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Abstract

Glucose6-Phosphate Dehydrogenase, Macronutrient Intake, and Heart Failure
PeterAmmonHecker Doctor of Philosophy2012

Dissertation Directed bRr. William C. Stanley Professor, Department Gfardiology

Glucose6-phosphatelehydrogenase (G6PDbatalyzes the conversion of G6P to
6-phosphogluconolactone and formation of NADPH. Human Gééfigiency isvery
common andmay affect the development of metabolic abnormalitiesheadtfailure
through its affects on reactive oxygen species (ROBDPH fuels antioxidant
pathwaysbut alsofuels oxidant productioby NADPH oxidasguncoupled nitric oxide
synthaseand other enzymes. Evidence suggestshigdt sugar intakeobesity, 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 ciysfiisctionin the
contextof obesity, high sugar intake, and heart failure. Firstfouadthat G6PD
deficiency decreased obesity but not metabolic abnormalities after long term dietary
treatment. Second, G6PD deficiemapderatelyexacerbatededoxstress antheart
failure mediged by myocardial infarction, severe pressure overloaahild pressure
overload with high fructose intak&hird, althoughhigh sugar intake increased
superoxide productigihis did not correspond withcreasesn [NADPH] or mortality
in a genetic modef cardiomyopathyThe results indicate that G6PD deficiency
moderately exacerbates oxidative stress;idsiiced metabolic dysfunction, and heart

failure.
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Chapterl i Introduction

G6PD Deficiency
G6PDOverview

Glucose6-phosphate dehydrogenase (G6RBiiciencyaffects over 400 million
people, ands the most common enzyme deficiency in the wofld56PDis the first and
rate determining enzynad the pentose phosphate pathwaélge activity of this pathway
determines cytoplasmic [NADPH&nd therebwffectstheredox statusf the celf.
Although te effects of G6PD deficiency on blooells have been well studied, its
effects in other tissues are relaly undefined. Because G6Riffecs redox status,

G6PD deficiencynayplay a role in human disedsé**>.

Epidemiology of G6PD Deficiency

Hundreds ofs6PDmutationshave beeround throughout the worJéindmany of
theseresult ina decreasén theactivity of the enzyme The severity of GBPD deficiency
is classifiedoy the World Health Organizatianthe bass of enzymeactivity (Figure
1.1)*** Theg6pdxgene is Xlinked, andso G6PD deficiency most commonly affects
males rather than femal€s6PD deficiency isighly distributedhroughout suiseharan
Africa, regions inthe Mediterraneanandparts ofSoutheast Asial hedeficiencymay be
well preserved in these populations becaa6@D deficient patientsavefew or no
complications, and becaueonfers a selective advantage against mafaifae most
common allelghat results irG6FD deficiency G6PD A, islargelyfound in African

populations and results in a residual G6PD activity of ~20Rost Americans that have



G6PD deficiency are of African desceApproximately 10% of black Americans are
G6PD deficient, and, overalebveen 0.5nd 2.9% of Americans a@6PDdeficient.
Thus G6PD deficiency is a common enzymopatch affects a great number of

Africans ard African Americans

>
o ——— {’Ca .
é \fﬂ"\"\'} ¥

] <05%

] 05-29%

[ 3-69%

= 7-9-9%

B 10-11.9%

B 15-26%

Figure 1.1.
Classes of G6PD deficiency
Chss Top Panel Worldwide
Severely deficient, associated with chronic non-spherocytic d'St_”_bUt'on of G6PD
haemolytic anaemia deficiency.
Class I Bottom PanelWorld Health
Severely deficient (1-10% residual activity), associated with Organization classes of G6PD
acute haemolytic anaemia deficiency
Class Il - .
Moderately deficient (10-60% residual activity) Modified from Cappellin200§
Lancet

Class IV
Normal activity (60-150%)
ClassV
Increased activity (>150%)



G6PD Biochemistry

Warburg and Christiadiscoveed G6PDin 1931". Theg6pdxgene was
sequenced in 1988y two separate groups, aresides on theohg arm of the X
chromosomel{and Xq28)% *°. Thegenecontans 13 exonsijs ~20kilobasedong, and
encodes 545 amino acid produckhesecond exon contains tetart codonThecrystal
structure of G6PDvas first solved inLeuconostoc mesenteroidasgram positive species
of bacteriain 1994 and then adapted a human homology modiel 1996 % (Figure
1.2). The structure of the human enzyme \iiaally solved in 200&” %. The active
G6PD enzyme consistd identical~56 kDa subunits which interact as dimers or
tetramer&® . Activity of the enzymerequires allosteric interactismvith multiple
NADP+ molecule$>?. The binding ofstructuraNADP+ molecules on each subuaite
required for formation fathe enzyme, anfiirtherinteraction is required for catalytic
activity’®>. Theenzyme resides in the cytoplasm, @athlyze the oxidation ofglucoses-
phosmate(G6P)to 6-phosphogluconiactoneandthe reduction of NADP+ to
NADPH(Figure 1.3". The most common G6PD mutations affect the catalytic domain,

and lead to a defective enzyme whishapidly degrded 2* .

