PD mutations affect the catalytic domain, 

and lead to a defective enzyme which is rapidly degraded
2, 20, 28

. 

 

 Figure 1.2. Three-dimensional 

structure of a G6PD dimer. Naylor 

1996, Blood.  
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G6PD activity varies widely according to cell type and disease state, and its role 

is of major functional importance. G6PD controls the entry of G6P into the pentose 

phosphate pathway (Figure 1.3). The pentose phosphate pathway is characterized by the 

following reactions: 1) G6PD oxidizes G6P to 6-phosphogluconolactone, 2) lactontase 

hydrolyzes circular 6-phosphogluconolactone to form a linear product, 6-

phosphogluconate, 3) 6-phosphogluconate dehydrogenase (6PGD) converts 6-

phosphogluconate to ribulose-5-phosphate. The reaction catalyzed by 6PGD cleaves the 

1˚ carbon from 6-phosphogluconate, and releases CO2. The above 3 reactions are known 

as the oxidative phase of the pathway. In the non-oxidative phase, ribulose-5-phosphate 

may be used for nucleotide synthesis or aromatic amino acid synthesis, or may be 

converted to fructose-6-phosphate and glyceraldehydes-3-phosphate through a series of 

aldolases and transketolases which re-enter the pathway or are oxidized as fuel.  

 

 
 

 Figure 1.3. The pentose phosphate pathway. The oxidative phase of the pentose 

phosphate pathway produces NADPH from NADP+, and ribulose-5 phosphate. If 

ribulose-5-phosphate is not used for nucleotide synthesis, then it converted to 

glyceraldehydes-3-phosphate and fructose-6-phosphate through a series of non-oxidative 
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reactions. 6PGD, 6-phosphogluconate dehydrogenase; G6PD, glucose 6-phosphate 

dehydrogenase. Redrawn from King 1996, themedicalbiochemistrypage.org.  

 

G6PD and 6PGD both produce NADPH from NADP+, but the reaction catalyzed by 

G6PD is the rate-determining step of the pentose phosphate pathway, and decreasing the 

activity of G6PD lowers NADPH levels
3, 4, 6, 27, 29

. The mitochondrial enzymes isocitrate 

dehydrogenase and malic enzyme also produce NADPH from NADP+ in the 

mitochondria, but G6PD is the sole producer of cytoplasmic NADPH. Of interest, red 

blood cells do not contain mitochondria, and so the entire red blood cell production of 

NADPH is dependent on G6PD. However, non-blood cells still depend on G6PD for 

cytoplasmic NADPH
9, 10

.  

 

Clinical Consequences of G6PD Deficiency 

NADPH is used required by the antioxidant glutathione system to reduce reactive 

oxygen species (ROS)
30

. Excessive ROS can damage the cell, resulting in oxidized 

proteins, ribonucleotides, and lipids
31

. By producing NADPH, G6PD and 6PGD fuel 

cytoplasmic antioxidant capacity
10

. Red blood cells depend on the pentose phosphate 

pathway for antioxidant defense, and therefore G6PD deficiency can manifest in adverse 

hemolytic responses. Severe G6PD deficiency results in chronic hemolytic anemia, and 

complete deficiency is embryonic lethal
1, 16, 32

. However, most G6PD deficient 

individuals are moderately deficient (Class II-III), and have few problems. The most 

common complication is acute hemolytic anemia in response to oxidizing stimuli such as 

fava bean consumption, microbrial infection, or certain antimalarial medications such as 

primaquine, pamaquine, or chloroquine. Hemolytic anemia usually presents with 
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weakness, fatigue, and jaundice. A blood transfusion is generally sufficient to alleviate 

these conditions because the transfused blood cells are not usually deficient for G6PD 

and are more resistant to stress. Thus, in most patients, G6PD deficiency only manifests 

as a treatable acute hemolytic anemia in response to oxidizing stimulants.  

Before the discovery of G6PD in 1931
17

, the effects of G6PD deficiency were 

known as favism, because of a hemolytic response in certain individuals after the 

consumption of fava beans. Broad beans contain high levels of vicine, divicine, 

convicine, and isouramil, which are all oxidants, and G6PD deficient cell show are 

exquisitely sensitive to oxidant stress
10, 33

. People have known about favism for 

thousands of years. Herodotus, the first known historian wrote that Egyptian priests 

prohibited the consumption of fava beans, and Pythagoras, a Greek philosopher-

mathematician who lived during the 5
th

 century BC, also refused them
1, 16

. However, 

despite the known effects of fava beans to some individuals, the cause of favism was not 

known until the mid 1900s.  

The discovery of G6PD deficiency was made in the 1950s in prisoner volunteers 

that were being treated with antimalarial medications
1
. These prisoners were given the 

antimalarial drug, primaquine in order to assess the toxicity of the drug. Most of these 

prisoners did not manifest any adverse reactions to the drug, but some had a hemolytic 

response. In the subjects with a hemolytic response, blood which was transfused from 

primaquine-insensitive subjects did not undergo hemolysis, and thus it was found that the 

sensitivity was due to some intrinsic factor of the blood cells themselves
34

. At this time 

the addition of NADPH was known to reduce oxidized glutathione (GSSG) via G6PD
30

, 

and upon further investigation, it was discovered that the serum of primaquine-sensitive 
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subjects had a decreased ability to reduce GSSG which was corrected by adding NADPH 

to the hemolysate, but not by adding NADP+
35-38

. This indicated that G6PD was the 

defect in these subjects, because G6PD is the only enzyme that reduces NADP+ to 

NADPH in red blood cells. Thus, investigators became aware that G6PD deficiency was 

the cause of drug-induced hemolysis and that it resulted in decreased red blood cell 

antioxidant capacity.  

The most adverse complication in G6PD deficient subjects is acute bilirubin 

encephalopathy leading to kernicterus, or brain damage in newly born infants. 

Kernicterus occurs in response to jaundice after acute hemolytic anemia
39, 40

. G6PD 

deficient newborns have an increased risk of severe jaundice and are thus at risk for 

kernicterus
2, 40

.  

 

Assessment and Management of G6PD Deficiency 

Screening for G6PD deficiency is performed on a routine basis in many states, 

and in countries where the prevalence of G6PD deficiency is high. Testing for G6PD 

deficiency may also be performed in cases of neonatal jaundice or acute hemolysis, 

especially when it occurs in response to antimalarial drugs or the consumption of broad 

beans. Assessment of G6PD deficiency can be achieved quickly via the Beutler spot test, 

and is more readily confirmed by a more sensitive laboratory method to assess the 

specific activity of the enzyme
41, 42

. The Beutler spot test involves combining a small 

sample of blood with G6P and NADP+, then drying a spot of this reaction mixture on 

filter paper. NADPH, but not NADP+, fluoresces under long wave ultraviolet light 

because it absorbs light at 340nm. If the spot does not fluoresce under ultraviolet light, 
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then the test is positive for G6PD deficiency. The Beutler spot test may then be 

confirmed by a more sensitive laboratory method to assess the specific activity of the 

enzyme. The DNA mutation can also be confirmed by direct sequencing or by PCR 

genotyping of the g6pdx gene.  

For most people with G6PD deficiency, treatment entails simply avoiding any 

agent that triggers hemolysis. This includes the avoidance of fava beans and a specific list 

of drugs. If a severe hemolytic crisis does occur, then a blood transfusion is normally 

sufficient. Vaccination against common pathogens also helps prevent hemolysis, because 

hemolysis may be triggered by an infection
43

. Overall, G6PD deficiency is generally only 

a problem in the most severely deficient individuals, and the majority of G6PD deficient 

patients live normal lives without any resultant complications. 

Animal Model of G6PD Deficiency 

The generation of G6PD deficient (G6PDX) mice was first reported in 1988
44

. 

This was done by treating male mice with a DNA ethylating agent, 1-ethyl-1-nitrosourea, 

to induce random DNA mutations. G6PD deficiency was then identified in subsequent 

offspring. G6PDX mice have an A:T mutation in the 5˚ untranslated region at the splice 

site of the 3˚ end of exon 1
45

. This mutation results in decreased translation of G6PD, and 

leads to ~20-40% residual G6PD activity in G6PDX mice compared to WT littermate 

control mice (Figure 1.4). A residual activity of ~20% is similar to the degree by which 

activity is decreased in humans with the A- G6PD allele, and is classified as a type III, or 

moderate, deficiency
2, 16

. G6PDX mice are born in normal Mendelian ratios, and mature 

normally. Thus, they provide an acceptable model for the study of G6PD deficiency.  
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Figure 1.4. G6PD activity of 

G6PDX vs WT mice. G6PD 

activity was assessed in 

myocardium of mice at 8 weeks of 

age. Hecker, unpublished data.  

 

 

 

 

 

 

 

Heart Failure  

Definition of Heart Failure 

Heart failure is a syndrome defined by an impaired ability of the ventricle to fill 

with or eject blood
46

. This results in an inability to adequately supply blood to other 

organs in response to increased demand such as exercise. The severity of heart failure is 

characterized clinically according to the New York Heart Association (NYHA) 

classification system based on its effects on physical activity and quality of life
47

. In mild 

to moderate heart failure, patients experience undue dyspnea and fatigue in response to 

physical activity and exercise (NYHA classes II-III). In severe heart failure, patients 

experience symptoms even at rest (NYHA class IV). Another classification system 

defined by the American Heart Association (AHA) and the American College of 

Cardiology (ACC) is based on the progression of heart failure. In this system patients 

progress from being at risk of developing heart failure (stage A), to developing cardiac 

structural abnormalities (stage B), to developing symptoms of heart failure (stage C), to 
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requiring ambulatory care or constant hospitalization for heart failure (stage D)
46

. Of the 

5 million patients with heart failure, most are in stage C
48

. Thus, heart failure is a 

progressive clinical syndrome defined by an impaired ability of the ventricle to meet the 

body’s demands for blood perfusion, leading to a decreased quality of life and eventual 

death.  

 

Assessment of Heart Failure 

Although impaired filling and impaired blood ejection are both used in the 

definition of heart failure, either one can occur distinctly from the other
46

. An impairment 

in ventricular filling may be due to a reduced ability of the ventricle to relax, known as 

diastolic dysfunction. Diastolic dysfunction may result from increased ventricular 

stiffness and fibrosis
49

. Impaired ejection of blood may be due to a reduced ability of the 

ventricle to contract, known as systolic dysfunction. Thus, there is a distinction between 

impaired ejection and filling. Experimental means have been devised to assess each of 

these, as described below.  

Echocardiography is a useful tool for the diagnosis of heart failure, because it can 

be used to assess structural abnormalities and contractile dysfunction (Figure 1.5)
46

. This 

method uses ultrasound technology to create an image of a working heart by which 

cardiac dimensions may be obtained. With these measurements, one can then calculate 

the systolic and diastolic volumes and determine the ejection fraction, which is the 

percentage of blood that is pumped out of the ventricle with each beat of the heart. 

Healthy patients usually have an ejection fraction between 50 and 70%. A decreased 

ejection fraction is indicative of systolic dysfunction and heart failure
46

.  
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Figure 1.5. Healthy and failing murine myocardium as assessed by echocardiography. 

Top left. M-mode linescan of healthy myocardium taken from the short axis of the left 

ventricle. Bottom left. Doppler images of healhy myocardium taken from the apical view 

of the left ventricle Top right. Failing myocardium is evidenced by an increase in end 

diastolic diameter, and a decrease in shortening. Bottom right. A decrease in the E/A peak 

ratio is indicative of diastolic dysfunction. Hecker, unpublished data.  

 

 

 

Diastolic dysfunction is detected via Doppler echocardiography. By this method, 

one determines the velocity of blood entering the ventricle. Blood enters the ventricle in 2 

waves, known as the early (E) and late (atrial; A) wave. In a normal healthy heart, blood 

enters the ventricle most rapidly during the E wave. However, when diastolic dysfunction 

occurs, the E wave is decreased resulting in a subsequent decrease in the E/A ratio. Thus, 

a decrease in E/A is indicative of diastolic function
46

. Heart failure may also result in a 

decreased ejection time (ET), and an increased isovolumetric relaxation contraction time 

(IVRT) and isovolumetric contraction time (IVCT)
46

. Myocardial performance index 
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(MPI) is defined as the ratio of these factors ((IVCT+IVRT)/ET), and an increase in MPI 

may denote dysfunction.  

Ventricular catheterization is another method which is employed to assess cardiac 

dysfunction. By this method one determines the ventricular end systolic and end diastolic 

pressures, as well as the change in pressure over time (dp/dt max & dp/dt min). Either an 

increase in end diastolic pressure or a decrease in dp/dt min is indicative of diastolic 

dysfunction, and suggest an impaired ability of the ventricle to relax. A decrease in end 

systolic pressure or dp/dt max is indicative of systolic dysfunction. Thus, in addition to 

echocardiography, cardiac function may also be determined by ventricular 

catheterization.  

 

 

Figure 1.6. Changes in murine ventricular pressure 

as determined by catheterization.  

 

Top panel. Top peaks represent the LV end systolic 

pressure. The humps at the base of the peak represent 

the LV end diastolic pressure. 

 

Bottom panel. The top and bottom peaks represent the 

maximal changes in pressure over time (dp/dt max, 

and dp/dt min).  

 

Hecker, unpublished data. 

 

 

Heart failure patients commonly experience edema, or swelling due to a buildup 

of interstitial fluid
46, 50

. Edema may be found in the periphere, such as the ankles, the 

jugular vein, the abdomen (ascites), or in the lungs (congestion). Fluid buildup in the 
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lungs is a hallmark of congestive heart failure (CHF)
51

. Edema occurs in heart failure as a 

result of increased venous pressure and fluid retention
52

. Edema is a common indicator of 

heart failure, however the presence of edema does not necessarily denote heart failure 

because a number of other factors such as liver cirrhosis or renal insufficiency may also 

contribute to edema
52

. Pulmonary edema may lead to difficulty breathing, and indicates a 

worsened prognosis and increased risk of mortality
50

. Thus, edema is indicated in the 

pathophysiology of heart failure, and its presence may help guide diagnosis.  

Heart failure generally occurs in combination with an enlargement of the heart, or 

cardiac hypertrophy
53

. Left ventricular mass varies widely but the average mass of a 

healthy middle aged man or woman is estimated to be ~190g or ~140g respectively, and 

this may increase by 60-80% in heart failure
54-56

. Cardiac hypertrophy is divided into two 

types, concentric hypertrophy and eccentric hypertrophy (Figure 1.7)
57

. Concentric 

hypertrophy is characterized by thickening of the myocardial walls. This occurs as 

individual cardiomyocytes lay down an increased amount of sarcomeres in parallel. 

Concentric hypertrophy occurs in response to high blood pressure perhaps to decrease 

myocardial wall stress
58, 59

. Continued wall stress and volume overload may lead to 

eccentric hypertrophy, the second type of hypertrophy. Eccentric hypertrophy is 

characterized by expansion and dilation of the ventricle, without necessarily an increase 

in wall thickness, and occurs in response to cardiomyocyte stretch
58, 59

. Concentric and 

eccentric hypertrophy both denote a worsened prognosis, and lead to an increased risk of 

arrhythmia and sudden cardiac death
60-64

.  
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Figure 1.7. Types of cardiac hypertrophy. Heineke 2006, Nat Rev Mol Cell Biol. 

 

 

The failing heart often reverts to a fetal program of gene expression. This includes 

changes in metabolic and contractile proteins
65-67

. In particular, expression of the 

contractile protein myosin heavy chain β (MHCβ) may be increased, and MHCα may be 

decreased. An increase in the ratio of MHCβ/MHCα is a commonly used indicator of 

hypertrophy and heart failure. Other genes that are upregulated in the failing heart include 

more compliant titin isoforms (N3BA1 and N2BA2)
65, 68

, alpha skeletal actin
69, 70

, atrial 

natriuretic peptide (ANP), and brain natriuretic peptide (BNP)
71, 72

. ANP and BNP are 

synthesized and secreted into the blood in increased amounts in response to stress or 

hypertrophy. Increased natriuretic peptide gene expression and circulating protein levels 

are commonly used as indicators of heart failure
72, 73

. Thus, these changes in gene 

expression can be used to assess heart failure.  

Another common characteristic of heart failure is a decreased capacity for energy 

production and contractile reserve (Figure 1.8)
74, 75

. The human heart produces 
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approximately 6 kg of ATP in order to pump 10 tons of blood per day
75

. To provide the 

required ATP, roughly one third of the heart volume is made up of mitochondria, the 

major energy-producing cellular organelles. Decreased mitochondrial function is evident 

in heart failure, and may result from a decrease in oxidative enzymes and respiratory-

chain complexes
76

. The decrease in overall oxidative capacity corresponds with a 

decrease in mitochondrial enzyme activities, including aconitase, isocitrate 

dehydrogenase (ICDH), citrate synthase (CS), and medium chain acyl-coenzyme A 

dehydrogenase (MCAD)
77-79

. Thus, a decrease in oxidative enzyme capacity and 

mitochondrial function may be used in the assessment of heart failure
80-82

.  

 

Figure 1.8. Changes in 

myocardial energetics 

during the transition 

heart failure. Respiratory 

enzymes and complexes 

are decreased, resulting 

in a decreased maximal 

capacity for fuel 

generation in the failing 

myocardium.  

 

Modified from Neubauer 

2007, NEJM. 

 

 

We have discussed common indicators used to denote heart failure. These include 

but are not limited to cardiac hypertrophy, decreased functional parameters as assessed 

by echocardiography and ventricular catheterization, increased fetal gene expression, and 

decreased overall oxidative capacity. All of these parameters were used in the assessment 

of heart failure and function described in the experiments in chapters 2-4.  
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Management of Heart Failure 

Standard pharmacological treatment for heart failure generally includes 

neurohormonal inhibitors that target components of adrenergic signaling and the renin-

angiotensin-aldosterone system (RAAS)
46

. There is an additive benefit to the combined 

use of RAAS and adrenergic inhibitors
83

. Additional support is provided through the use 

of diuretics to alleviate fluid retention. The combination of a beta blocker, a RAAS 

inhibitor, and a diuretic is routine care for a heart failure patient. Depending on the 

circumstances, further care may include a variety of other treatments such as digoxin, 

vasodilators, antiarrhythmogenic drugs, exercise training, heart transplantation, or 

implantation of ventricular assist devices
46

. Here, we briefly discuss routine treatment, 

which includes the use of inhibitors of the RAAS, beta blockers, and diuretics.  

Sympathetic stimulation and adrenergic signaling may be overactivated in 

patients with heart failure
84

. Increased sympathetic activity acutely increases cardiac 

contractility which may be beneficial in the short term, but any beneficial short term 

contractile effects are far outweighed by a number of adverse effects in the long term
46

. 

Adverse effects of chronically increased sympathetic activity include increased heart rate, 

blood pressure, myocyte apoptosis, cardiac hypertrophy, and risk of arrhythmia 
84-87

. Beta 

blockers reduce these adverse effects by inhibiting beta adrenergic receptor signaling. 

These drugs have been shown to improve cardiac function and survival in heart failure 

patients, and are recommended as a mainstay for all patients with heart failure unless 

contraindicated
46, 88-91

.  

The RAAS is activated via the kidneys in response to a decrease in renal blood 

perfusion
92, 93

. In this cascade, the kidneys secrete renin into the bloodstream, which 
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cleaves angiotensinogen to angiotensin I. Angiotensin I is then converted to angiotensin 

II by angiotensin converting enzyme (ACE). Angiotensin II activates vascular smooth 

muscle contraction via Gq-protein signaling and increases blood pressure
94

. Angiotensin 

II also increases salt and water retention, and stimulates the release of aldosterone from 

the adrenal cortex. Aldosterone further acts to increase water and sodium retention
95

. 