Figure 1.2. Threedimensional
structure ofa G6PD dimer Naylor
1996 Blood

Coenzyme domain

Substrate
binding site

Coerzyme
/" binding site

Bradomain




G6PDactivity varies widely according to cell type and disease statdi{sarale

is of majorfunctionalimportance G6PDcontrolsthe entryof G6Pinto the pentose

phosphate pathwa¥rigure 13). The pentose phosphgtathway is characteed by the

following reactions: 1}56PD oxidizes56Pto 6-phosphoglucorniactone 2) lactontase

hydrolyzescircular6-phosphogluconiactoneto forma linear product-

phosphogluconat&) 6-phosphogluconate dehydrogenase (6PGiDyvers 6-

phosphogluconat® ribulose5-phosphateThe reaction catalyzed by 6PGD cleaves the

le

c a r b-phospliogluwonate and releases,Cihe above 3 reactions are known

as the oxidative phase of the pathway. In theaxadative phasejlbulose5-phosphate

may be used fanucleotide synthesis @romatic amino acid synthesis,oay be

convertedo fructose6-phosphate and glyceraldehyephosphatehrough a series of

aldolases and transketolas@sch reenterthe pathway oareoxidized as fuel.

Oxidative Phase
Glucose-6-phosphate

G6PD NADP+
&:NADPH

6-Phosphogluconolactone

H20
Lactonase
£ :H+

6-Phosphogluconate

NADP+
6PGD NADPH
coz2

Ribulose-5-phosphate

Non-oxidative phase

Non-Oxidative Phase
Ribulose-5-phosphate
Ribulose-5-phosphate

Ribulose-5-phosphate
3-epimerase isomerase

Xylulose-5-phosphate Ribose-5-phosphate

Transketolase

Glyceraldehyde

Sedoheptulose-7-phosphate
3-phosphate

Transaldolase
Xylulose

5-phosphate  Erythrose-4-phosphate  Fructose-6-phosphate

Transketolase

Glyceraldehyde

Fructose-6-phosphate
3-phosphate

Figure 1.3. The ntose phosphate pathwaye oxidativephaseof the pentose
phosphatg@athwayproducesNADPH from NADP+, andibulose5 phosphate. If
ribulose5-phosphate is not used for nucleotide synthesis, then it converted to
glyceraldehyde8-phosphate and fructo€ephosphatéhrough a series of neoxidative



reactions6PGD, 6phosphogluconate dehydrogenaséPD, glucos®&-phosphate
dehydrogenas®edrawn from King 1996hemedicalbiochemistrypage.org

G6PD and 6PGMDothproduce NADPH from NADP+, but the reacticatalyzed by
G6PD is the rateletermining stepf the pentose phosphate pathwayd decreasing the
activity of G6PD lowers NADPH levels* ® 2" 2 The mitochondrieenzymes 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 prodafction
NADPH is dependentroG6PD. Howevemon-bloodcellsstill depend on G6PD for

cytoplasmic NADPHE *°.

Clinical Consequencesf G6PD Deficieny

NADPH is used required by the antioxidant glutathione system to reduce reactive
oxygen species (RO¥) Excessive RO8andamag the cell, resulhg in oxidized
proteins, rinucleotidesand lipid$™. By producing NADPHG6PD and 6PGD fuel
cytoplasmicantioxidant capacity. Red blood cells depend on the pentose phosphate
pathway fo antioxidant defensend therefor&s6PD deficiencycanmanifest inadverse
hemolytic responseSevereG6PD deficiency results in chronic hemolytic aneraiad
complete deficiencis embryonic lethai'® *2. However, most G6PD deficient
individualsaremoderatelydeficient (Class HII), andhave few problems. The most
common complication is acute hemolytic anemiaesponse toxidizing stimulisuch as
fava bearconsumptionmicrobrialinfection,or certainantimalarid medications such as

primaquine, pamaquine, or chloroquikkemolytic anemiausually presents with



weakness, fatigue, agaundice A blood transfusion igenerallysufficientto alleviate
these conditionbecause the transfused blood cells arausoallydeficient forG6PD
and are more resistant to streBsus,in mostpatients G6PD deficiency only manifests
as a treatable acute hemolytic anemia in response to oxidizing stimulants.