Thus, the RAAS stimulates increased blood pressure and fluid retention. This mechanism 

is adaptive in response to acute effects such as orthostatic hypotension or extensive 

bleeding. However, in the case of heart failure the RAAS may be constantly activated in 

response to chronically decreased renal perfusion
92, 93

. Specific drugs that target the 

RAAS include ACE inhibitors, angiotensin II receptor blockers (ARBs), and aldosterone 

antagonists. ACE inhibitors are recommended for standard treatment, but ARBs may be 

prescribed if the patient develops side-effects such as a dry cough in response to ACE 

inhibition
96

. Aldosterone antagonists are recommended in addition to ACE inhibitors for 

patients with moderate to severe heart failure where continued monitoring of blood 

electrolytes and renal function is available
46, 97

. Inhibitors of the RAAS decrease blood 

pressure and edema, and thus reduce the load against which the heart must pump in order 

to eject blood. These drugs also reduce cardiac hypertrophy and fibrosis by inhibiting the 

direct stimulatory effects of angiotensin II and aldosterone on the heart
94

. Inhibition of 

the RAAS through the use of ACE inhibitors or ARBs improves cardiac outcomes and 

survival, and is recommended in all patients with heart failure unless contraindicated
46, 98, 

99
.  

In addition to neurohormonal inhibitors, diuretics are also included in heart failure 

therapy because of their effects on edema
46

. Edema occurs in patients with heart failure 
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as a result of increased neurohormonal activation, fluid retention, and hydrostatic blood 

pressure
51, 52

. Loop diuretics act on the kidney to inhibit the sodium-potassium-chloride 

transporter, increase sodium and fluid excretion, and reduce swelling and edema
100

. 

Diuretics reduce symptoms of fluid retention rapidly, acting within hours to days after the 

initiation of treatment, whereas beta blockers and ACE inhibitors may require several 

months to manifest any observable benefit
46

. By decreasing fluid retention, diuretic 

treatment reduces blood volume, and decrease the load on the heart. Thus, treatment with 

diuretics may beneficially effect symptoms of heart failure including edema and reduced 

cardiac function
46

. 

 

 Despite Available Treatments, Heart Failure is still a Major Concern  

Despite the treatments mentioned above, heart failure is still a major clinical 

concern. Heart failure accounts for nearly 30 billion annual US dollars per year in the 

United States, and is the greatest contributor toward Medicare expenditure
46

. Heart 

failure is primarily responsible for over 57,000 deaths and 1 million hospitalizations in 

the United States each year
48

. After diagnosis, 1 in 5 heart failure patients die within a 

year, and 5 year mortality is ~50%. Thus, heart failure is a great burden, and more 

effective treatments are needed.  

 

Models of Heart Failure 

To gain more insight into the development and progression of heart failure, 

several animal models of chronic heart failure have been developed
101

. Two commonly 

used models are pressure overload induced by transverse aortic constriction (TAC), and 
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myocardial infarction via ligation of the left anterior descending coronary artery (LAD). 

These two models are described below.  

TAC entails a constriction of the aorta, which is the outflow tract of the left 

ventricle. This greatly increases the load placed on the heart. This model mimics the 

effects of exaggerated hypertension or aortic stenosis
61, 102, 103

, and results in cardiac 

hypertrophy and systolic dysfunction over a course of weeks (Figure 1.9).  

 

 

  

Figure 1.9. Top Panel. A typical response 

to TAC includes an increase in systolic 

volume and a decrease in ejection fraction, 

indicating LV chamber expansion and 

systolic failure. Bottom Panel. 

Measurement of LV mass reveals 70% 

hypertrophy 17 weeks after TAC; sham 

n=7; TAC n=9. Data are mean±SEM. 

Statistical comparison was made via 2 

tailed t-test. P<0.05 was considered 

significant. Hecker, unpublished data. 
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The second animal heart failure model, myocardial infarction, is induced by 

complete occlusion of the LAD. The LAD is a major supplier of blood to the tissue of the 

heart, and occlusion of this vessel leads to ischemia and necrosis in the apical portion of 

the left ventricular wall. As a result of LAD ligation, an infarct is formed which consists 

mainly of collagen scar tissue, while the rest of the heart must compensate for the lack of 

healthy tissue. Over a course of weeks, this model results in ventricular dilation, and 

systolic and diastolic dysfunction.  

Myocardial infarction and TAC result in increased oxidative stress, increased fetal 

gene expression, decreased oxidative capacity, and decreased contractile function. Both 

of these models have great utility for translational research, and have been used 

successfully in preclinical studies
101, 104-106

. We have employed both models in our 

studies to examine the effects of G6PD deficiency on heart failure in the experiments 

described in chapter 3.  

 

Reactive Oxygen Species and Heart Failure 

Increased ROS is indicated in heart failure. Particularly, patients with heart failure 

have increased myocardial superoxide and hydrogen peroxide production and a decreased 

antioxidant reserve
6, 107

. One source of ROS in the failing heart is NADPH oxidase, a 

phagocytic enzyme which produces superoxide using NADPH as a reducing agent
107, 108

. 

NADPH oxidase inhibition decreased superoxide and hydrogen peroxide production in 

myocardial lystates from patients with heart failure and from dogs with experimental 

heart failure
3, 6

. Further, the genetic deletion of NADPH oxidase subunits, p47phox or 

Nox4
109-111

, attenuated the development of heart failure. Another enzyme which produces 
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superoxide in heart failure is nitric oxide synthase (NOS) when it is uncoupled from its 

essential cofactor, BH4
112, 113

. Inhibition of this NOS in myocardial tissue from heart 

failure patients decreased NADPH dependant superoxide production
6
, and treatment with 

BH4 in mice with pressure overload induced heart failure reversed cardiac superoxide 

production, hypertrophy, fibrosis, and dysfunction
114

. A third enzyme, xanthine oxidase 

is also known to produce NADPH dependant superoxide
115

. Pharmacological inhibition 

of xanthine oxidase by allopurinol increased cardiac efficiency in heart failure patients, 

and decreased oxidative stress and heart failure in a genetic model of cardiomyopathy
116, 

117
. Finally, mitochondria produce superoxide during respiration, and antioxidants 

targeted to the mitochondria decreased ROS and cardiac dysfunction in a number of heart 

failure models
118, 119

. Thus, there is an increase in ROS in failing myocardium which may 

be a target for treatment.  

 

Macronutrient Intake and Heart Failure 

Introduction to Macronutrient Intake 

Dietary intervention may be an independent way of preventing and controlling 

heart failure which is independent of pharmacological therapy
120

. Dietary intervention in 

heart failure patients is of great potential value because it is relatively inexpensive to 

undertake, and is unlikely to interfere with concurrent pharmacological therapy. 

Therefore, any benefit of dietary intervention would come as an added benefit to most 

medicinal treatments. Here we focus on the effects of macronutrient intake on metabolic 

and cardiac health. Macronutrients are the energy producing components of food and 

include carbohydrate, protein, and fat, as opposed to micronutrients which include 
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vitamins and minerals. In particular, we examine the effects of high sugar intake and diet 

induced obesity (DIO).  

 

Obesity 

Obesity is a result of an imbalance between the intake of macronutrients and 

expenditure of energy. If more energy from macronutrients are consumed than expended 

for an extended period of time, then energy storage as fat, weight gain and eventual 

obesity will occur. Overweight and obesity are defined in terms of body mass index 

(BMI), which indicates relative weight based on height (BMI = [body mass (kg)] / 

[height (m)
2
]). A BMI of 25 to < 30 is defined as overweight, and BMI 30 or above is 

defined as obese. According to these standards, approximately one third of Americans are 

overweight, and another third are obese
121

. Obesity often leads to a host of metabolic 

abnormalities such as hyperglycemia, insulin resistance, impaired glucose tolerance, 

dyslipidemia, and high blood pressure
122

. All of these factors  precipitate in an increased 

risk of cardiovascular disease and heart failure (Figure 1.10)
123-127

.  

 

Figure 1.10. Heart Failure Risk among the Obese and Overweight. The incidence of 

heart failure was increased in obese and overweight groups among 5881 men and women. 

Modified from Kenchaiah 2002, NEJM. 
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Models of Obesity 

Diet induced obesity (DIO) and leptin deficiency or leptin signaling deficiencies 

are the most commonly used animal models of obesity. Other genetically altered rodent 

models may also be used and include agouti overexpressing mice, New Zealand Obese 

mice, Tsumura Suzuki Obese Diabetes mice, Wistar fatty rats, and Otsuka Long Evans 

Tokushima Fatty rats
128

. We briefly describe DIO and leptin deficient models below 

because they have been used to study the effects of ROS and G6PD, and pertain to the 

work described in this dissertation.  

DIO is employed using a high fat/high sugar diet in order to induce obesity. Mice 

in DIO groups typically eat the same mass of food as control-fed mice, but DIO mice 

become obese because the high fat/high sugar diet is more energy dense than most 

control diets. DIO results in decreased glucose tolerance, hyperinsulinemia, dyslipidemia, 

and insulin resistance, and other metabolic abnormalities similar to humans (Figure 1.11 

A-B)
129

. However, these effects may depend on the duration of DIO, and on the species 

and strain used
128

. DIO has been used extensively by researchers to uncover the effects of 

obesity on cardiac and metabolic health. 
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Figure 1.11. Metabolic abnormalities in mice with Diet induced obesity (DIO). A. Serum 

insulin was increased in WT mice, but not in adiponectin deficient (APN
-/-

) mice, in 

response to DIO. B. DIO decreased the serum glucose/insulin ratio in WT mice, but not 

in APN
-/-

 mice. C. DIO increased serum leptin in WT mice, but not in APN
-/-

 mice. A 

similar pattern was observed with an increase in fat mass in WT mice, but not in APN
-/-

 

mice, in response to DIO (Data not shown). D. Serum leptin concentration increased 

linearly with combined fat mass in WT and APN
-/-

 mice. WT (C57BL/6J) and APN
-/-

 

mice received abdominal aortic banding (AAB) or sham surgery, and were then placed on 

a control high starch diet or a high fat/high sugar diet to induce obesity (DIO) for 8 

weeks. Data are mean ± SEM; Sham n=8-11/group, AAB n=13-19/group; *P <0.05 vs. 

WT; †P <0.05 vs. STD. Hecker 2011, Horm. Metab. Res. 

 

Rodents with deficiencies in leptin signaling are also commonly used by 

researchers to study obesity. Leptin is a hormone which is secreted by adipocytes (fat 

cells) in proportion to adipose tissue mass (Figure 1.11 C-D). This hormone regulates 

hunger to decrease food intake by signaling in the hypothalamus. The leptin gene is 

mutated, and leptin is not present in ob/ob mice. Because of this, ob/ob mice consume 
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more energy than they expend and obesity occurs. Metabolic syndrome, cardiac 

dysfunction, and mortality ensue as obesity progresses
130, 131

. Leptin deficient mice 

become grossly obese (~60 grams by 6 months of age for ob/ob mice vs. ~30 grams at 6 

months for WT mice)
132

. Leptin receptor mutations also result in obesity, and rats and 

mice with these mutations (db/db mice and Zucker obese rats) are commonly used to 

study obesity.  

Although animals with deficiencies in leptin signaling become grossly obese, 

results from these animals are difficult to interpret due to the confounding effects of 

leptin deficiency on metabolism. Leptin is a signaling molecule with other functions 

other than hunger regulation. Other actions of leptin include effects on adrenergic 

signaling and blood pressure, and these actions may have confounding effects on the 

cardiovascular system
133, 134

. Also, congenital leptin deficiency is extremely rare
135

. 

Therefore, animals with deficiencies in leptin signaling have limited relevance as a model 

of human obesity. Because of these issues, we have chosen to employ DIO for our studies 

in chapter 2.  

 

Obesity and Heart Failure 

Studies have shown that obesity adversely affects cardiac function and leads to 

the development of heart failure
127

. DIO in mice for 5 or 6 months increased heart mass, 

indicating cardiac hypertrophy in response to obesity
136, 137

. Leptin deficient ob/ob mice 

also develop cardiac hypertrophy and systolic impairment
130

. Not only does obesity lead 

to the development of cardiac dysfunction, but it accelerates the progression of heart 

failure. Obesity exacerbated cardiac hypertrophy and left ventricular chamber dilation in 
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mice after myocardial infarction by LAD occlusion, and then 1 week of reperfusion
138

. 

Other experiments with ischemia-reperfusion injury or permanent LAD occlusion also 

showed that DIO increased lung congestion, LV hypertrophy, and heart failure, indicating 

that obesity accelerated heart failure in this heart failure model
136, 139

. Heart failure 

induced by pressure overload in response to TAC was also accelerated by obesity
140

. 

After TAC, LV dilation and fetal gene expression (increased MHCβ/MHCα) were 

increased by DIO in mice. In summary, obesity increases cardiac hypertrophy, adversely 

affects heart function, and exacerbates the development and progression of heart failure.  

 

High Sugar Intake 

The average American consumes roughly 90 grams of added sugars per day, 

representing 16% of energy intake
141

. However, the world health organization advises 

that sugar consumption be no more than 10% of total energy intake, and the American 

Heart Association recommends no more than 5%
142, 143

. High sugar intake may have 

adverse effects on the heart and metabolism
120

. In particular, a high sugar diet is 

associated with increased obesity and insulin resistance in humans
144, 145

. A high sugar 

diet may also result in the development dyslipidemia, including increased circulating 

triglycerides and LDL cholesterol, and decreased circulating HDL cholesterol
141

. These 

metabolic abnormalities are risk factors for cardiovascular disease
146, 147

.  

One aspect of sugar that can have profound effects on metabolism is its ability to 

be digested rapidly and quickly absorbed into the bloodstream. The rapid absorption of 

sugar results in transient increases in blood sugar and insulin which may negatively affect 

cardiometabolic health
146

. Glycemic index is a measure of how quickly a food is digested 
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and enters the blood stream. A scale of 1 to 100 is used for glycemic index, with 100g of 

pure glucose being 100. Glycemic load is defined as total carbohydrate content of a food 

in grams multiplied by its glycemic index, and thus is an indicator of the quantity and the 

quality of carbohydrates consumed
148

. Clinical studies indicate that high dietary glycemic 

index or glycemic load result in increased risk of developing coronary heart disease 

(Figure 1.12)
120, 146, 148-150

. Thus, eating a diet high in sugar or other rapidly absorbed 

constituents results in greater cardiovascular disease risk.  

 

 

Figure 1.12. Multivariate risk analysis indicates an increased risk with high sugar intake, 

and no effect of total fat intake on the risk of developing coronary heart disease. Chess 

2007, Cardiovascular Research; Data from Halton 2006, N Engl J Med.  

 

 

Sugar and Heart Failure 

Studies in our lab and others found that high sugar intake hastened the 

progression of heart failure in rats and mice compared to control complex carbohydrate 
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(starch) diets. High sugar intake increased fetal gene expression, apoptosis, contractile 

dysfunction, and mortality in salt-sensitive hypertensive rats (Figure 1.13)
151, 152

. 

Mortality, cardiac hypertrophy, and fetal gene expression were similarly increased by 

high sugar intake in mice with pressure overload induced by TAC
153, 154

. And finally, in a 

volume overload model generated by an arterial-venous shunt, a high fructose diet 

exacerbated chamber dilation and systolic dysfunction in rats
155

. Thus, high sugar intake 

negatively affected heart failure in rodent models. Although a direct connection between 

high sugar intake and the development and progression of heart failure has yet to be 

demonstrated in humans, experiments in animals clearly indicate that high sugar intake 

can accelerate progression of heart failure
156

. 

 

 
 

Figure 1.13. High fructose intake exacerbates heart failure and accelerates 

mortality. Left Panel. In mice with transverse aortic constriction (TAC), fetal gene 

expression was increased by a high fat which resulted in obesity (60% of total energy 

from fat) or by a high fructose diet (61% of total energy from fructose). Right Panel. 

Mortality was accelerated by a high fructose diet (52% of total energy from fructose) in 

hypertensive Dahl salt-sensitive rats. Modified from Chess 2007, Cardiovascular 

Research. 

 

 

Macronutrient Intake and Reactive Oxygen Species 

Increased ROS may be responsible for the adverse effects of high sugar on the 

heart. A high fructose diet increases superoxide formation in the heart and may result in 
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cardiac dysfunction after long-term treatment
146, 157

. A study in our lab provided evidence 

for ROS as a mechanism of sugar toxicity to the heart when it showed that antioxidant 

treatment with a superoxide dismutase mimetic, tempol, prevents the acceleration of heart 

failure by high fructose intake
154

. In this study, tempol decreased cardiac lipid 

peroxidation products, hypertrophy, and dysfunction after TAC and with high fructose 

intake, thus indicating that decreasing ROS may prevent the accelerated development of 

heart failure by high sugar intake.  

Obesity also increases the production of ROS in the heart. Increased superoxide 

production was seen in cardiac tissue from rats with DIO and obese Zucker rats
8, 158

. The 

increase in superoxide production corresponded with decreased antioxidant enzymes and 

GSH/GSSG, indicating an overall decrease in antioxidant capacity in the hearts of obese 

rats. Studies have also demonstrated increased ROS and decreased GSH/GSSG in cardiac 

tissue and cardiomyocytes isolated from ob/ob mice
131, 159, 160

. These results indicate 

increased cardiac oxidative stress in the heart in response to obesity.  

Increased ROS generation via NADPH oxidase and uncoupled NOS may be a 

mechanism by which obesity adversely affects the development and progression of heart 

failure. Increased NADPH oxidase activity corresponded with increases in ROS 

production in the hearts of obese Zucker rats
8
. Pharmacological inhibition of NADPH 

oxidase by apocynin prevented obesity from exacerbating heart failure after myocardial 

infarction induced by permanent LAD occlusion
138

. Uncoupled NOS is also implicated in 

obesity, and genetic deletion of endothelial NOS decreased ROS, cardiac remodeling, 

cardiac dysfunction, and death after TAC in obese mice
161

. Thus, inhibition of NADPH 

oxidase and NOS resulted in decreased ROS production and prevented the exacerbation 
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of heart failure by obesity. Therefore, oxidant production through these enzymes in the 

heart may be a pathological mechanism of obesity.  

 

Effects of G6PD Deficiency 

Overview of G6PD and Oxidative Stress 

Increased flux of glucose through nonoxidative pathways may be responsible for 

increased ROS in the context of diabetes and obesity
162

. Heart failure increases the rate of 

glucose uptake and glycolysis
74, 75

. However, high sugar intake and obesity increase 

circulating lipids and thereby suppress glucose oxidation
74, 141

. This results in increased 

glucose flux through nonoxidative pathways. One such pathway is the pentose phosphate 

pathway (Figure 1.14)
3, 4, 6, 8

, which is  the main cytoplasmic source of NADPH
27

. The 

production of NADPH provides reducing equivalents for the production of superoxide as 

well as for the antioxidant glutathione system. NADPH is used by glutathione reductase 

to reduce GSSG to GSH which is used by glutathione peroxidase to reduce hydrogen 

peroxide to water. ROS such as hydrogen peroxide and superoxide react with and damage 

cellular lipids, nucleic acids, and proteins. Sources of ROS in the cardiovascular system 

include complex I and III within mitochondria
163

 and NADPH dependent ROS-producing 

enzymes such as NADPH oxidase
107

, xanthine oxidase
117

, and uncoupled nitric oxide 

synthase
112

. The latter 3 enzymes produce superoxide by reducing oxygen with NADPH. 

Thus, while NADPH produced by the pentose phosphate pathway may be used by the 

antioxidant system to remove ROS via the glutathione antioxidant system, it is also be 

used by pro-oxidant pathways to produce ROS.  
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Figure 1.14. NADPH and the formation and negation of reactive oxygen species. High 

sugar intake or obesity may increase intracellular glucose 6-phosphate which can be used 

by G6PD to produce NADPH. NADPH may then be used either to remove ROS through 

the antioxidant glutathione pathway or to produce ROS through NADPH oxidase, 

uncoupled NOS, and xanthine oxidase. G6PD, glucose 6-phosphate dehydrogenase; GPx, 

glutathione peroxidase; GR, glutathione reductase; NOS, nitric oxide synthase; ROS, 

reactive oxygen species; SOD, superoxide dismutase.  