Before the discovery of G6PD in 1931the effects of56PD deficiency wre
known & favism, becasee of a hemolytic response in certain individuter the
consumption of fava bearBroad beans contain high levels of vicine, divicine,
convicine, and isouramil, which are all oxidgraed G6PD deficient dethow are
exquisitely sensite tooxidant stres$ . People have known abofatvism for
thousands of yearslerodotus, the first known historiavrote that Egyptian priests
prohibitedthe consumption of fava beans, d@ythagoras, a Greek philosopher
mathematician who liveduting the ' century BC alsorefusecthent ‘6. However,
despite the known effects of fava beans to some individi@gause of favism was not
knownuntil the mid 1900s

The discovery of G6PD deficiency was maal¢he 1950$n prisaner volunteers
that werebeing treated with antimalarial medicatibriBhese prisoners were givére
antimalarialdrug, primaquinein order to assegke toxicity of the drugMost of these
prisonerdid not manifest any adverse reactionthdrug, but somiead a hemolytic
regponseln thesubjects witha hemolytic response, blood which was transfused from
primaquineinsensitivesubjectsdid not un@érgo hemolysisandthusit was found thathe
sensitivity was due to some intrinsic factor of the blood cells them&&geshis time
the addition of NADPH was known to reduce oxidized glutathione (GSBG36PD°,

and pon further investigationt was discovered th#étte serunof primaquinesensitive



subjectshad a decreadeability to reduceGSSGwhich was corrected bgddingNADPH
to the hemolysateut notby addingNADP+*>38, This indicated that GBPD was the
defect in these subjects, because G6PD is the only erthgtmeducesNADP+ to
NADPH in redbloodcells. Thus, investigators became aware that G6PD deficiaasy
the cause of drumnduced hemolysis and thaté@sulted in decreasedd blood cell
antioxidant capacity.

The mostdverse complication in G6PD deficient subjestscute bilirubin
enceplalopathy leading t&ernicterus, or brain damage in newly born infants.
Kernicterusoccurs in response jaundice after acuteemolytic anemi& *°. G6PD
deficientnewbornshave an increased risk of severe jaundiceaaathusat risk for

kernicterug “°.

Assessmerand Management of G6PD Deficiency

Screening for G6PD deficiendg performedon a routine basis in many states
and n countries where the prevalenaeG6PD deficiencys high Testing for G6PD
deficiencymayalso beperformed in cases of neonatal jaundice or acute hemolysis
especiallywhen it occursn response tantimalarial druger the consumption of broad
beansAssessmentf G6PD deficiency can be achievadickly via the Beutler spot test,
andis more readily confirmed by a more sensitive laboratory metihadsesthe
specificactivity of the enzym® *2 The Beutler spot test involvesmbining a small
sample of blood witlis6Pand NADP+, therrying a spot otthis reaction mixturen
filter paper NADPH, but not NADP+fluoresces under long wave ultraviolet light

because iabsorbs light at 340nm. If the spot does not fluoresce under ultraviolet light,



thenthe testis posiive for G6PD deficiencyThe Beutler spot test may then be
confirmed by a moreensitiveaboratory method to assess the specific activity of the
enzyme The DNA mutationcanalsobe confirmedy direct sequencingr by PCR
genotypingof theg6pdxgene

For most people with G6PD deficiency, treatment entails simply avoiding any
agent that triggers hemolysis. This incluties avoidance diava beans andspecific list
of drugs.If a severe hemolyticrisisdoes occurthen a blood transfusias normally
sufficient Vaccination against common pathogens alsodmigvent hemolysjsecause
hemolysis may be triggered byinfectior®. Overall, G6PD deficiency is generally only
a problem in the most severely deficient individuals, and the majority of G6PD deficient
patients livenormal lives without anyesultant complications
AnimalModel of G6PD Deficiency

The generation of G6PD deficient (G6PDX) mice was fegortedin 1983*.
This was done bireaing male micewith aDNA ethylating agent]-ethyl-1-nitrosourea
to induce random DNA mutation&6PD deficiency was then identifiedsnbsequent
offspring G6PDXmicehave an A:T mutatiom the5euntranslated regioat the splice
site ofthe3 e e exdn1*d This mutationresults in decreased translatiohG6PD and
leads to ~20-40% residualG6PD activityin G6PDX micecompared to WTittermate
control mice(Figure 14). A residual activity of ~20%s similar to the degree by which
activity is decreaseith humans with the AG6PD allele and is classified as a type llI, or
moderate, deficienéy'®. GEBPDXmice 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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Heart Failure
Definition of Heart Failure

Heart failure is a syndrome defined by an impaired ability of the ventricle to fill
with or eject bloodf. Thisresults in aninability to adequatelypupply blood tather
organs irresponse to increased demand such as exeftiseseverityof heart failure is
characterizedlinically according to the New York Heart Associatidhy HA)
classification systerhased on its effesbn physical activity andjuality of life*’. In mild
to moderate heart failure, patients experience undue dyspnea and fatigue in response to
physical activity and exercise (NYHA classesll). In severe heart failur@atients
experiencsymptomseven at resfNYHA class V). Another classification system
defined by the American Heart Association (AH#)d the American College of
Cardiology (ACC) ishased on the progression of heart failumethis systenpatients
progress from beingt riskof developingheart failure gtageA), to developingcardiac
structural abnormalitiestage B), to developing symptorogheart failurg(stage C)to
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requiring ambulatory care epnstanhospitalization for heart failuretage DJ®. Of the
5 million patients with heart failure, most are in stag® Thus,heart failures a
progressivelinical syndromealefinedby animpairedability of the ventricle to meet the
b o dy 6andsdoebiood perfusigteadng to adecreasa quality of life and eventual

death

Assessment of Heart Failure

Although impaired filling and impaired blood ejection are both usedan
definition of heart failure either one can occuiistinctly from the othef®. An impairment
in ventricularfill ing may bedue toa reduced abily of the ventriclgo relax,known as
diastolic dysfunctionDiastolic dysfunctionrmayresultfrom increasd ventricular
stiffnessand fibrosi&®. Impairedejection ofblood may belue toareducedability of the
ventricle to contract, known aystolic dysfunctionThus there is a distinction between
impaired ejection and filling. ¥perimentaimeans have been devisedssesgach of
these as described below

Echocaribgraphy isauseful toolfor thediagnosiof heart failurepecause itan
be used to assess structural abnormalitiecanttactiledystunction (Figure 1.5)°. This
method uses ultrasound technology to create an image of a working heart by which
cardiac dimensions may be obtainédth these measurementme carthencalculate
the systolic and diastolic volumasddetermine the ejection fractiowhich isthe
percentage of blood that is pumped out of the ventricle with eaclofobat heart
Healthy patients usually have ajection fraction between 50 and 70%cdecreased

ejedion fraction is indicative of systolidysunction and heart failufé
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Figure 1.5. Healthy and failingmurinemyocardium as assessed by echocardiography
Topleft 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 ventricleTop right Failing myocardiums evidenced by an increaseeind
diastolic diameter, and a decrease in shortedotjom right A decrease in the E/peak
ratio is indicative of diastolic dysfunctioklecker, 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 headt, bl
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 functfofieart failure may also result in a
decreased ejection time (ET), and an increased isovolemelmixation contraction time

(IVRT) and isovolumetric contraction time (IVC*) 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 isxathermethodwhich is employedto assessardiac
dysfunction By this method ne determines theentricularendsystolic ancenddiastolic
pressures, as well as tbleange in pressure over time (dp/dt max & dp/dt ntrther an
increase irenddiastolic pressure or a decrease in dp/dt mindativeof diastolic
dysfunction andsuggest an impaired ability of the ventricle to relaxecrease iend
systolic pressure or dp/dt max is indicative of systolic dysfunciibas,in addition to

echocardiographyardiac function may aldee determinedy ventricular

catheterization.
N fi ,."("\ .."Jﬁ'
1 /] / /| Figure 1.6. Changes irmurineventricular pressure
( (] as determined by catheterization
0-f | ( [ T Top panel Top peaks represent the LV end systolic
| f pressure. The hums@atthe base of the peakpresent
s B J the LV end diastolic pressure.

Bottom panelThe top and badm peaks represent the
100404 - g _: | maximal changes in pressure over time (dp/dt max,
1 - - ' and dp/dt min).

mmHgis

Hecker, unpublished data

Heart failure patients commonly experiemsziemaor swelling due ta buildup
of interstitial fluid*® °°. Edema may be found in the periphere, sudhasinklesthe

jugular vein the abdomeiffascites), om the lungs (congestion). Fluid buildup in the

12



lungs is a hallmark of congestive heart failure (CHFdemaoccurs in heart failure as a
result of increased venous pressure and fluid reteAtiBdema is a common irzhitor d
heart failure, howevehe presence of edema does not necessarily deeatefilure
becausea number of other factossich as liver cirrhosis or renal insufficientyayalso
contribute to edenia Pulmonary edema may lead to difficulty breathing, and indicates a
worsened prognosis and increasiell of mortality™®. Thus, edema is indicated in the
pathophysiology of heart failure, and itepence may help guide diagnosis.