 

G6PD and the Production of Reactive Oxygen Species  

The NADPH produced by G6PD may be used to produce ROS. The oxidant 

enzymes, NADPH oxidase
107, 108

, xanthine oxidase
115, 117

, and uncoupled nitric oxide 

synthase
112, 113

 are implicated in heart failure. It was reported that G6PD deficiency led to 

a decreased risk of heart disease risk and cardiovascular death in patients
164, 165

, perhaps 

because G6PD deficiency reduced the substrate for NADPH-dependent oxidant 

enzymes
3
. G6PD expression and [NADPH] were increased in failing myocardium from 

dogs and humans, and in the myocardium of obese Zucker rats, and in these experiments 

the pharmacological inhibition of G6PD decreased [NADPH] and ROS production
3, 6
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(Figure 1.15). A similar decrease in [NADPH] and ROS was observed after G6PD 

inhibition in genetically obese rats
4, 8

. Thus, G6PD fuels ROS production by providing 

NADPH for oxidant enzymes in heart failure and obesity.  

 

 

Figure 1.15. G6PD inhibition decreases [NADPH] and superoxide formation in failing 

myocardium from humans. Modified from Gupte 2007, J. Card. Fail.  

 

Although pharmacological G6PD inhibition prevented ROS formation in samples 

of failing and obese myocardium in the experiments described above, it is important to 

determine whether decreased G6PD activity is beneficial in the living animal. 

Rajasekaran et al, demonstrated that G6PD deficiency may limit disease progression in 

desmin-related cardiomyopathy, a genetic disease resulting in heart failure
7
. Desmin-

related cardiomyopathy in these experiments was induced by overexpressing mutant αB-

crystallin (hR120GCryAB) in mice (CryAB mice). Cross-breeding CryAB mice with 

G6PDX mice rescued progeny from hR120GCryAB-associated protein aggregation and 

prevented cardiac hypertrophy, thus indicating that G6PD inhibition per se may be 

beneficial in vivo (Figure 1.16). However, cardiomyopathy in response to genetic 
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alteration may be of limited clinical significance, and further studies in more relevant 

heart failure models are needed.  

 

 
 

Figure 1.16. G6PD deficiency prevents cardiac hypertrophy in a genetic model of 

cardiomyopathy. Modified from Rajasekaran 2007, Cell. 

 

G6PD may play a role in ROS production in other tissues besides the heart. G6PD 

expression is increased in various cell types in both heart failure and obesity, and this 

may allow increased flux through the pentose phosphate pathway and result in increased 

NADPH and ROS generation in these cell types
3, 4, 6, 8, 166

. Specifically, in cultured 

adipocytes and β-cells, G6PD overexpression increased ROS generation, exocrine 

dysfunction, and cell death, and this could lead to insulin resistance if it took place in 

vivo
166-168

.  

G6PD may play a role in the vascular response to dyslipidemia and hypertension. 

G6PD deficiency prevented vascular oxidative stress in response to angiotensin II 

infusion, and this led to a decreased rise in blood pressure
169

. It is important to see if 

G6PD deficiency decreases blood pressure in response to more physiologically relevant 

stimuli such as obesity. Similar experiments showed that G6PD deficiency decreased 
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superoxide production and atherosclerotic lesions in apolipoprotein E null mice
170

. Thus, 

there is evidence for a deleterious role of G6PD in the cardiovascular system. However, 

the data are inconclusive and additional studies need to be performed in order to 

demonstrate the relevance of these experiments to human disease.  

 

G6PD Deficiency and Antioxidant Capacity 

In terms of the antioxidant utility, the NADPH supplied by G6PD can aid in 

defense against oxidative stress. Inhibiting G6PD makes cells more susceptible to ROS-

induced cell death
9, 10

. G6PDX mice display β-cell apoptosis and glucose intolerance, 

presumably by a decreased resistance to ROS
13

. Studies in patients have suggested an 

increased risk of diabetes in G6PD deficient subjects
171-176

. Decreased levels of G6PD 

have been observed in diet induced obesity, and are thought to contribute to increased 

ROS in the liver
177, 178

. G6PD deficient mice also have increased oxidative stress in the 

kidneys which results in kidney failure and albuminuria
11, 179

. These mice also develop 

mild hypertrophic cardiomyopathy as they age, and cardiac cells deficient for G6PD have 

decreased contractility
27

. Finally, after acute ischemia-reperfusion injury, isolated 

perfused hearts from G6PDX mice display a greater impairment in relaxation and 

contraction compared to WT mice
180

. These impairments in relaxation and pressure 

development were rescued by antioxidants, but were not rescued by ribose 

supplementation, demonstrating that the deficit was due to a deficiency in antioxidant 

defenses rather than a ribose deficiency. Thus, G6PD deficiency makes cells more 

sensitive to ROS, and may adversely impact cardiometabolic health.  
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G6PD Deficiency, Macronutrient Intake, and Heart Failure 

Cell culture studies have shown an increase in ROS generation via NADPH 

oxidase in response to increased glucose, and this increase in ROS was prevented by 

inhibition of G6PD
181

. However, it remains to be determined whether G6PD deficiency 

will decrease oxidative stress in vivo, and whether G6PD deficiency is beneficial or 

deleterious in the heart in the presence of high sugar intake and obesity. Because NADPH 

production via G6PD activity is required for maximal antioxidant capacity, G6PD 

deficiency could be derogatory in response to cardiometabolic stress. On the other hand, 

if ROS are produced in a limited measure due to a decrease in NADPH production, then 

antioxidant systems may still function without maximal G6PD activity. Thus on one hand 

G6PD deficiency may result in a decreased production of ROS with beneficial 

cardiometabolic effects, while on the other hand G6PD deficiency may allow the 

antioxidant systems to become overwhelmed and worsen cardiometabolic defects in 

response to high sugar intake and obesity.  

Based on the evidence that G6PD fuels superoxide production by supplying 

NADPH for superoxide-producing enzymes in heart failure and obesity
3, 4, 6, 8, 182

, we 

hypothesized that in the face of cardiometabolic stress induced by high sugar intake, 

obesity, G6PD deficiency would be protective against cardiac and metabolic dysfunction. 

To address this hypothesis, we performed studies in G6PDX mice with high sugar intake, 

DIO, and heart failure. Overall, we found that contrary to our hypothesis G6PD 

deficiency mildly worsened metabolic abnormalities and heart failure in the context of 

obesity and a high sugar diet.  
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Project Aims 

Rationale Leading to Aims 

Heart failure results in a switch from predominantly fatty acid utilization toward 

increased glucose utilization
75

. However, high fructose intake and obesity increase 

circulating lipids which further increase intracellular glucose but inhibit glycolysis and 

glucose oxidation
74, 141

. This increased glucose may then proceed through nonoxidative 

pathways which have adverse effects on the heart
146, 157, 162, 183

. One such nonoxidative 

pathway is through the pentose phosphate pathway which is controlled by the activity of 

G6PD. G6PD deficiency affects over 400 million people worldwide
15

, and there is 

limited evidence suggesting that these patients have a decreased risk of heart disease
165

 

and cardiovascular death
164

 despite having an increased risk for diabetes
171-176

. G6PD is 

the rate-determining enzyme of the pentose phosphate pathway, and its activity 

determines cytoplasmic [NADPH]
27

. Although NADPH may be used by glutathione 

reductase to reduce glutathione (GSSG to GSH) and thereby facilitate the removal of 

H2O2, NADPH is also used by NADPH oxidase
107, 108

, xanthine oxidase
115, 117

, and 

uncoupled nitric oxide synthase
112, 113

 to produce superoxide which can stress the heart. 

G6PD, [NADPH], and ROS production were increased in liver and cardiac tissue from 

genetically obese Zucker rats and in failing myocardium from dogs and human patients
3, 

4, 6, 8
. In these studies, pharmacological G6PD inhibition in tissue samples decreased ROS 

production, indicating that increased flux through G6PD may increase intracellular 

NADPH and promote the formation of ROS
3, 4, 6, 8

. Recent studies in our lab and others 

have indicated an increased severity of heart failure in mice and rats that were obese or 
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received a high sugar diet, and that these effects were alleviated by antioxidant 

treatment
120, 138, 151, 152, 154

.  

 

Statement of Hypothesis  

Given that both obesity and fructose intake may mediate damage of the heart 

through ROS formation, we hypothesized that increased flux through G6PD mediates this 

increase in ROS formation and thus mediates the adverse effects of high fructose and 

obesity on the heart.  

 

Aim 1. Determine the role of G6PD in mediating the adverse metabolic and cardiac 

effects of diet induced obesity and high fructose intake.  

G6PDX and WT mice were subjected to both short and long-term dietary 

treatment of a control high starch diet, a high fructose diet, or to a diet high in both fat 

and sugar to induce obesity. Based on our hypothesis, we anticipated that G6PD 

deficiency would protect the heart against the adverse effects of diet induced obesity and 

high fructose intake. These experiments are reported in chapter 2. 

 

Aim 2. Determine the role of G6PD in mediating the adverse effects of high fructose on 

the outcome of high pressure-induced heart failure.  

G6PDX and WT mice received high fructose or high starch diets, and heart failure 

was induced by transverse aortic constriction (TAC). Based on our hypothesis, we 

anticipated that G6PD deficiency would protect the heart against pressure overload-
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induced heart failure, particularly in animals fed a high fructose diet. These experiments 

are reported in chapter 3. 

 

Aim 3. Determine whether G6PD, [NADPH], and ROS production are increased by high 

sugar intake in a genetic model of cardiomyopathy.  

Cardiomyopathic TO-2 hamsters received either a long-term high sugar diet or a 

control high starch diet, and were compared to healthy F1B hamsters that received a high 

starch diet. Based on our hypothesis, we anticipated that high sugar intake would increase 

G6PD, [NADPH], and ROS generation, and that this would lead to decreased cardiac 

function and survival in this genetic model of cardiomyopathy. These experiments are 

reported in chapter 4.  
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Chapter 2 – Glucose 6-Phosphate Dehydrogenase Deficiency 

Decreases Weight Gain, But Does Not Prevent Metabolic 

Dysfunction in Diet Induced Obesity 

 

Chapter Abstract  

Glucose 6-phosphate dehydrogenase (G6PD) deficiency, the most common 

enzyme deficiency, may influence the development of cardiometabolic syndrome by 

affecting cellular redox status. G6PD generates cytoplasmic NADPH, which replenishes 

the antioxidant system, but also may increase NADPH-dependant oxidant production. We 

hypothesized that G6PD deficiency worsens diet induced metabolic dysfunction by 

increasing oxidative stress throughout the body, but prevents diet induced oxidative stress 

and dysfunction in the heart. G6PD deficient (G6PDX) and WT mice received a standard 

high starch diet, a high fructose diet, or a high fat/high sucrose diet to induce obesity 

(DIO), and tissue was analyzed after 12 and 31 weeks of treatment. DIO increased fat and 

total body mass, but to a lesser extent in G6PDX than WT mice. G6PD deficiency 

increased sensitivity diet induced metabolic abnormalities such as increased free fatty 

acids and triglycerides, and DIO decreased glucose tolerance to a similar extent in WT 

and G6PDX mice. Modest cardiac hypertrophy and dilation were evident in young 

G6PDX mice, but not in older mice. Likewise, DIO increased cardiac hypertrophy in WT 

mice, but did not exacerbate left ventricular dilation or hypertrophy in G6PDX mice. 

These results reveal a complex interplay between diet induced cardiometabolic effects 

and G6PD deficiency, in which G6PD deficiency decreased obesity without decreasing 

metabolic dysfunction.  
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Introduction  

Diabetes and obesity are highly prevalent. Roughly one third of Americans are 

obese, and another third are overweight
126

. Obesity may result in metabolic dysfunction 

and other abnormalities such as increased serum glucose, triglycerides, and free fatty 

acids, and abnormal insulin secretion. These metabolic abnormalities increase the risk of 

cardiovascular problems, including coronary heart disease and heart failure.  

Altered flux of glucose through non-oxidative pathways may mediate the adverse 

effects of diabetes and obesity
162

. Non-oxidative glucose pathways include the formation 

of advanced glycation end-products (AGEs), the polyol pathway, the hexosamine 

biosynthetic pathway (HBP), and the pentose phosphate pathway (PPP). It has been 

suggested that in obesity, flux through these pathways is increased by oxidative stress
184-

186
. G6PD is the rate-determining enzyme of the PPP, and the main cytoplasmic source of 

NADPH
27, 29

. It is unclear how these pathways interact, and what impact G6PD 

deficiency has on the activation of these other pathways. 

Cardiovascular problems associated with metabolic dysfunction are highly 

prevalent in African Americans
48

. Glucose 6-phosphate dehydrogenase (G6PD) 

deficiency, the most common enzyme deficiency in the world, is particularly common 

among individuals of African descent
2
. Severely deficient patients commonly have <10% 

residual G6PD activity, with less severe forms (20-60% residual activity) being more 

common and clinically undetected
2, 187

.  

The effects of G6PD deficiency on the interaction between metabolic dysfunction 

and the heart are unclear. Clinical studies suggest that G6PD deficiency may reduce the 

risk of heart disease
164, 165

. The risk of developing heart disease is highly linked with the 
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development of metabolic dysfunction and diabetes. However, despite playing a possible 

cardioprotective role, G6PD deficiency has been suggested to increase the risk of 

diabetes, and studies in G6PD deficient (G6PDX) mice with ~20% residual activity 

found that G6PD deficiency may increase β-cell apoptosis and result in insulin 

resistance
13, 176

. Thus, there may be an unexplored interaction in which G6PD deficiency 

negatively affects metabolic derangements while protecting against heart disease.  

By producing NADPH, G6PD helps provide reducing equivalents for the 

antioxidant system
31

. In cultured cells, G6PD deficiency decreases antioxidant capacity 

and increases cell death in response to oxidant challenge
9, 10, 27

. G6PD deficiency 

increased pancreatic β-cell death and associated metabolic dysfunction in aging mice
13

. 

G6PD deficiency also increased susceptibility for ischemia/reperfusion injury, and led to 

moderate cardiac dysfunction in older mice
27, 180

. Thus, G6PD deficiency may decrease 

resistance to oxidant stress and adverse cardiometabolic effects. 

On the other hand, G6PD provides reducing equivalents required for the 

generation of reactive oxygen species (ROS)
3, 4, 6, 8

. Specifically, G6PD supplies NADPH 

for superoxide production through generation of by NADPH oxidase
108, 169, 170, 188

, 

uncoupled nitric oxide synthase
114, 189

, and xanthine oxidase
117

. Thus, G6PD deficiency 

can result in decreased ROS generation. Recent investigations reported that G6PD 

activity and [NADPH] were increased in the liver and myocardium of genetically obese 

rats, and that increased superoxide generation in obesity was decreased by inhibiting 

G6PD in vitro
4, 8, 190

. Similar findings were seen in myocardium from humans and dogs 

with heart failure
3, 6

. Thus, in contrast to the antioxidant effects of G6PD activity, 

excessive flux through G6PD may promote the formation of NADPH dependent ROS.  
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Evidence suggests that high sugar intake and obesity increase oxidative stress in 

the myocardium, and that blocking these oxidant effects may have beneficial 

cardiovascular effects
13, 146, 157, 179, 191

. Specifically, decreasing ROS prevented the 

exacerbation of heart failure by obesity or high sugar intake
138, 154, 192

. In cultured 

adipocytes, high glucose increased ROS that was decreased by G6PD knockdown
193

. 

G6PDX mice may have a decreased antioxidant defense capacity
194

. However, because a 

decrease in G6PD activity may decrease diet-induced ROS formation, G6PD deficiency 

may decrease overall ROS and beneficially affect the cell in certain circumstances.  

The purpose of the present investigation was to determine the effects of G6PD 

deficiency on diet induced cardiometabolic defects, oxidant stress, and other non-

oxidative glucose pathways. We hypothesized that G6PD deficiency would exacerbate 

diet induced metabolic dysfunction, while on the other hand preventing the adverse 

effects of high fructose intake and obesity in the myocardium. To test this hypothesis, we 

subjected wild type (WT) and G6PDX mice to dietary stress via high fructose intake and 

diet-induced obesity (DIO) until they were 31 weeks of age. We predicted that DIO and 

high fructose intake would decrease cardiac and metabolic function in WT mice. We 

predicted further that G6PD deficiency would exacerbate diet induced metabolic 

dysfunction, but that G6PD deficiency would prevent diet induced cardiac dysfunction 

despite increased metabolic dysfunction. Finally, we predicted that by altering the flux of 

glucose through G6PD, G6PD deficiency would affect the activation of other non-

oxidative glucose pathways.  
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Experimental Design  

Sixty female G6PDX and 60 female WT littermate control mice were weaned at 3 

weeks of age and subsequently placed on a high starch diet (Starch), a high fructose diet 

(Fructose), or a high fat/high sucrose diet intended to induce obesity (DIO) (n=20/group) 

(Table 2.1). Dietary energy intake was determined by measuring the amount of food 

which was fed to the mice throughout the study, subtracting the weight of the uneaten 

food at the end of the study, and dividing the amount of eaten food by the (number of 

mice * days). Blood pressure was assessed by tail cuff plethysmography at 11 and 23 

weeks of age, heart function was assessed by echocardiography at 12 and 24 weeks, and 

metabolic function was assessed by intraperitoneal glucose tolerance test at 28 weeks. A 

subset of mice (n=10/group) were euthanized at 12 weeks of age, and the remaining mice 

were euthanized at 31±0.2 weeks (28-33 weeks) of age for biochemical analysis.  

 

Table 2.1.  

 

Values are shown as mean ± standard error (SE). Survival was assessed by Log-

Rank Kaplan Meier analysis. Comparisons between strain and diet grouping were made 

using a two-way ANOVA with the Holm-Sidak correction. P<0.05 was considered 

significant.  
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Results  

G6PD Deficiency Decreases Obesity  

 Compared to WT mice, G6PD activity was decreased in G6PDX mice in all 

tissues in which we assayed its activity (Figure 2.1). Of interest, high fructose intake 

increased G6PD activity in the heart and liver (Figure 2.1A-2.1C), while DIO decreased 

G6PD activity in the liver and skeletal muscle (Figure 2.1A, 2.1B, and 2.1F). Such 

dietary effects on G6PD activity have been well characterized
195-200

. Energy intake was 

greater with the high fructose diet than the starch diet, and was the greatest in animals fed 

the high fat/high sugar diet (Table 2.2). G6PD deficiency had no effect on energy intake. 

Over the course of the study, there were no differences in survival among groups (Figure 

2.2).  
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Figure 2.1. G6PD Activity. A-B. Liver G6PD activity. C-D. Left ventricular G6PD 

activity E-F. Hind-limb skeletal muscle G6PD Activity. Data were obtained using tissue 

from mice at 12 and 31 weeks. DIO, Diet Induced Obesity; G6PDX, glucose 6-phosphate 

dehydrogenase deficient mice; WT, wild type; n=7-10/group. 
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Table 2.2. 

 

 

 

Figure 2.2. Survival. There was no statistically significant difference in overall survival 

throughout the study (p=0.181). Survival was assessed by Log-Rank Kaplan Meier 

analysis; n=20/group until 12 weeks and n=10/group thereafter. DIO, Diet Induced 

Obesity; G6PDX, glucose 6-phosphate dehydrogenase deficient mice; WT, wild type.  

 

There were no differences in initial body mass at 3 weeks when mice were 

weaned and placed into dietary groups (body mass=11.1±0.3g for all groups). Until 16 

weeks, both WT and G6PDX mice experienced greater weight gain in response to DIO 

compared to the high starch or high fructose diets (Figure 2.3A). However, after 16 
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weeks, G6PDX mice ceased increasing their body mass in response to DIO (Figure 2.3B 

and 2.3C). DIO increased fat pad mass in WT and G6PDX mice, but to a lesser extent in 

G6PDX mice at 31 weeks (Figure 2.3D and 2.3E). These results indicate that despite 

similar energy intake between G6PDX and WT mice, G6PD deficiency decreased obesity 

in response to a high fat/high sugar diet.  

 

Figure 2.3. G6PD deficiency results in decreased obesity. A. DIO increased 16 week 

body mass to the same extent in G6PDX and WT mice. B. DIO increased terminal 31 

week body mass to a lesser extent in G6PDX mice compared to WT mice. C. Body mass 

data indicate that there was an increase in body mass over the course of the study, with a 

greater increase in body mass in response to the high fat/high sugar diet (DIO). Further, 

the data indicate that in G6PDX mice there was a cessation in the increase in body mass 

around 16 weeks. D. DIO increased gonadal fat mass the same extent in G6PDX and WT 

mice at 12 weeks. E. DIO increased gonadal fat mass to a lesser extent in G6PDX mice 

compared to WT mice at 31 weeks. DIO, Diet Induced Obesity; G6PDX, glucose 6-

phosphate dehydrogenase deficient mice; WT, wild type; n=7-10/group. 
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Effect of G6PD Deficiency on Diet Induced Metabolic Dysfunction  

 Normally, decreasing obesity results in fewer metabolic abnormalities, and 

greater metabolic function
201

. Thus, we determined whether metabolic parameters were 

affected by the decrease in obesity in response to G6PD deficiency. Increase serum 

triglycerides and free fatty acids may indicate of state of metabolic syndrome and 

increased fat mobilization. DIO increased serum free fatty acids, and high fructose intake 

increased serum triglycerides in G6PDX mice (Figure 2.4A and 2.4B). Leptin secretion is 

increased in obesity, and corresponds to increased fat mass
201

. We observed an increase 

in leptin in WT and G6PDX mice, but to a lesser extent in G6PDX mice, corresponding 

to the extent of fat pad mass increase in response to DIO (Figure 2.4C; Table 2.3). 

Increased insulin secretion is indicative of a pre-diabetic state
202

. DIO increased serum 

insulin in WT mice; however G6PDX mice failed to increase serum insulin in response to 

DIO (Figure 2.4D). Decreased insulin, and may be due to β-cell apoptosis and 

dysfunction in G6PDX mice, as reported by Zhang, et al
13

. Metabolic dysfunction can 

lead to renal failure, and G6PD deficiency is associated with increased serum creatinine 

and albuminuria
11, 179, 203

. In our study, DIO resulted in increased serum creatinine in 

G6PDX mice (Table 2.3). Thus, G6PD deficiency resulted in adverse diet induced 

metabolic effects.  
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Figure 2.4. Serum Metabolic Parameters. A. DIO increased free fatty acids in G6PDX 

mice, but not in WT mice. B. High fructose intake increased triglycerides in G6PDX 

mice. C. DIO increased leptin in G6PDX and WT mice, but to a lesser extent in G6PDX 

mice. D. DIO increased insulin in WT mice, but failed to increase insulin in G6PDX 

mice. Data were obtained using blood serum from mice at 31 weeks. DIO, Diet Induced 

Obesity; G6PDX, glucose 6-phosphate dehydrogenase deficient mice; WT, wild type; 

n=6-10/group. 
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Table 2.3.  

 

Obesity often corresponds with changes in liver triglycerides and glycogen
204

. 

DIO decreased glycogen and increased triglycerides in the liver in both WT and G6PDX 

mice at 31 weeks, but to a lesser extent in G6PDX mice, consistent with a decrease in 

obesity in response to a high fat/high sugar diet (Table 2.2). At 12 weeks, DIO resulted in 

increased liver triglycerides and decreased glycogen only in G6PDX mice. These results 

suggest that G6PD deficiency confers earlier sensitivity to metabolic changes.  

Finally, glucose tolerance has been used to assess metabolic dysfunction, and may 

be decreased in response to obesity and insulin resistance
202

. Previous investigators 

observed a decreased glucose tolerance in G6PDX mice compared to WT mice
13

. In our 

study, also expected to this effect, and hypothesized that dietary stress would further 

exacerbate glucose intolerance in G6PDX mice. However, we did not see this effect. 

Rather, blood glucose after glucose challenge was identical between WT and G6PDX 

mice among all diet groups (Figure 2.5). DIO decreased glucose tolerance, but to the 

same degree in both G6PDX and WT mice, indicating a similar degree of diet induced 

metabolic dysfunction in both strains. Thus, G6PD deficiency did not affect metabolic 

function as assessed by glucose challenge.  
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Figure 2.5. Glucose Tolerance. Intraperitoneal glucose tolerance tests indicated 

decreased glucose tolerance with obesity, and no effect of G6PD deficiency. Data were 

obtained from mice after 25 weeks of dietary treatment (28 weeks of age). DIO, Diet 

Induced Obesity; G6PDX, glucose 6-phosphate dehydrogenase deficient mice; WT, wild 

type; n=5-10/group.  

 

 

Cardiovascular Data 

G6PD deficiency increased left ventricular mass by 7% at 12 weeks (Table 2.4) 

(p<0.001 for main effect). This corresponded with a 15% increase in diastolic volume 

(p=0.003 for main effect), a 16% increase in systolic volume (p=0.012 for main effect), 

an 8% decrease in absolute wall thickness (p=0.028 for main effect), and a 13% decrease 

in relative wall thickness (p=0.012 for main effect) in response to G6PD deficiency, 

indicating modest left ventricular dilation in young G6PDX mice. These effects resulted 

in a 13% increase in stroke volume in young G6PDX mice compared to WT mice 

(p=0.008 for main effect), and independent of any change in blood pressure. However, 

these effects were not observed in older mice at 31 weeks. Thus, G6PD deficiency 

modestly increased myocardial dilation and hypertrophy in young animals.  
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Table 2.4.  

 

Although G6PD deficiency led to ventricular dilation and hypertrophy, G6PDX 

mice were insensitive to adverse dietary remodeling effects. On the other hand, in WT 

mice, DIO increased left ventricular mass by 11%, and increased atrial mass by 33% at 

12 weeks, indicative of diet induced hypertrophy in young WT animals (Table 2.4). In 

older animals, DIO increased relative wall thickness by 44% compared to the high 

fructose diet in WT mice, indicating concentric hypertrophy in WT mice but not G6PDX 

mice. Rather, DIO resulted in an increased ejection fraction in older G6PDX mice. Thus, 
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while DIO resulted in cardiac hypertrophy in WT mice, there was no hypertrophic 

response of diet in G6PDX mice.  

 

Oxidative Stress 

 Aconitase is a mitochondrial oxidative enzyme whose activity is decreased in 

response to oxidative stress
205

. Thus, aconitase has been used as an indicator of oxidative 

damage. MDA and 4HA are lipid peroxidation breakdown products, and are also 

indicative of oxidative damage. Therefore, we assayed lipid peroxidation products 

(MDA+4HA) and aconitase activity as indices of oxidative stress (Table 2.5). There were 

no differences in liver aconitase activity. However, high fructose intake decreased lipid 

peroxidation products in the liver of older WT mice, but not G6PDX mice. This decrease 

in lipid peroxidation products in response to high fructose corresponded with increased 

G6PD activity intake in WT mice (Figure 2.1), suggesting that an increase in G6PD 

activity may decrease hepatic oxidative stress.  
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Table 2.5.  

 

 

Skeletal muscle aconitase activity was decreased by DIO in older WT mice, 

indicative of increased ROS in response to DIO (Table 2.5). However, this effect of diet 

on decreasing aconitase activity was absent in G6PDX mice. No differences were 
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observed in skeletal muscle citrate synthase activity, indicating that changes in aconitase 

activity were not due to decreased mitochondria. At 12 weeks, there were more lipid 

peroxidation products in response to DIO in G6PDX mice compared to WT mice, 

indicative of increased ROS in obese G6PDX mice at this time point. Thus, there was a 

temporal change, in which G6PD deficiency increased ROS in response to short term 

DIO, but prevented oxidative damage in the long term. The preservation of aconitase 

activity in the skeletal muscle of older G6PDX mice may have to do with the decreased 

level of obesity found in these animals (Figure 2.3).  

Left ventricular aconitase activity was higher in G6PDX mice compared to WT 

mice at 31 weeks, indicative of decreased myocardial ROS in G6PDX mice compared to 

WT mice and similar to the skeletal muscle results (Table 2.5). We observed this effect 

despite an increase in myocardial citrate synthase activity by DIO in WT mice.  

  

Additional Non-Oxidative Glucose Pathways 

The HBP and polyol pathways were both upregulated in the livers of WT mice 

after 12 weeks of high fructose intake and DIO (Figure 2.6).  There was a modest 

decrease in PKC activity, and no changes for AGE and GAPDH activity in WT livers, 

but (Table 2.5).  These findings were generally paralleled in the heart, except that the 

fructose diet decreased PKC activity (Figure 2.7).  Thus, induction of the HBP and polyol 

pathways in the heart and livers of WT mice at the early time point is likely an adaptation 

in response to increased fuel substrate supply.  Although previous studies showed that 

increased oxidative stress may also increase flux through these pathways, this is unlikely 
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here since we found no significant differences for MDA at the 12-week time point for all 

the diets employed in this study.    

 

 

Figure 2.6. Effects of dietary intervention on metabolic pathways in the liver. A-B. 

Hexosamine biosynthetic pathway (HBP) activation as assessed by O-GlcNAc levels. C-

D. Polyol pathway activation as assessed by sorbitol levels. E-F. Advanced glycation end 
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product (AGE) formation as assessed by methylglyoxal concentration. DIO, Diet Induced 

Obesity; G6PDX, glucose 6-phosphate dehydrogenase deficient mice; WT, wild type; 

n=4-10/group.  

 

 

 
 

Figure 2.7. Effects of dietary intervention on metabolic pathways in the heart.  A-B. 

Hexosamine biosynthetic pathway (HBP) activation as assessed by O-GlcNAc levels. C-
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D. Polyol pathway activation as assessed by sorbitol levels. E-F. Advanced glycation end 

product (AGE) formation as assessed by methylglyoxal concentration. DIO, Diet Induced 

Obesity; G6PDX, glucose 6-phosphate dehydrogenase deficient mice; WT, wild type; 

n=4-9/group. 

 

The induction of the HBP and polyol pathways was no longer present after 31 

weeks in WT livers (fructose and DIO diets), with polyol pathway activation markedly 

decreased in the DIO group (Figure 2.6).  The decreased induction of the HBP and polyol 

pathways was paralleled by an increase in AGE in DIO hearts at 31 weeks (Figure 2.7). 

Thus, our data suggest a biphasic response with early induction of the HBP and polyol 

pathways in the liver, followed by later AGE formation in the heart in response to DIO.  

We further examined the activation of these pathways in the G6PDX mice.  Early 

liver HBP activation was blunted in G6PDX mice (Figure 2.6).  However, polyol 

pathway activation remained high in response to fructose feeding, while it sharply 

decreased in response to DIO.  G6PDX hearts exhibited a more robust response with 

HBP, PKC and the polyol pathway activated to varying extents for the DIO and fructose 

diets (Figure 2.7; Table 2.5).  Thus our data at the earlier time point (12 weeks) indicate 

that there was a general decrease in activation of non-oxidative glucose pathways. The 

data further indicate that high fructose intake elicited the greatest changes in livers and 

hearts of G6PDX mice.  After long term feeding, the HBP was significantly increased in 

G6PDX livers (Figure 2.6).  Fructose feeding increased PKC and decreased HBP 

activation, respectively, in older G6PDX mouse hearts (Figure 2.7; Table 2.5).  However, 

the DIO diet did not significantly induce the PKC and AGE pathways as it did for the 

WT mice.  
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Discussion  

We tested the hypothesis that G6PD deficiency exacerbates diet induced 

metabolic dysfunction by decreasing antioxidant defenses and thus increasing oxidative 

stress throughout the body, and that G6PD deficiency prevents myocardial oxidative 

stress and diet induced cardiac dysfunction by decreasing NADPH dependant superoxide 

production in the myocardium. We found G6PD deficiency resulted in increased 

sensitivity to other diet induced metabolic abnormalities including increased serum 

triglycerides and free fatty acids, and that G6PD deficiency reduced obesity but that this 

decrease in obesity did not beneficially affect metabolism. We further found that G6DP 

deficiency resulted in early modest cardiac defects, but that these cardiac effects were not 

exacerbated by DIO. We found that G6PD deficiency preserved left ventricular and 

skeletal muscle aconitase activity compared to WT mice with DIO, suggesting that G6PD 

deficiency decreased oxidative stress in these tissues, but not in liver tissue. In liver 

tissue, increased G6PD activity in WT mice corresponded with decreased lipid 

peroxidation products in response to long term fructose intake, but that G6PDX mice 

failed to decrease lipid peroxidation products in response to long term dietary fructose. 

Finally, we uncovered a diverse array of effects of G6PD deficiency on the induction of 

other non-oxidative glucose pathways.  

The results indicate that G6PD deficiency decreased weight gain in response to a 

high fat/high sugar diet. Other investigators saw that treatment with DHEA, an inhibitor 

of G6PD, had an anti-obesity effect in genetically obese rats
206

. This makes sense 

considering that the NADPH produced by the PPP is in high demand for fatty acid 



60 
 

synthesis in adipose tissue, and that a decrease in G6PD activity may decrease NADPH 

production and thus decrease fatty acid synthesis
207

.  

G6PD is required for fatty acid and cholesterol synthesis, and G6PD knockdown 

attenuates adipocyte differentiation
168

. Normally a decrease in body mass confers 

beneficial cardiometabolic effects, but a decrease in adipocyte differentiation and 

prevention of normal fat mass expansion may result in increased circulating lipids and 

ectopic fat deposition
208

. In our study, G6PD deficiency decreased obesity, fat pad mass, 

and leptin, and increased circulating free fatty acids. However, this corresponded with 

decreased ectopic fat buildup in the liver, rather than an increase in ectopic fat, indicating 

that the decrease in fat mass in our study may have had neutral effects.  

Because G6PD normally consumes a portion of the glucose within a cell, one 

would expect G6PD deficiency to route increased glucose through alternative pathways. 

Thus, we expected to see a general increase in HBP and polyol pathway activation, and in 

AGE formation in response to G6PD deficiency. However, our data suggest that this was 

not generally the case. Rather, there was a general decrease in activation of metabolic 

pathways in response to G6PD deficiency with short term feeding. With longer term 

feeding, G6PD deficiency increased the HBP, and prevented an increase in AGE 

formation.  Thus, our data suggest a more complex regulatory nature to these other 

alternative glucose pathways than expected.   

Based on our observation that the HBP and polyol pathways were upregulated by 

short term DIO or high fructose intake in WT mice, induction of the HBP and polyol 

pathways may be an adaptation in response to increased substrate abundance.  This early 

induction of the HBP and polyol pathways may contribute to metabolic dysfunction over 



61 
 

time.  Interestingly, prolonged feeding resulted in downregulation of these pathways 

(likely by feedback inhibition) which was followed by the induction of AGE formation in 

the WT hearts.  Early activation of the HBP and polyol pathways, and later cardiac AGE 

formation may contribute to increased diet induced cardiometabolic stress in WT mice, 

while increased hepatic HBP activation may contribute to LV remodeling found in 

G6PDX mice
185, 209, 210

. Although previous studies showed that increased oxidative stress 

may also increase flux through these pathways, this is unlikely here since we found no 

evidence for oxidative stress in WT mice at 12-weeks when the HBP and polyol 

pathways were already activated.  

Our studies examined the effects of G6PD deficiency in young mice. Although 

we did not observe adverse effects of obesity or G6PD deficiency on blood pressure or 

cardiac hypertrophy and failure, it would be of interest for further studies to investigate 

longer-term obesity. Jain, et al, observed a minor ventricular hypertrophy at 9 months in 

G6PDX mice
27

. The interaction between this minor hypertrophy with obesity on 

cardiometabolic health would be of interest for further investigations to pursue.  

In summary, G6PD deficient mice had decreased obesity compared to WT mice 

in response to long-term dietary challenge, but showed increased sensitivity toward 

metabolic abnormalities such as increased circulating free fatty acids and triglycerides. 

We also saw diverse changes in alternative glucose pathway activation in response to 

G6PD deficiency. Overall, these changes did not affect diet induced glucose intolerance 

in G6PDX mice. These results indicate that despite decreasing obesity, G6PD deficiency 

did not confer a protective effect against diet induced metabolic dysfunction in mice.  
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Summary of Major Findings 

1. G6PD deficiency decreased obesity in response to a long-term high fat/high sugar 

diet in mice.  

2. Despite resulting in decreased obesity, G6PD deficiency was not protective 

against the development of diet-induced metabolic abnormalities.  
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Chapter 3 – Adverse Effects of Glucose 6-Phosphate Dehydrogenase 

Deficiency on the Development of Heart Failure 

 

Chapter Abstract  

Glucose 6-phosphate dehydrogenase (G6PD) deficiency is the most common enzyme 

deficiency in the world, and its impact on the development of heart failure is unclear. 

G6PD generates NADPH to be used by the glutathione pathway to remove reactive 

oxygen species (ROS), but also to produce ROS via NADPH dependent mechanisms. 

Cardiac G6PD activity and ROS are increased in heart failure, suggesting that G6PD 

deficiency may protect against heart failure by decreasing NADPH and ROS production.  

We assessed this hypothesis in an established mouse model of human G6PD deficiency 

(G6PDX mice, ~40% of normal G6PD activity).  Myocardial infarction with 3 months 

follow-up resulted in LV dilation and dysfunction in both WT and G6PDX mice, but 

significantly greater end diastolic volume and wall thinning in G6PDX mice.  Similarly, 

pressure overload induced by transverse aortic constriction (TAC) for 6 weeks caused 

greater LV dilation in G6PDX mice than WT.  We further stressed TAC mice by feeding 

a high fructose diet to increase flux through G6PD and ROS production, and again 

observed worse LV remodeling and a lower ejection fraction in G6PDX than WT mice. 

Tissue content of lipid peroxidation products was increased in G6PDX mice in response 

to infarction, and aconitase activity was decreased with TAC, suggesting that G6PD 

deficiency increases myocardial oxidative stress and subsequent myocardial damage. In 

summary, G6PD deficiency increased redox stress and accelerated LV remodeling in 

response to infarction or aortic pressure overload, suggesting that people with G6PD 
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deficiency may be at greater risk for developing heart failure when there is concurrent 

hypertension or infarction. 

 

Introduction  

Glucose 6-phosphate dehydrogenase (G6PD) controls the flux into the pentose 

phosphate pathway, and is the main cytoplasmic source of NADPH
3, 29

.  Generation of 

NADPH by G6PD fuels antioxidant systems through conversion of oxidized glutathione 

back to the reduced form and thus decreases reactive oxygen species (ROS)
27, 180

.  G6PD 

deficiency is the most common enzyme deficiency in the world, affecting over 400 

million people and conferring resistance to malaria
15

 
2
.  It is prevalent in sub-Saharan 

Africa, Mediterranean countries and in Southeastern Asia. Alleles for mild to moderate 

severity deficiency result in 10-60% of normal G6PD activity
14

.  The effects of G6PD 

deficiency on the risk for cardiovascular disease and subsequent outcomes are unclear.  

The limited available evidence suggests that G6PD deficiency may reduce the risk of 

heart disease and cardiovascular associated death, though a thorough evaluation in a large 

patient cohort has not been conducted
164, 165

.  