Heart failuregenerallyoccursin combination with an enlargement of the heart,
cardiac hypertrophy. Left ventriculamassvaries widely but the average maés
healthymiddle aged man or womasestimated to be190g or~140y respectivelyand
this may increase by 680%in heartfailure>**°. Cardiac hypertrophis divided into two
types concentric hypertrophy and eccentric hypmshy (Figure 17)°’. Concentric
hypertrophy is characterized by thickening of the myocardial walis.ddtursas
individual cadiomyocytes laydownanincreasd amount ofsarcomeres parallel
Concentric hypertrophy occuns respons&o high blood pressungerhapgo decrease
myocardial wall stres& *°. Continued wall stresandvolume overload malead to
eccentric hypertrophyhe second type dfypertrophy Eccentric hypertrophig
characterized by expansion and dilation of the ventricle, without necessarilyeasmc
in wall thicknessand occurs in responsedardiomyocytestretcii® *°. Concentric and
eccentrichypertrophybothdenotea worsened progrsis andlead to anncreasd risk of

arrhythmiaand sudden cardiac de¥tf".
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Figure 1.7. Types of cardiac hypertrophieineke 2006Nat Rev Mol Cell Biol

The failing hearbftenrevers to afetal programof geneexpressionThis includes
changes in metabolic and contractile prot&ifis In particulay expression ofhe
contractile protein mapobsricreasddeaaHC bapbei n b (
decreasedAn i ncrease i n t he acomrmonlpuseadindiddtefiCb / MHC U
hypertrophyandheart failure. Otherenes that are upregulated in the failing heart include
more compliantitin isoforms (N3BA1 and N2BAZ§ % alpha skeletal acfii ° atrial
natriuretic peptide (ANPRndbrain natriuretic peptide (BNP)"2. ANP and BNPare
synthesized anslecreted into the bload increasecdamountdn response to stress
hypetrophy. Increasd natriuretic peptidgene expressioandcirculatingprotein levels
are commonly used as indicatorshefart failuré® °. Thus,thesechanges in gene
expresn canbeusal to assess heart failure.
Another commorcharacteristiof heart failuras a decreaskcapacity forenergy

production andontractile reservéFigure 18)’* >. The humarheartproducs
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approximately6 kg of ATPin order to pump0 tonsof bloodper day®. To provide the
required ATP, oughly one third of the heart volumensade up omitochondriathe
major energyproducing cellular organelleBecreaseanitochondrialfunction is evident
in heart failure, and may result from a decrease in oxidative enzymes and respiratory
chain complexé$. The decrease in overall oxidative capacity corresponds with a
decease in mitochondrial enzyme activiti@scluding aconitase, isocitrate
dehydrogenase (ICDH), citrate syaie (CS), and medium chain acgenzyme A
dehydrogenase (MCAD)®. Thus, a decrease axidative enzyme capacity and
mitochondrial function mafe usedn the assessment béart failuré*®2

Normal Heart Failure  Figure 1.8. Changes in
myocardial energetics
during the transition
heart failure Respiratory
enzymes andomplexes
are deceasedresuling
in adecreased maximal
capacityfor fuel

generatiorin the failing
myocardium.

Respiratory-chain complexes

ATP synthase

Chrygen consumption

ATP

Modified from Neubauer
2007 ,NEIM

11k

Free ADP 2

We have discussed common indicatosed todenote heart failure. These include
but are not limited to cardiac hypertrophy, decreased functional parameters as assessed
by eclocardiography and ventricular catheterization, increased fetal gene expression, and
decreased overall oxidative capacity. All of these parameters weremubedssesmnent

of heart failureand functiordescribedn the experiments chapters 24.
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Management of Heart Failure
Standargpharmacologicaireatment foheart failure generallyncludes
neurohormonaihibitorsthat targetomponents cdrenergic signaling artle renin

)*®. There isan additive benefio the combined

angiotensiraldosteronasystem(RAAS
use ofRAAS and adrenergimhibitors’®. Additional supportis provided through the use
of diureticsto alleviatefluid retention The combination of a beta blocker, a RAAS
inhibitor, and a diuretic is routine camr fa heart failurgpatient Depending on the
circumstancesufther care may include variety of othetreatmens such asligoxin,
vasodilators, antiarrhythmogenic druggercise trainingheart transplantatiomy
implantationof ventricular assist des$®. Here, we briefly discug®utine treatment,
which includeghe use of ihibitors of the RAAS, beta blockers, and diuretics
Sympathetic stimulatioand adrenergic signalingay be overactivated in
patients withheart failuré”. Increased sympathetic activity acutely increases cardiac
contractility which may be beneficial in the short term, dnugbeneficialshort term
contractile effects are far outweighed by a numberkrse effects in the long tefin
Adverse effectsf chronically increasedympathetic activitynclude incresed hart rate,
blood pressurenyocyte apoptosjsardiac hypertrophyand risk of arrhythmi&*®’. Beta
blockers reduce these adverse effegtghibiting betaadrenergiceceptorsignaling
These drugdave been shown to improve cardiac function and suriivatart failure
patients andarerecommendeds amainstayfor all patients withheart failureunless
contraindicatetf 8892,