At present, how the impact of G6PD deficiency on the development and 

progression of heart failure is unclear. Depending on the circumstances, G6PD has both 

pro- and anti-oxidant effects. Bing, et al, found a remarkable increase in G6PD activity in 

post-infarct surviving myocardium, but the significance of this phenomenon was not 

further queried
211

. More recently, we found that dogs and patients with heart failure have 

elevated myocardial G6PD activity and [NADPH]
3, 6

, which might we interpreted as a 

compensatory mechanism necessary to oppose the increased generation of reactive 
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oxygen species (ROS) in failing myocardium.  In fact, G6PD inhibition in 

cardiomyocytes compromises antioxidant capacity and increases sensitivity to ROS 

induced cell death
9, 10, 27

.  G6PD deficient (G6PDX) mice develop normally, but present 

with moderate cardiac dysfunction at around 9 months of age
27

.  Myocardial 

ischemia/reperfusion causes greater  oxidative stress and injury in G6PD compared to 

WT mice
27, 180

.  On the other hand, pharmacological inhibition of G6PD decreased ROS 

generation in myocardial homogenates from failing hearts, suggesting that G6PD fuels 

NADPH dependent oxidant enzymes in advanced heart failure
3, 6

.  Potential benefits of 

G6PD deficiency have also been reported on the vasculature
169, 170

, however no studies 

have addressed the effects of chronic suppression of G6PDH on the development and/or 

progression of heart failure
164, 165

.  

The goal of the present investigation was to assess the effects of G6PD deficiency 

on the development of heart failure in myocardium subjected to injury or to chronic, 

severe stress. G6PDX mice, which have approximately 40% residual G6PD activity and 

recapitulates key aspects of clinical deficiency
44

, were  subjected to myocardial infarction 

caused by left coronary artery ligation, or to transverse aortic constriction (TAC) to 

induce pressure overload. Alterations in LV mass, chamber remodeling, ROS production 

and lipid peroxidation were assessed.  We hypothesized that G6PD deficiency would 

protect against the development of heart failure by decreasing NADPH and ROS 

production in chronically stressed myocardium.  We further stressed these mice with a 

high fructose diet to increase flux through pro-oxidant NADPH dependant enzymes
146, 

154, 157, 212
. Recent studies from our lab and others have found that high fructose intake 

exacerbated the development of heart failure and accelerated mortality compared to a 



66 
 

complex carbohydrate diet in salt-induced hypertension
151, 152

, TAC
154, 213

, and volume 

overload
155

 models of heart failure. Thus, we further hypothesized that G6PD deficiency 

would prevent the adverse effects of high fructose intake in mice subjected to TAC.  

 

Experimental Design.   

Infarct Experimental Design.   

Sixteen week-old male mice underwent permanent coronary occlusion or sham 

surgery. Cardiac function was assessed by echocardiography at 7 and 11 weeks, and by 

intraventricular catheterization during euthanization at 12 weeks after surgery.  

 

TAC Experimental Design.   

Ten week-old male mice underwent TAC or sham surgery. TAC was performed 

using a 28 gauge needle. Echocardiography was performed 1-2 days prior to 

euthanization at 6 weeks after surgery.  

 

Fructose/TAC Experimental Design.   

Eight week-old male mice underwent sham or TAC surgery with a 27 gauge 

needle, and were placed on a high starch diet or high fructose diet which consisted of 

60% of energy intake from fructose on the following day. Blood pressure was measured 

by tail cuff plethysmography at 10 weeks after surgery, echocardiography was performed 

at 4, 8, 12 and 16 weeks, and mice were euthanized at 17 weeks for biochemical analysis.  
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Statistical Analysis.   

Values are shown as mean ± standard error. Comparisons between strain and 

treatment groups were made using a two-way ANOVA with the Holm-Sidak correction. 

Recovery from surgery was assessed by a Chi-square analysis. Post-surgery survival was 

assessed by Log-Rank Kaplan Meier analysis. A two tailed t-test was used to compare the 

difference between WT and G6PDX infarct size. P<0.05 was considered significant. 

 

Myocardial Infarction Results 

Recovery and Survival after Myocardial Infarction 

A total of 32 WT and 46 G6PDX mice underwent LAD ligation to produce an 

infarct, while 10 WT and 10 G6PDX mice underwent sham surgery. Post-infarct 24 hour 

survival was 63% for WT and 61% for G6PDX mice (p=0.93 for difference). There was 

minimal mortality from 1 day to 12 weeks after infarction, with no differences among 

groups (Figure 3.1, 95% survival for WT mice and 96% survival for G6PDX mice). 

There were no differences in body mass over the course of the study (Table 3.1). 
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Figure 3.1. A, Infarction Experimental Protocol. Sixteen week-old mice underwent 

permanent coronary occlusion or sham surgery. Cardiac function was assessed by 

echocardiography at 11 weeks, and by intraventricular catheterization during 

euthanization at 12 weeks after surgery. B, Post-infarct survival. Neither surgery nor 

G6PD deficiency affected post-infarct survival over the course of the study (p=0.82). 

Time 0 of the survival curve begins 1 day after TAC, so the data are representative of 

survival after complete recovery from the surgery. Survival was assessed by Log-Rank 

Kaplan Meier analysis; Sham n=10/group, WT infarct n=20/group, G6PDX infarct 

n=29/group. 

 

 

Table 3.1. 

 

G6PD Deficiency Increases LV dilation after Myocardial Infarction 

G6PD mRNA and G6PD activity were decreased in G6PDX mice compared to 

WT mice, and infarction increased myocardial G6PD mRNA and G6PD activity in WT 

mice, but not in G6PDX mice (Figure 3.2A-B).  Heart mass was increased by LAD 

ligation, indicating cardiac hypertrophy in both WT and G6PDX mice (Figure 3.2C; 

Table 3.1). Infarct size was not different between strains (WT: 14.2±1.4%, G6PDX: 

16.8±1.2%, p=0.17).  Myocardial infarction caused eccentric hypertrophy as seen in the 

increase in LV end diastolic volume, in both WT and G6PDX mice, however LV dilation 

was significantly greater with G6PD deficiency (Figure 3.2D-E; Tables 3.2-3.3), reflected 
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by a greater LV end diastolic volume in G6PDX mice compared to WT mice. G6PDX 

mice also displayed a decrease in relative wall thickness in G6PDX mice, further 

indicating that G6PD deficiency increased susceptibility to LV dilation (Figure 3.2F). 

The decrease in wall thickness corresponded with a decrease in capillary density in 

G6PDX mice (Table 3.4).  Myocardial infarction decreased systolic and diastolic 

function, as indicated by decreased ejection fraction and dP/dt min, and increased MPI 

and LV end diastolic pressure (Figure 3.2G-I; Figure 3.3). Taken together, G6PD 

deficiency exacerbated LV dilation, but did not accelerate systolic or diastolic 

dysfunction after myocardial infarction.  
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Figure 3.2. G6PD deficiency exacerbates LV hypertrophy and dilation, but does not 

affect function after myocardial infarction. A-B. Myocardial G6PD mRNA expression 

and enzymatic activity were increased by LAD ligation in WT mice, but not in G6PD 

deficient mice. C. Myocardial infarction increased heart mass indicating myocardial 

hypertrophy. D-E. Myocardial infarction increased LV end diastolic and end systolic 

volume. LV end diastolic volume was increased further by G6PD deficiency, further 

indicating that G6PD deficiency increased susceptibility to LV dilation. F. Myocardial 

infarction resulted in decreased relative wall thickness in G6PDX mice, indicating that 

G6PD deficiency increased susceptibility to dilation. G-I. Myocardial infarction led to 

adverse cardiac function, as indicated decreased ejection fraction indicating systolic 

dysfunction, and increased MPI and LV end diastolic pressure indicating diastolic 

dysfunction. These functional parameters were unaffected by G6PD deficiency. Data 

were obtained using mice at 12 weeks after LAD ligation or sham surgery; *P <0.05 vs. 

Sham; #P <0.05 vs. WT; Sham n=9-10/group, WT infarct n=19, G6PDX infarct n=27-28.   
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Table 3.2. 

 

  



72 
 

Table 3.3.  

 

 

Table 3.4. 
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Figure 3.3. Effect of infarction on LV Pressure. A-B. LV end systolic pressure and 

dp/dt max were unaffected by G6PD deficiency or myocardial infarction. C. Myocardial 

infarction decreased dp/dt min (p=0.030 for main effect), but this parameter not affected 

by G6PD deficiency. D. Myocardial infarction increased end LV diastolic pressure in WT 

and G6PDX mice to the same extent. Data were obtained using mice at 12 weeks after 

LAD ligation or sham surgery; ǂ main effect of surgery, *P <0.05 vs. Sham; #P <0.05 vs. 

WT; Sham n=7-10/group, Infarct n=14-18/group. dP/dt, change in pressure over time. 

 

 

 

Effects of G6PD Deficiency on Biochemical Parameters after Myocardial Infarction 

Myocardial [NADPH] is increased in severe heart failure
3, 6

, and we saw an 

increase in myocardial [NADPH] in infarcted G6PDX mice (Figure 3.4A). Although 

myocardial superoxide production was unaffected by infarction or G6PD deficiency, 

infarction increased myocardial lipid peroxidation products in G6PDX mice suggesting 

increased oxidative stress with G6PD deficiency (Figure 3.4B-C). Heart failure decreases 

the capacity for oxidative metabolism in myocardium, as reflected in a decrease in the 

activities of aconitase, citrate synthase, and MCAD. The activities of these enzymes were 
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decrease by myocardial infarction but were unaffected by G6PD deficiency (Figure 3.4D-

F). Heart failure increases myocardial mRNA expression of the fetal genes ANP and 

MHCβ, and expression of these genes was increased by infarction but unaffected by 

G6PD deficiency (Figure 3.4G-H; Table 3.5). Taken together, these results suggest that 

G6PD deficiency increased oxidative stress, but not other indicators of heart failure in 

response to myocardial infarction.   

 

 

Figure 3.4. Infarction - Biochemical Data. A. Infarction increased myocardial 

[NADPH] in G6PDX mice. B. Myocardial superoxide production was unaffected by 

infarction or G6PD deficiency. C. Infarction increased myocardial lipid peroxidation 
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products in G6PDX mice. D-F. Infarction decreased myocardial aconitase activity, citrate 

synthase activity, and MCAD activity. The activities of these enzymes were unaffected 

by G6PD deficiency. G-H. Myocardial ANP and MHCβ/MHCα mRNA were also 

increased by infarction and unaffected by G6PD deficiency. Data were obtained using 

myocardium from mice at 12 weeks after LAD ligation or sham surgery; *P <0.05 vs. 

Sham; #P <0.05 vs. WT; Sham n=9-10/group, WT infarct n=19, G6PDX infarct n=27-28. 

4HA, 4-hydroxyalkenals; ANP, atrial natriuretic peptide; gww, grams of wet weight 

tissue; MCAD, medium chain acyl-coenzyme A dehydrogenase; MHC, myosin heavy 

chain; NADPH, nicotinamide adenine dinucleotide phosphate; MDA, malondialdehyde. 

 

 

Table 3.5. 

 

 

Transverse Aortic Constriction Results 

Recovery and Survival after TAC 

A total of 28 WT mice and 24 G6PDX mice underwent TAC with a 28 gauge 

needle, while 7 WT mice and 7 G6PDX mice underwent sham surgery. TAC 24 hour 

survival was 39% for WT mice and 54% for G6PDX mice (p=0.43 for difference). 

Minimal mortality was again observed from 1 day to 6 weeks after TAC, with no 

differences among groups (Figure 3.5, 91% survival for WT mice and 92% survival for 

G6PDX mice). There were no differences in body mass (Table 3.6).  
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Figure 3.5. A, TAC Experimental Protocol. Ten week-old mice underwent TAC or sham 

surgery. TAC was performed using a 28 gauge needle. Echocardiography and 

euthanization were performed at 6 weeks. B, Post-TAC Survival. Neither surgery nor 

G6PD deficiency affected post-TAC survival over the course of the study (p=0.75). Time 

0 of the survival curve begins 1 day after TAC, so the data are representative of survival 

after complete recovery from the surgery. Survival was assessed by Log-Rank Kaplan 

Meier analysis; n=38 total mice, Sham n=7/group, TAC n=11-13/group. 

 

 

Table 3.6. 
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G6PD Deficiency Increases Propensity for LV Dilation after TAC 

TAC increased LV mass to the same extent in WT and G6PDX mice (Figure 

3.6C), however only G6PDX mice had a statistically significant increase in LV end 

diastolic and end systolic volumes, and absolute wall thickness, (Figure 3.6D-F; Table 

3.7). This indicates that G6PD deficiency increased the propensity for LV dilation. TAC 

decreased systolic function, as indicated by decreased ejection fraction, but with no effect 

of G6PD deficiency (Figure 3.6G). TAC increased G6PD mRNA and G6PD activity in 

WT mice, but not in G6PDX mice (Figure 3.6A-B). G6PD deficiency may increase the 

propensity for wasting, or cachexia. Cachexia, which indicates poor prognosis in heart 

failure
214

, and TAC resulted in decreased epididymal fat mass, liver mass, and kidney 

mass in G6PDX mice but not WT animals (Table 3.6). These changes were observed 

despite no change in overall body mass.  

 



78 
 

 

Figure 3.6. G6PD deficiency increases propensity for LV dilation after TAC. A-B. 

TAC increased G6PD mRNA and G6PD activity in WT mice, but not in G6PDX mice. 

C. TAC increased LV mass to the same extent in WT and G6PDX mice. D-F. TAC 

increased LV end diastolic volume, end systolic volume, and absolute wall thickness in 

G6PDX mice. G. TAC decreased systolic function to the same extent in G6PDX and WT 

mice. Data were obtained using mice at 6 weeks after Sham or TAC surgery with a 28 

gauge needle; *P <0.05 vs. Sham; #P <0.05 vs. WT; Sham n=7/group, TAC=10-

12/group.  
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Table 3.7. 

 

 

Effects of G6PD Deficiency on Biochemical Parameters after TAC 

 As with myocardial infarction, [NADPH] was increased in G6PDX mice in 

response to TAC (Figure 3.7A). G6PD deficiency decreased superoxide production 

(Figure 3.7B). There was no effect of G6PD deficiency or TAC on lipid peroxidation 

products (Figure 3.7C). TAC decreased myocardial aconitase activity, citrate synthase 

activity, and MCAD activity to the same extent in G6PDX and WT mice (Figure 3.7D-

F), and these changes corresponded with an increase in ANP and MHCβ/MHCα mRNA 

(Figure 3.7G-H; Table 3.8). 
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Figure 3.7. TAC - Biochemical Data. A. LV NADPH was increased by TAC in G6PDX 

mice. B. Superoxide production was decreased by G6PD deficiency. C. Lipid 

peroxidation products were unaffected by G6PD deficiency or TAC. D-F. TAC 

decreased myocardial aconitase activity, citrate synthase activity, and MCAD activity to 

the same extent in G6PDX and WT mice G-H. TAC increased ANP and MHCβ/MHCα 

in WT and G6PDX mice to the same extent. Data were obtained using left ventricular 

myocardium from mice at 6 weeks after Sham or TAC surgery with a 28 gauge needle; 

*P <0.05 vs. Sham; #P <0.05 vs. WT; Sham n=7/group, TAC=10-12/group. 4HA, 4-

hydroxyalkenals; ANP, atrial natriuretic peptide; gww, grams of wet weight tissue; 

MCAD, medium chain acyl-coenzyme A dehydrogenase; MHC, myosin heavy chain; 

NADPH, nicotinamide adenine dinucleotide phosphate; MDA, malondialdehyde. 
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Table 3.8. 

 

High Fructose Intake and Transverse Aortic Constriction Results 

Recovery and Survival after Fructose/TAC 

A total of 55 WT mice and 47 G6PDX mice underwent moderate TAC with a 27 

gauge needle, while 28 WT mice and 29 G6PDX mice underwent sham surgery. 

Immediately following surgery, mice were assigned to either a high starch or a high 

fructose diet (Table 3.9). TAC 24 hour survival was 65% for WT mice and 72% for 

G6PDX mice (p=0.59 for difference). There was minimal mortality from 1 day to 17 

weeks after TAC, with no differences among groups (Figure 3.8). G6PDX mice 

consumed a greater amount of energy on the high fructose diet compared to the high 

starch diet, but this did not affect body or fat pad mass, and there were no differences in 

body mass throughout the 17 weeks following surgery (Table 3.10-3.11). 

 

Table 3.9. 
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Figure 3.8. A, Fructose/TAC Experimental Protocol. Eight week-old mice underwent 

sham or TAC surgery with a 27 gauge needle, and were placed on a high starch or high 

fructose diet on the following day. Echocardiography was performed at 16 weeks, and 

mice were euthanized at 17 weeks for biochemical analysis. B, Post-TAC survival. Post-

TAC survival was unaffected by surgery, G6PD deficiency, or diet over the course of the 

study (p=0.137). Time 0 of the survival curve begins 1 day after TAC, so the data are 

representative of survival after complete recovery from the surgery. Survival was 

assessed by Log-Rank Kaplan Meier analysis; n=126 total mice, n=14-19/group. 

 

 

Table 3.10. 

 

  



83 
 

Table 3.11. 

 

G6PD Deficiency Exacerbates the Cardiac Effects of Pressure Overload with High 

Fructose Intake 

TAC increased LV mass in all groups, but to a greater extent in G6PDX mice 

compared to WT mice after high fructose intake (Figure 3.9B). Atrial and right 

ventricular mass were also increased by TAC, with a greater increase in right ventricular 

mass in G6PDX mice compared to WT mice after high fructose intake (Table 3.11). 

Caudal systolic blood pressure was unaffected by TAC or G6PD deficiency (Table 3.12). 
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TAC resulted in decreased stroke volume and concentric hypertrophy indicated by 

increased absolute and relative wall thickness (Table 3.13). G6PD deficient animals 

displayed systolic dysfunction, as seen by an increase in LV end systolic volume and a 

decrease in ejection fraction in response to TAC after high fructose intake (Figure 3.9C). 

TAC increased LV fetal gene expression, as indicated by increased MHCβ/MHCα and 

ANP mRNA in all groups (Figure 3.9D; Table 3.14). The greatest ANP expression was in 

G6PDX mice with the high fructose diet. TAC also increased left ventricular G6PD 

activity in WT mice on the high starch diet (Figure 3.9A). G6PD activity was unaffected 

by TAC in WT mice fed the high fructose diet, and decreased in G6PDX mice. Taken 

together, the results indicate G6PD deficiency exacerbates cardiac hypertrophy and 

dysfunction in response to pressure overload after high fructose intake.   

  

  
 

Figure 3.9. G6PD deficiency exacerbates the cardiac effects of pressure overload 

with high fructose intake. A. LV G6PD activity was increased by TAC in the high 
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starch diet, and was decreased in G6PDX mice. B. LV mass was increased by TAC in all 

groups, and was increased to the greatest extent in G6PDX mice with high fructose 

intake. C. Ejection Fraction was decreased in G6PDX mice with the high fructose diet. D. 

LV ANP mRNA expression was increased by TAC to the greatest extent in G6PD 

deficient animals with high fructose intake. Data were obtained 16-17 weeks post-TAC 

*P <0.05 vs. TAC; #P <0.05 vs. WT; Sham n=9-16/group, TAC n=12-16/group. ANP, 

atrial natriuretic peptide.  

 

 

Table 3.12. 
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Table 3.13. 
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Table 3.13. Continued 
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Table 3.13. Continued 
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Table 3.13. Continued 
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Table 3.13. Continued 

 
Table 3.14.  
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Effects of G6PD Deficiency on Metabolic Parameters after TAC and High Fructose  

We hypothesized that a combination of pressure overload and high fructose 

increases flux through G6PD in WT mice to increase [NADPH], superoxide production 

and oxidative stress. In accordance with this hypothesis, [NADPH] was increased in 

response to TAC in WT mice with high fructose intake (Figure 3.10A). However, 

contrary to our hypothesis, this increase in [NADPH] did not correspond with increases 

in superoxide production or lipid peroxidation (Figure 3.10B; Table 3.14). On the other 

hand, decreased aconitase activity may indicate oxidative stress
205

, and aconitase activity 

was decreased in response to TAC in G6PDX mice after high fructose intake (Figure 

3.10C). These results suggest that G6PD deficiency may increase rather than decreases 

oxidative stress in response to high fructose intake and TAC.  