TheRAAS isactivatedvia the kidneys in responsedalecrease irenalblood

perfusiori? %, In this cascadehe kidreys secrete reninto the bloodstreapwhich
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cleaves angiotensinogen to angiotensin I. Angiotensin | is then converted to angiotensin
Il by angiotensin converting enzyme (ACBngiotensin llactivaesvascular smooth
muscle contraction via Gprotein sigaling andncreases blood presstiteAngiotensin
Il also increasesalt andvaterretention and stmulates the release of aldostee from
the adrenal cortex. Aldosterone further acts to increase aratesodiunretentiori”.
Thus, the RAAS stimulates incredddood pressure and fluid retentiobhis mechanism
is adaptive in response to acute effects sudrthsstatic hypotension @xtensive
bleeding However, n the case of heartifare the RAAS may be constantictivated in
response to chroratly decrease renalperfusiori> °3. Spedfic drugsthat targethe
RAAS includeACE inhibitors, angiotensin Il receptor blockers (ARBs), altbsterone
antagonistsACE inhibitors are recommended for standard treatmenARBSs may be
prescribed if the patient develops sidfectssuch as any cough in response ®CE
inhibition. Aldosterone antagonists are recommerideatidition to ACE inhibitorgor
patients with moderate to severe heart failure where continued monitoring of blood
eledrolytes and renal function is availafft€’. Inhibitors of the RAS decreasélood
pressure and edemand thus reduce the loadainswhich the heart must pump in order
to eject bloodThese drugalso reduce cardiac hypertrophy and fibrdsisnhibiting the
direct stimulatoryeffects of angiotensin Il and aldosteemn the hea?f. Inhibition of
theRAAS through the use of ACE inhibitors &RBs improves cardiac outcomeand
survival and is recommended in pltients with heart failurenless contraindicat&d®®
99.

In additionto neurohormonal inhibitorsliureticsarealsoincluded in heartailure

therapybecause of their effects @dem&®. Edemaoccurs inpatients \ith heart failure
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as a result oihcreased neurohormonal activation, fluid retention, laydiostatic blood
pressurg- 2. Loop duretics act on th&idney toinhibit the sodiurspotassiurchloride
transporer, increasesodium andluid excretion, andeduce swellingind edema”".

Diuretics reduce symptoms of fluid retention rapidly, acting within hours to days after the
initiation of treatmentwhereas beta blockers and ACE inhibitors may require several
months to manifest any observable befiefy decreasing fluid retention, diuretic
treatmenteduces blood volume, andecrease thiwadon the heartThus treatment with
diureticsmaybeneficially efectsymptoms of heart failure including edema and reduced

cardiac functiof?.

Despite Available Treatmentdgeart Failure isstill a Major Concern

Despitethe treatmentsnentioned abovenheart failure is still a majatinical
concernHeart failure accounts faorearly 30 billion annual US dollars per year in the
United States, and is the greatest contributor toward Medicare expeffditeart
failure is primarily responsible for over 57,000 deaths and 1 million hospitalizations
the United Statesach yedf. After diagnosis, 1 in 5 heart failure patients die within a
year, ancb yearmortality is ~50%Thus heartfailure isa great burden, @more

effective treatmentare needed

Models of Heart Failure
To gain more insight into th@evelopment angdrogression of heart failure,
severalanimalmodels of chronic heart failuteave been develop€d Two commorty

usedmodelsarepressure overload induced trgnsverse aortic constriction (TAGnd
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myocardial infarction via ligation of the left anterior descending coronary artery (LAD).
These two models are describedble

TAC entails a constriction dheaorta, which igheoutflow tract of the left
ventricle. Thisgreatlyincreass theloadplaced orthe heart. This modehimics the

%, 102 103

effects ofexaggerated hypertensionawrtic stenos , andresults incardiac

hypertrophyandsystolic dysfunctiorovera course of weeks (Figuredl..

\\.

I
=y

90, End Systolic Volume (uL) es; Ejection Fraction %
80 + agd F T
—®— Sham
M S . - + + S
g /// S ] .
50 ;,///J( ) ' ” % ‘% T
40+
\
30 - %___,g----u%—% 401 %,
20{ ¢
10 r . . v r r v 30
4 6 8 10 12 14 16 4 6 8 10 12 14 16
Weeks post-TAC Weeks post-TAC
LV/Tibia (mg/mm) , _
Figure 1.9. Top PanelA typical response
10, p=0.00025 to TAC includes an increase in systolic
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The seconé@nimal heart failurenodel, myocardial infarctigns induced by
complete occlusion of the LAD'he LAD is a major supplier of blood to thesueof 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 callagenscar tissue, while the rest of the heart must compensate for the lack of
healthy tissue. Over a course of weeks, this model resweniniculardilation, and
systolic and diastolic dysfunction.