 

 
 

Figure 3.10. Fructose/TAC - Biochemical and Metabolic Data. A. TAC increased LV 

[NADPH] after high fructose intake in WT mice, but not in G6PDX mice. B. Superoxide 

production was unchanged by TAC or G6PD deficiency among animals that received the 
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high fructose diet or the high starch diet. C. Aconitase activity, an index of oxidative 

stress, was decreased by TAC in G6PDX mice after high fructose intake. D. G6PD 

deficiency increased serum triglycerides compared to WT mice with high fructose intake. 

Data were obtained 17 weeks post-TAC *P <0.05 vs. TAC; #P <0.05 vs. WT; Sham n=9-

16/group, TAC n=12-16/group. gww, grams of wet weight tissue; NADPH, nicotinamide 

adenine dinucleotide phosphate.  

 

High sugar intake is associated with increased circulating triglycerides, and 

adverse metabolic effects may interact with pressure overload to adversely affect heart 

failure
141

. G6PDX mice had increased serum triglycerides after high sugar intake, 

indicating that G6PD deficiency increases propensity for hypertriglceridemia (Figure 

3.10D). G6PD deficiency also decreased serum insulin in animals with high fructose 

intake, consistent with a decrease in β-cell function as reported by others (Table 3.15)
13

. 

Serum glucose and free fatty acids were unaffected by G6PD deficiency or TAC. G6PDX 

mice had decreased epididymal fat mass and kidney mass after TAC with high fructose 

intake, suggesting that G6PD deficiency increases the propensity toward cachexia (Table 

3.11). This was observed despite an increase in energy intake by G6PDX mice with the 

high fructose diet compared to diet high starch diet (Table 3.10). The adverse effects of 

increased LV hypertrophy and dysfunction in response to G6PD deficiency are evidenced 

by cachexia in G6PDX mice. These results indicate that G6PD deficiency adversely 

affects the systemic condition and compounds the adverse effects of pressure overload. 
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Table 3.15. 

 

Discussion  

The main novel finding of this study is that the progression of heart failure was 

modestly accelerated by a clinically relevant level of moderate G6PD deficiency. Thus 

contrary to our hypothesis, G6PD deficiency does not attenuate myocardial damage in 

response to injury or severe stress. After myocardial infarction or chronic pressure 

overload, G6PDX displayed moderate, albeit statistically significant worsening of LV 

dilation and/or contractile dysfunction, associated with increased lipid peroxidation 

products in cardiac tissue.  

Our apparently paradoxical hypothesis was based on solid evidence that 

pharmacological inhibition of G6PD decreases ROS generation in myocardial 

homogenates from canine and human failing hearts, suggesting that G6PD fuels NADPH 

dependent oxidant enzymes in advanced heart failure
3, 6

.  Alternatively, it may be argued 

that, given the critical role attributed to the oxidative pentose phosphate pathway in the 

maintenance of redox homeostasis, G6PD deficiency should cause a very rapid 

deterioration of cardiac muscle subjected to stresses such as infarction and pressure 
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overload.  In fact, the inhibition of G6PD increases the sensitivity of cells to oxidative 

damage and death,  while G6PD overexpression protects cells against oxidative 

damage
10

. Further, the activity of G6PD in isolated cardiomyocytes is enhanced in 

response to oxidative stress, and inhibition of G6PD increased oxidative stress and 

impairs cardiomyocyte calcium handling and contractility
3
.   

Our results indicate that although LV dilation was significantly enhanced in 

response to G6PD deficiency, accelerated contractile dysfunction was not evident. There 

may be a complex and evolving balance between negative and positive effects of G6PD 

deficiency during the progression of heart failure, whose net result is a 

pathophysiological condition not excessively different from that observed in wild type 

mice. Previous studies have shown that G6PDX mice display worse contractile recovery 

of an acute bout of  myocardial ischemia, and that this may have been mediated by 

accelerated oxidative stress
4
. Nonetheless, this might be a transient detrimental 

consequence of G6PD deficiency, not affecting the long-term outcome.  

G6PD enzyme activity in our study was ~40% of WT. This was somewhat higher 

than the ~20% activity reported by other investigators using the same mice. This 

discrepancy may be due to some effect of inbreeding of the mice in our laboratory. When 

we initially started breeding our colony in 2010, the G6PDX mice had 21% residual 

G6PD activity (200±15 µmol
.
gww

-1.
min

-1
 in WT mice vs. 42±11 µmol

.
gww

-1.
min

-1
 in 

G6PDX mice, n=5/group), but the myocardial activity has been consistently higher 

(~40%) since that time.  

The measurement of [NADPH] determines the NADPH setpoint, rather than the 

production of NADPH over time. Further, the G6PD enzyme assay, determines the 
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maximal G6PD activity, rather than the actual flux through G6PD which is dependent on 

cellular location and glucose 6-phosphate concentration. Despite this limitation, we 

expected G6PD deficiency to decrease [NADPH], as seen by Xu, et al, and others in the 

kidneys of G6PDX mice and in cardiomyocytes with pharmacological inhibition of 

G6PD
9, 11

. However, NADPH levels were not significantly different in G6PDX compared 

to WT mice, and we were surprised to see that in G6PDX mice there was a significant 

increase in [NADPH] in response to either myocardial infarction or TAC. The reason for 

the increase is unclear, but suggests that there is a compensatory mechanism for 

increasing NADPH.  

The compensation for increasing NADPH in G6PDX mice is of interest for 

further studies. Possible mechanisms include the upregulation of other NADPH-

producing enzymes in the mitochondria. These enzymes include malic enzyme, isocitrate 

dehydrogenase, and glutamate dehydrogenase. Alternatively, the production of NADPH 

may be unchanged in response to heart failure or G6PD deficiency, and just the 

[NADPH] set-point is changed. Our measurement of NADPH assessed this set-point. To 

assess actual flux through G6PD, and thus the production of NADPH by this enzyme, one 

would need to use more sophisticated analysis than the measures we performed. This 

analysis would include the use of radiolabeled glucose 6-phosphate to determine flux. 

Finally, the long-term compensation by G6PDX mice for increasing NADPH seems to 

exacerbate heart failure in G6PDX mice in our studies. To examine the effect of G6PD 

deficiency without compensation, one would need to perform studies in an inducible 

model of G6PD deficiency. It would also be of interest to examine the cardiac-specific 

effects of G6PD deficiency by making a cardiac-specific model.  
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 Previous investigators reported that NADPH oxidase adversely affected the 

development of heart failure after mice received a high fat/high sugar diet to induce 

obesity
138

. In cultured adipose cells, high glucose increased [NADPH], NADPH oxidase 

activity, and ROS, and the glucose-induced increase in ROS was prevented by G6PD 

knockdown
215

. Thus, we hypothesized that high fructose intake would exacerbate heart 

failure by increasing flux through G6PD to increase [NADPH] and superoxide 

production, and predicted that G6PD deficiency would have a beneficial effect on the 

heart in the context of a high fructose diet. In support of the hypothesis that high sugar 

intake increases flux through the pentose phosphate pathway, we saw an increase in 

[NADPH] in WT mice with TAC and high fructose, but not in G6PDX mice. However, 

this increase in [NADPH] did not correspond to any changes in superoxide production, 

and G6PD deficiency was not beneficial. Rather, G6PD deficiency resulted in a decrease 

in aconitase activity, and established marker of oxidative stress, corresponding with 

greater LV hypertrophy and dysfunction with TAC and high fructose intake. Our results 

are similar to those seen by Zhang, et al, who reported that in cultured endothelial cells, 

high glucose decreased G6PD activity and increased oxidative stress
12

. Thus, G6PD 

deficiency made the myocardium more sensitive to adverse effects of high sugar intake.  

Our studies examined the effects of G6PD deficiency in young mice. It would be 

of interest for further studies to investigate heart failure in older G6PDX mice. Jain, et al, 

observed a minor ventricular hypertrophy at 9 months in G6PDX mice
27

. This minor 

hypertrophy may affect the outcome of heart failure, and this interaction would be of 

interest to pursue in future studies.  
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In summary, we assessed the impact of G6PD deficiency on the development of 

heart failure using an established genetic mouse model G6PD deficiency and pressure 

overload or infarct-induced failure.  There was worse cardiac dysfunction and/or LV 

remodeling with G6PD deficiency which was associated with greater redox stress.  These 

findings suggest that individuals with G6PD deficiency may be at greater risk for 

developing heart failure when they have concurrent hypertension or myocardial 

infarction.  Thus further investigation into the effects of G6PD deficiency on the 

development and progression of heart failure in humans is warranted.  

 

Summary of Major Findings 

1. G6PD deficiency increased cardiac oxidative stress, and ventricular dilation, but 

did not affect cardiac function after myocardial infarction in mice.  

2. G6PD deficiency increased ventricular dilation but did not affect cardiac function 

in response to severe TAC in mice.  

3. G6PD deficiency adversely affected the outcome of pressure overload induced 

heart failure with a high fructose diet in mice.  
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Chapter 4 – High Sugar Intake Does Not Exacerbate Metabolic 

Abnormalities or Cardiac Dysfunction in Genetic Cardiomyopathy 
 

Nutrition. Epub 2012 Feb 2. 

 

Chapter Abstract  

Objective: High sugar intake increases heart disease risk in humans.  In animals, 

sugar intake accelerates heart failure development via increased reactive oxygen species 

(ROS). Glucose 6-phosphate dehydrogenase (G6PD) can fuel ROS production by 

providing NADPH for superoxide generation by NADPH oxidase. On the other hand, 

G6PD also facilitates ROS scavenging via the glutathione pathway. We hypothesized that 

high sugar intake would increase flux through G6PD to increase myocardial [NADPH] 

and ROS, and accelerate cardiac dysfunction and death. Research Methods & 

Procedures: Six-week old TO-2 hamsters, a nonhypertensive model of genetic 

cardiomyopathy caused by a δ-sarcoglycan mutation, were fed a long-term diet of either 

high starch or high sugar (57% of energy from sucrose+fructose). Results: After 24 

weeks, δ-sarcoglycan deficient animals displayed expected decreases in survival and 

cardiac function associated with cardiomyopathy (ejection fraction: control=68.7±4.5%; 

TO-2 starch=46.1±3.7, p<0.05 TO-2 starch vs control; TO-2 sugar=58.0±4.2%, N.S. vs 

TO-2 starch or control; median survival: TO-2 starch=278 days, TO-2 sugar=318 days, 

P=0.133).  Although we expected high sugar intake to exacerbate cardiomyopathy, 

surprisingly there was no further decrease in ejection fraction or survival with high sugar 

compared to starch in cardiomyopathic animals.  Cardiomyopathic animals had systemic 

and cardiac metabolic abnormalities (elevated serum lipids and glucose, and decreased 
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myocardial oxidative enzymes) which were unaffected by diet. High sugar intake 

increased myocardial superoxide, but [NADPH] and lipid peroxidation were unaffected. 

Conclusions: Despite increased superoxide production, high sugar intake did not 

adversely affect cardiac function or survival in genetic cardiomyopathy.  

 

Introduction  

Clinical studies show that high sugar intake is associated with dyslipidemia and 

that high dietary glycemic load may increase the risk for coronary heart disease
120, 141, 148-

150
; however, little is known about the effects of sugar intake on the development and 

progression of heart failure.  A recent epidemiological study found that hospitalization or 

death from new onset heart failure was not related to sugar intake over a 9 year follow-up 

in middle age and elderly women
156

.  There is less information regarding effects of sugar 

intake in populations that are at high risk for developing heart failure, such as patients 

with hypertension, ischemic heart disease or inherited cardiomyopathies.   

Recent studies from our group and others have found that high intake of fructose 

or sucrose accelerated the development of heart failure and mortality compared to a 

complex carbohydrate diet in rats with salt-induced hypertension
151, 152

, rats with volume 

overload
155

, and mice with transverse aortic constriction (TAC)
154, 216

.  High fructose 

intake increases the generation of superoxide in myocardium, suggesting that cardiac 

function is decreased by accelerated formation of reactive oxygen species (ROS) and 

subsequent oxidative damage
154, 157

.  Support for this comes from the observation the 

accelerated development of heart failure by high fructose intake was prevented by 

tempol, a superoxide dismutase mimetic, in mice with aortic constriction
154

.  There is 
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greater oxidative stress in heart failure, as evidenced by increased lipid peroxidation 

products and a decreased ratio of reduced/oxidized glutathione (GSH/GSSG)
217

.  Recent 

studies show glucose 6-phosphate dehydrogenase (G6PD) expression is increased in 

failing myocardium, and that superoxide generation is fueled by increased production of 

NADPH by G6PD in humans and animal models of heart failure
3, 6-8

.  Consumption of a 

high sugar diet may further increase flux through G6PD and accelerate production of 

NADPH and subsequent ROS production in heart failure
3, 6, 7, 117, 169

   .   

Evidence for acceleration of cardiac pathology with high sugar intake comes from 

animal models that employed an increase in cardiac after load induced by aortic 

constriction or hypertension, which increases cardiac mass, myocardial oxygen 

consumption, and ROS generation.  However, the majority of heart failure patients do not 

have this type of extreme uncontrolled hypertension.  Thus, pressure overload models 

have limited relevance to many forms of human heart failure.  In the present 

investigation, we examine the potential cardiotoxic effects of sugar intake in a model of 

heart failure that does not involve cardiac hypertrophy or an increase in myocardial 

workload and oxygen consumption.  Studies were performed in cardiomyopathic 

hamsters which have a mutation in δ-sarcoglycan that results in progressive cardiac 

dysfunction and a shortened life span (~40-50 weeks compared to 2 to 3 years for normal 

strains).  These animals have systemic and cardiac metabolic abnormalities (defects in 

cardiac mitochondria, and elevated circulating glucose and triglycerides and low insulin), 

and increased myocardial oxidative stress
117, 217, 218

.  We hypothesized that long-term 

consumption of a high sugar diet would accelerate cardiac dysfunction due to greater 

oxidative stress via accelerated NADPH generation by G6PD.  Dietary treatments were 
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initiated at six weeks of age and survival was assessed out to 78 weeks. A subgroup was 

assessed at 29 weeks for cardiac function, and at 30 weeks for metabolic parameters, and 

myocardial ROS formation and oxidative damage. We hypothesized that in 

cardiomyopathic hamsters, a high sugar diet (57% of energy intake) would increase ROS 

formation and lipid peroxidation, impair cardiac and systemic metabolism, and decrease 

cardiac function and survival compared to the starch diet.  

 

Experimental Methods & Design  

Experimental Design 

Six-week old male hamsters that were either normal healthy controls (Bio F1B 

strain) or cardiomyopathic due to a mutation in δ-sarcoglycan (Bio TO-2 strain) were 

purchased from Bio Breeders Inc (Watertown, MA). The healthy control animals were 

fed a standard high starch diet, and the cardiomyopathic animals were either maintained 

on the standard high starch diet or on a high sugar diet. The aim of this study was to 

assess the role of high sugar intake within the context of cardiomyopathy, therefore we 

did not include a high sugar diet group of healthy control F1B hamsters. Healthy controls 

(n=17) and cardiomyopathic animals (n=37 starch diet, n=30 high sugar diet) were 

assessed for mortality for 545 days.  An additional subset (n=11-12/group) were assessed 

for cardiac function at 29 weeks and euthanized at 30 weeks of age for biochemical 

analysis. 
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Diets 

Animals were fed ad libitum custom manufactured purified diets that derived 12% 

of energy from fat, 20% from protein (casein supplemented with L-cystine), and 68% 

from carbohydrate (Research Diets Inc, New Brunswick, NJ).  The high starch diet 

(#D09103101) contained no sugar (12% of total energy from maltodextrin and 55% from 

corn starch). The high sugar diet (#D09103110, Research Diets) contained 5% of energy 

from corn starch, 5% from maltodextrin, 28.5% from fructose, and 28.5% from glucose.  

 

Statistics 

Values are shown as mean ± standard error. The three groups were compared 

using a one-way analysis of variance with the Holm-Sidak correction. Kaplan-Meier 

analysis was used to assess survival. P<0.05 was considered significant.  

 

Results  

Survival and Morphometric Parameters 

There were no differences in body mass between the two diets, but the high sugar 

diet increased combined fat mass by 29% (p<0.05; Table 4.1). High sugar had no effect 

on LV mass, but it resulted in 17% lower right ventricular and 60% lower atrial masses. 

Cardiomyopathic hamsters had the expected high rate of mortality compared to healthy 

control animals (Figure 4.1). We expected to see an increase in mortality in response to 

high sugar intake, however there was not a significant difference in mortality for the high 

sugar diet compared to the high starch diet (Median survival: 278 days for the 

cardiomyopathic starch group vs 318 for the high sugar group, p=0.133). 
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Table 4.1. 

 

 

 

Figure 4.1. Survival of hamsters from initiation of the diet at 6 weeks of age.  

Cardiomyopathy resulted in the expected decrease in lifespan, but there was no effect of 

diet (p=0.133 high sugar vs. starch diets) (n=17 healthy controls, n=37 cardiomyopathic 

starch diet, n=30 cardiomyopathic high sugar diet).  

 

 

Functional and Metabolic parameters 

Ventricular dysfunction and wall thinning were evident in cardiomyopathic 

animals with high starch (Figure 4.2; Table 4.2). Ejection fraction, the percentage of 

blood that is pumped out of the heart with each beat, was decreased from 68.7% to 46.1% 
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in cardiomyopathy indicative of ventricular dysfunction. Contrary to our hypothesis 

which predicted that high sugar intake would result in a further decrease in ejection 

fraction compared to starch, the high sugar diet did not decrease ejection fraction in 

cardiomyopathic animals and may increase ejection fraction compared to starch (p=0.094 

for trend).  

 

 

Figure 4.2. Echocardiography. Left ventricular ejection fraction at 29 weeks of age; *P 

<0.05 vs. Control; n=11-12. 

 

 

Table 4.2. 
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Cardiomyopathic hamsters had high circulating glucose (cardiomyopathy: 

206mg/dL vs control: 95mg/dL, p<0.05), triglycerides (cardiomyopathy: 581mg/dL vs 

control: 184mg/dL, p<0.05), and free fatty acids (cardiomyopathy: 1.67mM vs control: 

0.68mM, p<0.05), and this corresponded with low plasma insulin (cardiomyopathy: 

329pg/mL vs control: 540pg/mL, p<0.05) (Figure 4.3). However, none of these 

parameters were significantly affected by sugar intake.   

 

 

Figure 4.3. Serum glucose (a), free fatty acids (b), and triglycerides (c), and plasma 

insulin (d) taken at 30 weeks of age in the nonfasted state.  *P <0.05 vs. Control; #P 

<0.05 vs. Starch; n=9-12. 

 

Heart failure is accompanied by mitochondrial dysfunction and low myocardial 

ATP levels
74, 75

, and disrupted mitochondria and decreased respiration rates have been 

reported in cardiomyopathic hamsters
76

.  We observed a decrease in the activity of the 
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mitochondrial oxidative enzymes CS (36% decrease), MCAD (37% decrease), and ICDH 

(29% decrease) in cardiomyopathic compared to control hamsters, with no significant 

differences between diets (Figure 4.4).  

 

 

Figure 4.4. Metabolic Enzyme Activity. Left ventricular citrate synthase (CS) (a), 

isocitrate dehydrogenase (ICDH) (b), and medium-chain acyl coenzyme-A 

dehydrogenase (MCAD) enzyme activity (c); *P <0.05 vs. Control; n=11-12. 
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Indices of Oxidative Stress.   

 Cardiomyopathic hamsters fed the high starch diet had elevated myocardial G6PD 

activity (35% increase) compared to normal hamsters, however this was not observed 

with high sugar intake (Figure 4.5).  The high sugar diet increased superoxide production 

by 39%, but there were no differences in myocardial NADPH concentration or lipid 

peroxidation products among the three groups.  