Myocardial infarction and TA@esult in increasedxadative stressncreasedetal
gene expression, decreased oxidative capawity decreased contractile functi@uoth
of these modelbave great utility for translational research, and Heen used
successfully in preclinical studi®s °#1% we have employed both modéisour
studiesto 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 indicat@uheart failure. Particularly,gtients with leart failure
have increased myocardial superoxide and hydrogen peroxide procuuti@ndecreased

107

antioxidant resenve*®”. One source of ROS in the failing hearNADPH oxidasea

phagocytic enzymehich producesuperoxideusing NADPH as a reducing agEht*®®
NADPH oxidaseanhibition decrease superoxide and hydrogen peroxide production in
myocardial lystates from patientsth heart failureandfrom dogs with experimental

heartfailure® ®. Further, the gnetic deletion of NADPH oxidaseibunits, p47phox or

Nox4'%*! attenuated the development of heart failmother enzyme which produces
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superoxide in heart failure is nitric oxide synthase (NOS) wthisruncoupled from its
essential cofactor, BH¥ ™2 Inhibition of this NOS in myocardial tissue from heart
failure patients decreased NADPEpEndant superoxide productipand teatmenwwith
BH4 in mice with pressure overload induced heart faitakersed cardiac superoxide
production, hypertrophy, fibrosis, and dysfunctidnA third enzyme xanthine oxidase
is alsoknown to produce NADPH dependant superoXilé®harmacologicahhibition

of xanthine oxidase by lapurinolincreased cardiac efficiency in heart failure patients,
anddecreasedxidative stress aneart failure in a genetic model of cardiomyopathy
117 Finally, mitochondria produce superoxidering respirationand atioxidants
targeted to the mitochondrilecrease®ROSand cardiac dysfunction a number of heart
failure model$'® **°. Thusthere is an increase ROS infailing myocardiumwhich may

be a target for treatment.

Macronutrient Intake and Heart Failure
Introduction to Macronutrient Intake

Dietary interventiormay bean independenway of preventing and controlling
heat failure which isindependenof pharmacological therap’f. Dietary intervention in
heart failure patients of greatpotentialvaluebecause iis relaively inexpensive to
undertake, and is unlikely toterfere withconcurrenpharmacologicatherapy
Therefore, any benefit of dietary interventimould come as an added benefit to most
medicinal treatmestHere we focus othe effects omacronutrientntakeon metabolic
and cardiac health. Macronutrients tre energy producing components of feodl

include carbohydrateprotein, andat, as opposed to micronutrients which include
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vitamins and mineralgn particular, we examine the effectshogh sugar intake andiet

inducedobesity (DIO).

Obesity

Obesity is a result of an imbalance between the inthkeacronutrientsind
expenditure oénergy If moreenergy frommacronutrients are consumed than expended
for an extended period of time, therergy storage as fateight gain and eventual
obesity will occurOverweight and obesity are definedterms of body mass index
(BMI), which indicates relative weight based on height (BMI = [body mass (kg)] /
[height (m?]). A BMI of 25 to <30 is definedas overweight, and BMI 36r aboves
defined as obes@According to these standardppaoximately one third of Americans are
overweight, and another third are obé5eDbesityoftenleads to @ost ofmetabolic
abnormalities such dg/perglycemia, insulin resistaneémpaired glucose tolerance
dyslipidemia, andhigh blood pressut&. All of these factors precipitate anincreasd

risk of cardiovascular disease and heart fai(fiigure 1.10*'%’.
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Figure 1.10. Heart Failure Risk among the Obese and OverweighiThe ircidence of
heart failure was increas@udobese and overweight groups among 5881 men and women.
Modified from Kenchaiah 200REJM
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Models of Obesity

Diet induced obesity (DIO) andptin deficiency oteptin signalingdeficiencies
are the most commbnusedanimalmodels of obesityOther gaetically altere rodent
models may also be usaddinclude agouti overexpressingice, New Zealand Obese
mice, Tsumura Suzuki Obeseabetes miceWistar fatty ratsand Otsuka Long Evans
Tokushima Fatty raté®. We briefly dscribe DIO and leptin defient model$elow
becauseheyhave been used to study the effects of ROS and G6P peataih to the
work described in this dissertation