 

 

Figure 4.5. Indices of Oxidative Stress. Left ventricular glucose 6-phosphate 

dehydrogenase (G6PD) activity (a), NADPH content (b), superoxide production (c), 

superoxide production  with NADPH included in the reaction mix (d), and lipid 
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peroxidation products, malondialdehyde and 4-hydroxyalkenals (MDA+4HA) (e); *P 

<0.05 vs. Control; #P <0.05 vs. Starch; n=11-12. 
 

Discussion  

  Previous studies in pressure overload models of heart failure demonstrated that 

high intake of sugar accelerated the development of cardiac hypertrophy, contractile 

dysfunction, and death. Since this type of extreme afterload-induced heart failure has 

limited clinical relevance, it is important to also investigate if this effect occurs in a heart 

failure model that does not involve hypertension and the subsequent increase in cardiac 

workload.  Here we used the well described cardiomyopathic TO-2 hamsters, and found 

that a high sugar diet increased myocardial superoxide production, but did not affect 

[NADPH] or lipid peroxidation products. Surprisingly, the high sugar diet did not 

exacerbate LV dysfunction or accelerate mortality. This was independent of systemic and 

cardiac metabolic abnormalities (elevated serum lipids and glucose, and decreased 

myocardial mitochondrial oxidative enzyme activities) which were unaffected by diet.   

 High sugar intake can accelerate heart failure, however this finding is not 

consistent
146

. In salt-sensitive hypertensive rats, high sugar intake increased fetal gene 

expression, apoptosis, contractile dysfunction, and mortality
151, 152

. Similarly, mortality, 

cardiac hypertrophy, and fetal gene expression were increased by high sugar intake in 

mice with TAC-induced pressure overload
154, 219

. In a volume overload model generated 

by an arterial-venous shunt in rats, a high fructose diet exacerbated chamber dilation and 

systolic dysfunction
155

. On the other hand, in a rat abdominal aortic banded model of 

heart failure, high sucrose intake attenuated LV hypertrophy and did not affect cardiac 

function or fetal gene expression compared to a high starch diet
220

. Finally, ischemia-
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reperfusion models have shown a benefit of fructose feeding
221, 222

, as in both in vivo and 

isolated perfused hearts there is protection from ischemia-reperfusion injury by high 

sugar intake despite increased lipid peroxidation and oxidative stress. These studies 

indicate that the effects of high sugar intake are complex and require further study.  

Patients with cardiac dysfunction often show signs of metabolic disturbances that 

may be affected by diet
223

. We observed metabolic defects in cardiomyopathic hamsters 

on the high starch diet, including high circulating glucose, triglycerides, and free fatty 

acids, as well as decreased insulin, which were not exacerbated by the high sugar diet. 

High sugar intake can result in metabolic dysfunction; however there were already 

metabolic defects in cardiomyopathic hamsters regardless of diet.  The decreased plasma 

insulin in cardiomyopathic hamsters may indicate β-cell dysfunction, and was observed 

previously in young cardiomyopathic hamsters
224

 .  A previous report indicated that β-

sarcoglycan deficient mice exhibited decreased tolerance to glucose, and that this 

corresponded with decreased fat pad mass
218

. In the present work, the combined fat pad 

mass was largely decreased in cardiomyopathic hamsters. However, with high sugar 

intake there was a partial-preservation of fat mass which may be beneficial
225

. These 

results indicate that although cardiomyopathic hamsters exhibited metabolic defects, 

these defects were not exacerbated by high sugar intake.  

It has been proposed that an increase in NADPH generation by G6PD is a major 

contributor to ROS production in heart failure
3, 6, 169

.Studies in patients and dogs with 

heart failure indicated that increased G6PD expression was associated with increased 

[NADPH] and ROS production that was prevented by G6PD inhibition. We therefore 

predicted that G6PD activity and [NADPH] would be increased in genetic 
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cardiomyopathy. We further predicted that if high sugar intake increases the flux of 

glucose 6-phosphate through G6PD, then high sugar intake would elevate [NADPH] and 

further increase superoxide production. However, although high sugar intake increased 

superoxide production, [NADPH] was unaffected, suggesting that changes in [NADPH] 

and G6PD do not play a significant role in this model of cardiomyopathy.  

The clinical implications of this study should be interpreted with caution. 

Although high sugar intake did not exacerbate cardiac dysfunction in a hamster model of 

cardiomyopathy, it should be stressed that this may or may not be the case in humans, 

particularly in patients with acquired forms of heart failure resulting from hypertension 

and/or ischemic heart disease. Although the effects of sugar intake on the progression and 

development of heart failure in humans has not been studied per se, high sugar intake 

does increase the risk of heart disease in humans, and this may lead to heart failure
148, 150

. 

Studies should examine the effects of diet on the progression of heart failure in humans.  

 

Conclusion 

We determined that high sugar intake did not exacerbate ventricular function, 

metabolic abnormalities, or survival. The results further indicate that NADPH and 

superoxide production do not play major roles in this model. These results warrant further 

investigation of sugar intake effects on humans with similar forms of genetic 

cardiomyopathy.  
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Summary of Major Findings 

1. A high sugar diet did not adversely affect the outcome of genetic cardiomyopathy 

in hamsters.  

2. We found no evidence that G6PD and cytoplasmic ROS play a role in genetic 

cardiomyopathy in hamsters.  
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Chapter 5 – Conclusion  

 

Dissertation Summary  

 We have made the following novel findings:  

 

1. G6PD deficiency decreased obesity in response to a long-term high fat/high sugar 

diet in mice. After 16 weeks of DIO, G6PDX mice stopped gaining weight despite 

eating the same amount of food intake as WT mice. The decrease in body mass 

corresponded with decreased fat pad mass, liver adiposity, and circulating leptin 

in response to G6PD deficiency.  

 

2. Despite resulting in decreased obesity, G6PD deficiency was not protective 

against the development of diet-induced metabolic abnormalities. In response to 

long-term DIO, G6PDX mice exhibited the same degree of glucose intolerance as 

WT mice. G6PD deficiency led to additional metabolic abnormalities, including 

increased serum free fatty acids in response to long-term DIO, and increased 

serum triglycerides in response to high fructose intake. 

 

 

3. G6PD deficiency increased cardiac oxidative stress, and ventricular dilation, but 

did not affect cardiac function after myocardial infarction in mice. After 11-12 

weeks after LAD ligation, G6PD deficiency exacerbated LAD ligation-induced 

increases in LV end diastolic volume, and resulted in a decrease in relative wall 

thickness. Myocardial infarction decreased in LV ejection fraction, and increased 
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LV myocardial performance index and end diastolic pressure in G6PDX mice to 

the same extent as in WT mice.  

 

4. G6PD deficiency increased ventricular dilation but did not affect cardiac function 

in response to severe TAC in mice. After 6 weeks after severe aortic constriction, 

G6PD deficient mice developed increased LV end diastolic and end systolic 

volumes, suggesting increased ventricular dilation in response to G6PD 

deficiency.  TAC decreased ejection fraction to the same extent in G6PDX mice 

as in WT mice.  

 

 

5. G6PD deficiency adversely affected the outcome of pressure overload induced 

heart failure with a high fructose diet in mice. After 16-17 weeks after TAC and 

high fructose intake, G6PD deficiency led to greater increases in LV mass and 

fetal gene expression, and led to a decrease in ejection fraction and aconitase 

activity, indicating that G6PD deficiency adversely affected the development of 

heart failure with a high fructose diet.  

 

6. A high sugar diet did not adversely affect the outcome of genetic cardiomyopathy 

in hamsters. After 24 weeks of high sugar intake, indices of heart failure 

including decreases in LV ejection fraction, wall thickness, and oxidative enzyme 

capacity were not worsened by high sugar intake compared to a high starch diet in 

TO-2 hamsters. Over the course of 545 days, hamster mortality was not 

accelerated by high sugar intake.  
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7. We found no evidence that G6PD and cytoplasmic ROS play a role in genetic 

cardiomyopathy in hamsters. Although G6PD activity was increased by 

cardiomyopathy, we detected no concurrent changes in [NADPH] or lipid 

peroxidation products. Superoxide production was increased by high sugar intake, 

did not correspond with any worsening of heart failure in this model of 

cardiomyopathy.  

 

Table 5.1 Summary of Adverse Cardiometabolic Effects of G6PD 

Deficiency 

Source Effect 

Chapter 2 Susceptible to increased triglycerides and free fatty acids 

Chapter 2 Susceptible to increased serum creatinine 

Chapter 3 Increased LV dilation in response to heart failure stimuli 

Chapter 3 Susceptible to increased lipid peroxidation 

Chapter 3 Increased LV hypertrophy, fetal gene expression, and systolic dysfunction in 

response to high fructose intake and heart failure stimuli 

 

Clinical Implications  

 The effects of G6PD deficiency on the heart remain largely unexplored despite its 

being the most common enzyme deficiency in the world
2
. Although previous studies 

suggested that G6PD may fuel superoxide production in failing myocardium and that 

G6PD deficiency may decrease the risk of developing coronary heart disease
165

, the 

effects of G6PD deficiency on the development and progression of heart failure were 

never addressed. Our studies in mice indicate that G6PD deficiency adversely affects 

heart failure and diet induced cardiometabolic dysfunction. Thus, it is important to gain 
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further insight into this common enzyme deficiency in the context of human disease, and 

to know of any potentially harmful effects of G6PD deficiency on human health.  

 

Future Directions  

Sugar Toxicity 

 Previous studies in our lab and others showed an acceleration of heart failure by 

high sugar intake
151, 152, 154, 226

. However, in the experiments presented in this dissertation, 

we did not observe any major adverse effects of high sugar intake on the outcome of 

heart failure in WT animals. Specifically, long term high sugar intake (57% sucrose + 

fructose) did not accelerate heart failure in a genetic model of cardiomyopathy in 

hamsters, and high fructose intake (60% fructose) did not decrease cardiac function or 

accelerate the progression of heart failure in WT animals. One reason for the lack of 

sugar cardiotoxicity in our studies may be due to differences in species and strain. We 

used mice with a mixed C3H/HeJ background strain. C57BL/6J mice were used in 

previous studies that indicated an adverse effect of sugar on the heart
146, 227

. Other 

investigators have reported that C57BL/6J mice develop metabolic abnormalities when 

faced with dietary stress, and that C3H mice are resistant to these effects
128, 228-230

. 

Additional information could be obtained by back-crossing G6PDX mice onto a 

C57BL/6J background. With this strain, we would likely see a greater effect of DIO and 

high fructose intake on cardiac and metabolic dysfunction. This back-cross is currently 

being performed by another laboratory at the University of Iowa, and these experiments 

can be performed with a C57BL/6J background strain in the future (Netanya Spencer, 

The University of Iowa, personal communication).  
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Mitochondrial ROS 

 G6PD is a largely cytoplasmic enzyme, and our studies determined the effects of 

G6PD on total ROS. However, it would be of interest to distinguish between effects on 

cytoplasmic ROS and mitochondrial ROS in our heart failure models. Emerging studies 

have increasing demonstrated a role of mitochondrial ROS in the development of heart 

failure. Specifically, mitochondrially-targeted catalase overexpression decreased the 

severity of heart failure in genetic models of heart failure and after pressure overload
118, 

119
. To discover the individual roles of cytoplasmic and mitochondrial ROS, additional 

studies could be performed using mitochondria harvested from the TAC or infarct models 

of heart failure. One would then be able to assess the effect of G6PD deficiency on 

mitochondrial ROS, and possibly rule out its effects on total ROS. This would clarify 

whether or not any effects of G6PD deficiency on overall ROS are due to cytoplasmic or 

mitochondrial ROS.  

 

Flux of Glucose 6-Phosphate through G6PD 

 Our studies examined the hypothesis that high sugar intake increases flux through 

G6PD to increase [NADPH] and superoxide production. Although we determined G6PD 

activity, [NADPH], and superoxide production in animals that received high sugar intake, 

we did not directly assess the flux of glucose 6-phosphate through G6PD. To directly 

determine the flux of glucose 6-phosphate through G6PD would require the use of 

glucose 6-phosphate that is isotopically labeled at the 1˚ carbon atom. The downstream 

enzyme, 6PGD, cleaves off the 1˚ carbon to produce ribulose-5-phosphate. The decrease 

in radiolabeled glucose 6-phosphate and the increase in radiolabeled CO2 may then be 
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measured to determine the flux through G6PD. We have discussed this possibility with 

investigators at the University of Montreal that are equipped for making such 

measurements, and this analysis may be performed in future studies (Christine Des 

Rosiers, Université de Montréal, personal communication).  

 

G6PD Deficiency in Genetic Cardiomyopathy 

In TO-2 hamsters, we report an increase in G6PD activity in response to 

cardiomyopathy. However, this increase in G6PD activity did not correspond with any 

increase in [NADPH] or superoxide production. Our results therefore do not support a 

role of G6PD activity in this hamster model of cardiomyopathy. However, this does not 

rule out a potential impact of G6PD on the outcome of cardiomyopathy in other models 

of cardiomyopathy or in other animals. For example, G6PD deficiency resulted in a 

decrease in protein aggregation and cardiac hypertrophy in model of genetic 

cardiomyopathy consisting of cardiac overexpression of mutant αB-crystallin in mice 

(CryAB mice)
7
. The affect of G6PD deficiency on genetic cardiomyopathy should be 

studied in additional models of genetic cardiomyopathy. Three commonly used genetic 

heart failure models include dystrophin deficient (mdx) mice, muscle lim protein (MLP)-

KO mice, Gαq overexpressing mice. Dystrophin is essential for maintaining structural 

integrity of cardiac and muscle cells, and mdx mice develop muscular dystrophy and 

cardiomyopathy
231

 . MLP is a z-disc interacting protein which is important in positive 

regulation of muscle development and is implicated in DCM
232

. Gαq is a signaling 

protein which can increase activation of NADPH oxidase, and whose overexpression of 

Gαq results in massive hypertrophy and early death
233-235

. Further studies may employ 
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cross-breeding G6PDX mice with these genetic cardiomyopathy models to determine 

whether G6PD deficiency would be beneficial or adverse in these cases.  

 

Heart Failure in G6PD Deficient Patients 

 In 2 small Sardinian studies, Cocco, et al, and Meloni, et al, determined that 

G6PD deficiency may lead to a decreased risk of cardiovascular-associated death and 

coronary heart disease respectively
164, 165

. Coronary heart disease may result from adverse 

vascular effects rather than a direct effect on the heart, and these investigators proposed 

that their results were due to a decrease in cholesterol synthesis and decreased circulating 

cholesterol in response to G6PD deficiency. HMG-CoA reductase, the first and rate 

determining enzyme involved in the synthesis of cholesterol, requires NADPH to convert 

its substrate, HMG-CoA, to mevalonic acid, and indeed G6PDX mice do have decreased 

circulating cholesterol (Sachin A. Gupte, University of South Alabama, unpublished 

data). Further studies are needed to validate the results of these studies using larger 

sample sizes, and should examine blood cholesterol levels in G6PD deficient humans.  

Despite the reported beneficial effect of G6PD deficiency on heart disease risk, 

studies have not determined if G6PD deficiency affects the risk of developing heart 

failure. We determined that G6PD deficiency adversely affects the development and 

progression of heart failure in mice, and it is therefore of interest to determine the effects 

of G6PD deficiency on the development and progression of heart failure in human 

patients. This should be addressed by assessing hypertensive patients for G6PD 

deficiency, and then following these patients over an extended period to see if G6PD 

deficiency affects the risk of developing heart failure. Another study could examine 
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G6PD deficient patients who have already developed heart failure, to determine whether 

G6PD deficiency positively or negatively affects prognosis. Thus, studies could be 

performed which would determine whether G6PD deficiency positively or negatively 

affects heart failure risk and disease prognosis in humans.  

We determined that G6PD deficiency increased oxidative stress and adversely 

affected the development of heart failure in mice. Because G6PD deficiency is commonly 

found in many human populations, it is possible to perform a mechanistic study using 

myocardium from human heart failure patients. Failing myocardium may be obtained 

from tissue banks and screened for G6PD deficiency. G6PD deficient individuals could 

easily be identified by common alleles such as the G6PD A- allele or the Med allele. 

Once G6PD deficient vs non-deficient individuals are identified, a number of important 

assays could then be performed with a small amount of tissue. A single 15-20mg tissue 

sample is sufficient to assess hydrogen peroxide and superoxide production via luminol 

and lucigenin chemiluminescence respectively
6
. NADPH oxidase activity is then 

determined via lucigenin chemiluminescence by adding an excess of NADPH to the 

superoxide assay. G6PD activity and [NADPH] can also be assessed in 10-15 mg tissue 

aliquots. Thus, one could determine whether G6PD deficiency positively or negatively 

affects G6PD activity, [NADPH], and ROS production in failing human myocardium.  

 

G6PD Deficiency in Obese Patients 

 There are reports that G6PD deficiency may increase the risk of insulin resistance 

and diabetes
171-176

. However, a clear picture of the effects of G6PD deficiency on obesity 

and metabolic dysfunction in humans still remains to be determined. We characterized 
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the cardiometabolic effects of G6PD deficiency in mice. Specifically, we determined that 

G6PDX mice gained less weight and became less obese compared to WT mice in 

response to a high fat/high sugar diet. Thus, it would be of interest to determine if G6PD 

deficiency affects the development of obesity, insulin resistance, and diabetes in human 

populations. Finally, because ROS production is implicated in obesity and metabolic 

dysfunction, the effect of G6PD deficiency on [NADPH] and ROS should also be 

determined in human populations
4, 8, 236

.  

 

Conclusion 

 G6PD deficiency remains the most common enzymopathy worldwide, and despite 

being so common, the effects of this deficiency are largely unexplored
2
. We set out to test 

whether or not G6PD deficiency would affect the heart and overall metabolic health in 

the context of obesity and high sugar intake. In our experiments, we determined that 

G6PD deficiency adversely affected heart failure and diet induced metabolic 

abnormalities. Because of its adverse cardiometabolic effects in mice, it important for us 

to study the effects of G6PD deficiency in human populations.  
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Appendix – Materials and Methods 

 

Animal Treatment 

All procedures were conducted in accordance with the Guidelines for the Care 

and Use of Laboratory Animals (NIH publication No. 85-23), and were approved by the 

University of Maryland Animal Care and Use Committee. Animals were fed ad libitum 

and maintained on a 12 hour light/dark cycle. Unless otherwise indicated, animals were 

fed a standard lab chow which consisted of 18% of energy from fat, 58% carbohydrate, 

and 24% protein (#2018SX, Teklad Diets, Indianapolis, IN).  

 

Mouse Surgery 

Myocardial Infarction.   

Infarction was induced by permanent left anterior descending (LAD) occlusion, as 

follows: mice were anesthetized with 2% isoflurane in oxygen and ventilated at a tidal 

volume of 0.30 mL at 80 breaths / minute (Harvard Apparatus Inspira, Holliston, MA). 

Mice were placed in a position in which they were lying on their side on a warm heating 

pad. The ribs were separated, and a tapered 7-0 silk suture was used to tie off the LAD. 

The ribs and skin were then each closed with 6-0 silk. Sham animals were subjected to 

the same procedure except that the LAD was not occluded. Animals were allowed to 

recover for 3-5 minutes with 100% oxygen immediately after surgery, and then placed on 

a warm heating pad for full recovery.  
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Transverse Aortic Constriction 

Pressure overload was induced by TAC. Anesthetized mice were placed in the 

supine position on a warm heating pad, and ventilated with 2% isoflurane in oxygen and 

ventilated at a tidal volume of 0.30 mL at 80 breaths / minute. A 27 gauge (17 week 

series) or 28 gauge needle (6 week series) was placed next to the transverse aorta, and a 

6-0 silk suture was tied around both the aorta and the needle, and the needle was 

removed. The muscle and skin were then closed separately with 6-0 silk suture. Sham 

animals were subjected to the same surgical procedure except that the aorta was not 

constricted. Animals were allowed to recover for 3-5 minutes with 100% oxygen 

immediately after surgery, and then placed on a warm heating pad for full recovery.  

 

Echocardiography 

Cardiac function was assessed by echocardiography using a Vevo 2100 High-

Resolution Imaging Systems (Visual Sonics, Toronto) with a 40MHz transducer or a 

Vevo 770 with a 30 MHz linear array transducer for mice or a 15 MHz linear array 

transducer for hamsters. Measurements taken with the Vevo 2100 were performed on 

animals anesthetized with 1-1.5% isoflurane in oxygen, and measurements with the Vevo 

770 were performed on animals anesthetized 2-2.5% isoflurane. Anesthetized animals 

were shaved and placed in the supine position on a warming pad. M-mode frames were 

recorded from the parasternal short axis, and PW Doppler measurements were recorded 

from the apical view. Absolute wall thickness (AWT) and relative wall thickness (RWT) 

were calculated as: (PWTd + AWTd) and (PWTd + AWTd) / EDD, where PWTd is the 

diastolic posterior wall thickness, AWTd is the diastolic anterior wall thickness, and EDD 
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is the end diastolic diameter. Ejection fraction was calculated as: (EDV - ESV) / EDV x 

100%, where EDV is the end diastolic volume and ESV is the end systolic volume. From 

measurements taken from the Vevo 2100, EDV and ESV were calculated as: ((7.0 / (2.4 

+ EDD)) * EDD
3
 and ((7.0 / (2.4 + ESD)) * ESD

3
 respectively, where ESD is the end 

systolic diameter. From measurements taken from the Vevo 770, EDV and ESV were 

calculated as: 1.047 x EDD
3
 and 1.047 x ESD

3
 respectively. Myocardial performance 

index (MPI) was calculated as (isovolumetric contraction time + isovolumetric relaxation 

time) / ejection time.  

 

Intraperitoneal Glucose Tolerance Test 

Animals were fasted overnight for 15 hours, and injected with glucose (2 g/kg 

body mass). Blood was collected from the tail immediately before intraperitoneal 

injection (0 minutes) and then following injection at 30, 60, and 120 minutes. Glucose 

was measured with a Contour glucose meter (Bayer, Mishawaka, IN).  

 

Terminal Procedure 

Intraventricular Catheterization 

Some animals underwent intraventricular catheterization prior to necropsy. 

Anesthetized mice were intubated and the thorax was opened. A high fidelity manomoner 

tipped catheter (SPR-1000 model, Millar, Houston, TX) was rapidly inserted through the 

apex into the LV, and pressure was recorded for 1-2 minutes, after which the terminal 

necropsy procedure was performed. 
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Necropsy 

Animals were anesthetized, and the rib cage was opened. A small 20-30 mg piece 

of the LV free wall was cut free and snap frozen, weighed, and placed in liquid nitrogen 

for later NADPH or glutathione measurement.  The remainder of the heart was dissected 

in ice-cold phosphate buffered saline, weighed, and frozen in liquid nitrogen. Blood was 

drawn from the thorax and centrifuged for 15 min at 1500 g to obtain serum. The liver, 

right kidney, and epididymal fat pads were weighed, and the tibia length was measured. 

All samples were stored at -80
o
C until subsequent analysis.   

 

Biochemical Measurements 

Serum Measurements 

All measurements were made with investigators blinded to strain and treatment. 

Serum glucose, triglycerides and free fatty acid concentrations were assayed 

spectrophotometrically (Wako Diagnostics, Richmond, VA). In plasma obtained from 

hamsters, insulin was measured with an enzyme-linked immunosorbent assay (Shibayagi 

Co., Shibukawa, Gunma, Japan). In serum obtained from mice leptin (#22-LEPMS-E01, 

Alpco Immunoassays, Salem, NH), insulin (#80-INSMSU-E01, Alpco Immunoassays, 

Salem, NH), and adiponectin (#EZMADP-60K, Millipore, St. Charles, MO) were also 

measured by enzyme-linked immunosorbent assays. All enzyme-linked immunosorbent 

assays were performed in duplicate for each sample, and other serum assays were 

performed in triplicate or quadruplicate for each sample. 
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Liver Glycogen 

Tissue (25-35 mg) was homogenized in 3 M perchloric acid, after which 

homogenates were incubated for 2 hours with and without amyloglucosidase (50 µg/mL 

in 50 mM sodium acetate, 0.02% BSA, pH 5.5). Following this treatment, samples were 

centrifuged for 5 min at 2500 rpm, and 25 µL of the supernatant was used to determine 

the glucose concentration spectrophotometrically with a commercially available kit 

(Wako Diagnostics, Richmond, VA).  

 

Liver Triglycerides 

To measure triglycerides, 10-20 mg of tissue sample was homogenized in 1.5mL 

of 2:1 chloroform:methanol. After homogenization, 3.5 mL of 2:1 chloroform:methanol 

was added to samples, and samples were sonicated at 4 C for 1 hour and vortexed for 3 

minutes. Vortexed samples were centrifuged at 1550 g for 15 minutes, and the 

supernatant was transferred to new glass vials. Pellets were resuspended in 5 mL of 2:1 

chloroform:methanol, vortexed, centrifuged again, and the supernatants were transferred 

to the tubes containing the supernatants from the first centrifugation. The supernatants 

were allowed to dry and then assayed for triglycerides using a colorimetric assay kit 

(Wako Diagnostics, Richmond, VA). 

 

Hexosamine Biosynthetic Pathway.   

Protein isolation was performed as previously described
184

. Frozen heart and liver 

tissues were homogenized with modified ice-cold RIPA buffer, the supernatant was 

centrifuged twice at 13, 000 g for 10 min at 4°C, and then stored at -80°C until further 
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use. We employed the Bradford assay for protein quantification, and total O-linked N-

Acetylglucosamine (O-GlcNAc) expression evaluated by SDS-PAGE as described 
184, 185

 

(CTD110.6, Santa Cruz Biotechnology Inc, Santa Cruz CA). Total O-GlcNAcylation 

expression (per lane) was quantified by densitometric analysis using β–actin (Cell 

Signaling, Beverly, MA) as a loading control.  

 

Protein Kinase C Activity.   

PKC activity was assessed by using a commercially available kit according to the 

manufacturer’s instructions (Enzo Life Sciences, Farmingdale, NY).  This is an ELISA-

based method where a synthetic substrate is used for PKC activation that is measured by 

employing a polyclonal antibody that recognizes its phosphorylated form. Samples were 

homogenized in modified ice-cold RIPA buffer and the supernatant centrifuged twice at 

13, 000 g for 10 min at 4°C.  The active PKC control provided was serially diluted and 

added onto the 96 well-microtiter-plate (Corning Inc, Corning, NY) as controls.  

Homogenized tissue samples were subsequently added to appropriate wells, followed by 

the addition of ATP to initiate the reaction. The plate was incubated for 90 min at 30°C, 

after which the reaction was terminated by emptying contents of each well. The 

phosphospecific substrate antibody was added to wells followed by incubation at room 

temperature for 60 min. A peroxidase-conjugated secondary antibody was thereafter 

added and the assay was developed with tetramethylbenzidine substrate, where the 

intensity of color was proportional to PKC phosphotransferase activity. Color 

development was stopped with an acid solution and color intensity recorded in a 

microplate reader (EL 800 KC Junior Universal Microplate reader, Bio-Tek Instruments, 
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Winooski Vermont, USA) at 450 nm. PKC activity was determined from the standard 

curve and expressed per volume of lysate per minute. 

 

Polyol Pathway.   

We assessed total D-sorbitol levels (cytosolic and mitochondrial components) as 

detailed in the instructions of a commercially obtained kit (Biovision K 631-100, 

Mountain View, CA).  Briefly, liver and myocardial tissues were homogenized with 

modified ice-cold RIPA buffer, and the supernatant centrifuged twice at 13,000 g for 10 

min at 4°C. Samples were subsequently incubated with 50 µl of reaction mix (assay 

buffer, enzyme mix, developer and probe) for 30 min at 37°C in a 96 well-microtiter-

plate (Corning Inc, Corning, NY USA) in an orbital shaker incubator. Sorbitol levels 

were determined by evaluating the oxidation of sorbitol to fructose and the reaction’s 

absorbance was recorded at 560 nm with a microplate reader (EL 800 KC Junior 

Universal Microplate reader, Bio-Tek Instruments, Winooski, VT).  We calculated the 

sorbitol concentration (C) of samples by using the sample amount (nmol) from the 

standard curve (Sa), sample volume (µl) used (Sv) and the dilution factor (D); C=Sa/Sv*D. 

  

Advanced Glycation End Products.   

We determined methylglyoxal (MG) concentrations using the OxiSelect™ MG 

ELISA Kit (Cell Biolabs Inc, San Diego, CA 92126 USA).  MG derivatives are formed 

from the non-enzymatic reaction of reducing carbohydrates such as glucose and carbonyl 

compounds (glyceraldehyde) in the Maillard reaction. Products of this reaction are 

referred to as AGEs. The kit measures the quantity of MG adduct in protein samples by 
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comparing its absorbance with that of a known MG-BSA standard curve.  Tissues were 

homogenized in modified ice cold RIPA buffer and the supernatant centrifuged twice at 

13, 000 g for 10 min at 4°C. Protein quantification was performed using the Bradford 

assay and MG in the standard and protein samples were adsorbed (overnight at 4°C) onto 

a 96-well plate (Corning Inc, Corning, NY USA).  This was followed by probing with an 

anti-MG specific monoclonal antibody for 60 min at room temperature. After a series of 

washing steps, an HRP-conjugated secondary antibody was added to all the wells and 

incubated for an hour at room temperature. A substrate solution was added to the wells 

and incubated for 5 to 20 min at room temperature on an orbital shaker for color 

development. The color development was stopped by adding a stop solution before 

reading absorbances at 450 nm with a microplate reader (EL 800 KC Junior Universal 

Microplate reader, Bio-Tek Instruments, Winooski, Vermont, USA). MG levels were 

calculated from the standard curve and are expressed as nmol per µg protein.    

 

Enzyme Activity Assays 

Whole tissue enzyme activities of 6-phosphogluconate (6PGD), citrate synthase 

(CS), medium-chain acyl-Coenzyme A dehydrogenase (MCAD), isocitrate 

dehydrogenase (ICDH), and G6PD were assayed from a single tissue homogenate and 

normalized to mg of wet tissue weight as described previously
154

. To obtain homogenized 

tissue, 10 – 20 mg of tissue was combined with 150 μL buffer containing 0.1 M Tris-HCl 

and 15 mM tricarballylic acid, pH 7.8. Tissue was homogenized in a Bullet Blender 

(Next Advance, Averill Park, NY) for 5 minutes on a setting of 8. All enzyme activities 

were assayed in duplicate for each sample.  
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To obtain G6PD activity, 10 μL of LV homogenate (10 μL of liver homogenate or 

20 μL of hind-limb skeletal) muscle homogenate was added to cuvettes containing 490 

μL of G6PD reaction mix (25 mM HEPES-Tris, 0.5 mM NADP+, 3.3 mM MgCl2, 0.5 6-

phosphogluconate [6PG], pH 7.8). The increase in light absorbance over 5 min was 

measured at 340 nm, after which 5 µL of 5 mM glucose 6-phosphate (G6P) was added, 

and the increase light absorbance at 340 nm was measured again. Activity was then 

determined by multiplying the slope to the molar concentration constant for NADPH (6.7 

M
-1

). To obtain G6PD activity, the slope of the absorbance without G6P was subtracted 

from the slope of the absorbance with G6P to obtain G6PD activity, because 6PGD, a 

downstream enzyme from G6PD in the pentose phosphate pathway, also produces 

NADPH, and the slope with G6P represents the activity of both enzymes.  

For aconitase activity, 10 μL of LV homogenate (10 μL of liver homogenate or 20 

μL of hind-limb skeletal muscle homogenate) was added to cuvettes containing 490 μL of 

aconitase reaction mix (0.083% chloroform, 1.67 mM sodium citrate, 26.7 mM 

triethanolamine, 0.5 mM NADP+, 0.5 mM MgCl2, pH 7.4) , and the increase in 

absorbance at 340 nm was measured over 5 min. Activity was then determined by 

multiplying the slope to the molar concentration constant for NADPH (6.7 M
-1

).  

For ICDH activity, 10 μL of LV homogenate was added to cuvettes containing 

490 μL of ICDH reaction mix (3.2 mM DL-isocitrate, 4.8 mM triethanolamine, 0.5 mM 

NADP+, 3.5 mM MgCl2, pH 7.4), and the increase in absorbance at 340 nm was 

measured over 5 min. Activity was then determined by multiplying the slope to the molar 

concentration constant for NADPH (6.7 M
-1

).  
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For CS activity, 0.5 μL of LV homogenate (1 μL of liver homogenate or 4 μL of 

hind-limb skeletal muscle homogenate) was added to cuvettes containing 500 μL of CS 

reaction mix (0.1 M Tris-HCl, 1.25 mM 5,5′-dithiobis[2-nitrobenzoic acid], pH 8). Then, 

25 μL of 50 mM oxaloacetate and 5 mM acetyl-CoA were added to the reaction mixture, 

and the increase in absorbance at 412 nm was measured over 5 min. Activity was then 

determined by multiplying the slope to the molar concentration constant for 5,5′-

dithiobis[2-nitrobenzoic acid] (13600 M
-1

).  

For MCAD activity, 5 μL of LV homogenate (5 μL of liver homogenate or 40 μL 

of skeletal muscle homogenate) was added to cuvettes containing 500 μ l of 100 mM 

KH2PO4, 1 mM EDTA, 0.5 mM sodium tetrathionate, and 200 μM ferrocenium 

hexafluorophosphate, pH 7.4. Then, 50 μL of 0.5 mM octanoyl-CoA was added to the 

reaction mixture, and the decrease in absorbance at 300 nm was measured over 5 min. 

Activity was then determined by multiplying the slope to the molar concentration 

constant for ferrocenium hexafluorophosphate (4300 M
-1

).  

We utilized a commercially available GAPDH activity assay according to the 

manufacturer’s instructions (Biomedical Research Service Centre, University at Buffalo, 

NY).  The assay is based on the reduction of a water-soluble tetrazolium salt, 2-(4-

Iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride (INT) to formazan 

(NADH-coupled reaction) exhibiting an absorption maximum at 492 nm. The intensity of 

the red color produced corresponds to the degree of GAPDH activity. Tissue samples 

were lysed with cell lysis buffer and protein concentrations diluted to fall within 0.2-2 

mg/ml range. Ten µl of each sample was then pipetted onto the 96-well plate (Corning 

Inc, Corning NY), and the reaction was initiated by adding 50 µl of the GAPDH assay 
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solution to each well. The plate was incubated at 37 °C for 60 min in an orbital shaking 

incubator. The reaction was stopped by addition of 50 µl of 3% acetic acid and the 

absorbance was measured at 492 nm using a microplate reader (EL 800 KC Junior 

Universal Microplate reader, Bio-Tek Instruments Inc, Winooski, VT). GAPDH activity 

is expressed as the relative optical density unit per g protein. 

We evaluated gross overall apoptosis by employing a caspase activity assay 

(Biovision, Mountain View, CA). Tissues were homogenized with modified ice cold 

RIPA buffer, the supernatant was centrifuged twice at 13,000 g for 10 min at 4°C, and 

protein concentration was determined by a Bradford assay. The assay is based on 

spectrophotometric detection of the chromophore, p-nitroaniline (pNA) after cleavage of 

the labelled substrate amino acid sequence Asp-Glu-Val-Asp (DEVD)-pNA. The samples 

are added onto a 96 well-microtiter-plate (Corning Inc, Corning, NY) and incubated with 

the reaction mix and DEVD-pNA for 2 hours at 37 °C for 60 min in an orbital shaker 

incubator. The color intensity was quantified with a microplate reader (EL 800 KC Junior 

Universal Microplate reader, Bio-Tek Instruments, Winooski, VT) at 505 nm, and 

caspase 3 activity was expressed as arbitrary units per g protein.   

 

Superoxide 

Superoxide production was measured via lucigenin chemiluminescence.LV tissue 

was homogenized in MOPS (20 mmol/L) – sucrose (250 mmol/L) buffer (pH 7.4) 

containing 100 mmol/L phenylmethylsulfonyl fluoride, 10 μg/mL aprotinin, 10 μg/mL 

leupeptin, and 200 mmol/L pepstatin. This buffer system preserves intact cellular 

organelles in tissue homogenates
237

. Myocardial homogenate (20 μL) was added to 
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lucigenin (5 μM) and Krebs solution buffered with 10mmol/L HEPES-NaOH (pH 7.4) to 

a final volume of 1 mL, and incubated at 37°C, and light emittance was measured as 

described
6
. The measurement was repeated after adding an NADPH regenerating system 

consisting of glucose 6-phosphate (200 μmol/L) and NADP+ (100 μmol/L) to each 

reaction. 

 

NADPH 

Myocardial NADPH levels were determined spectrophotometrically using a 

commercially available enzymatic method (BioVision, CA, USA). Homogenized tissue 

was centrifuged, and the supernatant (200 μl) was heated to 60°C for 30 min to 

decompose all NADP+, leaving NADPH intact.  Samples were cooled on ice, and 50 μl 

of sample and 10 μl NADPH developer was added into each well on a 96 well plate, 

incubated for 1 hr and read at a 450 nm, as instructed by the manufacturer. 

 

Lipid Peroxidation Products 

Myocardial tissue concentrations of the lipid peroxidation products, 

malondialdehyde (MDA) and 4-hydroxyalkenals (4HA), were measured LV 

homogenates and normalized to tissue protein content (Oxford Biomedical Research, 

Oxford, MI). All samples were assayed in duplicate. 

 

RT-qPCR 

RNA was isolated using a commercially available kit according to the 

manufacturer’s instructions (Qiagen, Valencia, CA), after which cDNA was generated as 
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follows: 2 µg of RNA was combined with oligo(dT)16 (4ul; Life Technologies, Grand 

Island, NY), random primers (3 µg), RNase inhibitor (10 U), dNTP (0.5 mM), DTT (10 

mM), Superscript II reverse transcriptase (400 U; Life Technologies, Grand Island, NY), 

Superscript II 5x buffer (10 µL), and RNase-free water to a total volume of 50 µL. RNA, 

water, and primers were heated to 70o C for 10 minutes and then put on ice for 2 minutes, 

before adding the other reagents, to disrupt RNA secondary structures and allow primers 

to anneal. After all reagents were combined with each sample, samples were heated to 

42o C for 1 hour, then heated to 70o C for 10 minutes, put immediately on ice, and then 

stored at -70o C until further use.  

Messenger RNA was assessed by reverse transcription quantitative real time PCR 

with Taq man primers directed to G6PD, ANP, MHCβ, and MHCα, using cycle threshold 

(Ct) values from cyclophilin D or 16s ribosomal RNA for normalization (Applied 

Biosystems [ABI], Foster City, CA). In the myocardial infarction experiment, we 

validated the G6PD expression data using a second set of primers. The first set of primers 

spanned exons 12-13 (ABI #Mm00656735_g1), and the second set spanned exons 1-2 

(ABI #Mm04260097_m1). Each reaction consisted of the following components: 1 µL 

cDNA template (containing 40 ng cDNA), 12.5 µL TaqMan PCR master mix (ABI, 

Foster City, CA), 10.25 µL nuclease-free water, and 1.25 µL TaqMan primer mix. The 

reaction was heated to 95o C for 10 minutes, and then cycled 40 times at 95o C for 15 

seconds and 60o C for 1 minute. All qPCR reactions were performed in duplicate for each 

sample. Ct were obtained using a FAM fluorescence threshold of 215 dR.  
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