DIO is employed using a high fat/high sugar diet in ordéndace obesityMice
in DIO groups typicallyeat the sammassof food as contrefed mice, buDIO mice
become obese because the high fat/high sugaisdnore energy dense than most
controldiets. DIO resulsin decreased glucose toleranikgperinsuinemia, dyslipidemia,
and insulin resistance, and otimeetabolic abnormalitiesimilar tohumangFigure 1.11
A-B)**°. However, these effects may depend on thetituraf DIO, and on the species
andstrain usetf®. 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 (DKO)Serum
insulinwasincrease in WT mice, but notn adiponectin deficient (APK) mice, in
response to DICB. DIO decreased theesum glucose/insulin ratio in WT mice, but not
in APN” mice.C. DIO increasederum leptin in WT mice, but not in APNmice A
similar pattern was observedth an increase in fat mass in WT mice, but not in APN
mice, in response to DIO (Data not showm)Serum leptin concentration incredse
linearly with combinedfat massn WT and APN™ mice WT (C57BL/6J) and APN
micereceivedabdominal aortic bading (AAB) or sham surgery, and were then placed on
acontrolhigh starch diet or a high fat/high sugar diet to induce ob@3I@) for 8
weeks Data are mean + SEM; Sham nr:®group AAB n=13-19group *P <0.05 vs.
WT: AP <0 . HebBker2@GllHor®. MBtab. Res

Rodents withdeficiendes in leptin signaling are also commonly used by
researchers to study obesitgptin is a hormone which is secreted by adipocffts
cells)in proportion to adipose tissue mdébgyure 1.11C-D). This hormone redates

hungerto decrease food intakey signaling in the hypothalamuhe leptin gene is

mutated, andelptin is not present iob/ob mice Because of thjb/ob miceconsume
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more energy than they expeaddobesityoccurs Metabolic syndrome, cardiac
dysfunction, andnortality ensueas obesity progressé® 3, 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 micéy? Leptin receptor mutions also result in obesitgnd rats and
mice with these mutatior(slb/db mice and Zucker obese ras) commonly usetb
studyobesity

Although animalswith deficiencies irleptin signalingoecome grossly obese
results fronthese animalare difficdt to interpret due to the confounding effects of
leptin deficiency on metabolism. Leptin is a signaling molecule otitler functions
other tharhunge regulation Other actions of leptimclude effects on adrenergic
signaling and blood pressyi@nd thee actions may have confounding effects on the
cardiovascular systefit ***. Also, congenital leptimleficiencyis extremely rarg>.
Thereforeanimals with deficiencies in leptin signalihgve limited relevancas a model
of human obesityBecause of these issu@ge have chosen to employ Df@r our studies

in chapter 2.

Obesity and Heart Failure

Studies have shown thabesty adversely affectcardiac function and leado
the developmentf heart failuré®’. DIO in micefor 5 or 6 months increased heart mass,
indicating cardiac hypertrophy in response to ob&Sity’. Leptin deficient ob/ob mice
also develogardiac hypertrophy and systolimpairmen'. Not only does obesity lead
to the development @ardiac dysfunctionbut itacceleragsthe progressiorof heart

failure. Obesity exacerbated cardiac hypertrophy and left ventricular chamber dilation in
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miceaftermyocardial infarction by LAD occlusion, and then 1 week of reperfd&ion
Otherexperimens with ischemiareperfusion injury opermanent LAD occlusioalso
showed that DIO increased lung congestion, Wgdrtrophy, and heart failurendicating

3% Heart failure

that obesity accelerd heart failure in this heart failure motdfé
induced by pressure overload in response to TACalsmsaccelerated by obesity
After TAC, LV dilation andfetal gene expressidincreasedH C b / MH\erd
increased by DIO in micén summary, obesitincreasesardiac hypertrophyadversely

affectsheartfunction, and exacerbates the development and progressioendf failure.

High Sugar Intake

The average American consumes roughly @0y ofaddedsugas per day
representing 16% of energy intake However theworld health organizatioadvises
that sugar consumption be no more than 10% of total energy intake, and the American
Heart Associion recommends no more than $%'*>. High sugar intake may have
adverse effects on the heart and metabdfi&rn particular, a high sugar diet is
associated with increased obesity and insulin resisiarftaemand* *°. A high sugar
diet may also result ithe developmendyslipidemia,ncludingincreased circulating
triglycerides and LDL cholesterol, and decreased circulating HDL choleélefdiese
metabolicabnormalitiesare risk factors focardiovascular disea$é **’.

One aspect of sug#hat can have profound effects on metabolism is its ability to
be digestedapidly and quicklyabsorbed into the bloodstreaifhe rapid absorption of

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

cardiometablic healttt*®. 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 indexQQgtlof
pure glucose being 100ly@emic load is defined as total carbohgt#content of a food
in gramsmultiplied byits glycemic indexandthusis an indicator of thguantity and the
quality of carbohydrates consumi&tiClinical studies indicate thaiigh dietaryglycemic
indexor glycemic loadresultin increasedisk of developing coronaryeart disease
(Figure 112)2% 146 148150 Th ;5 eating a diet high in sugar or other rapidly absorbed

constituents results in great&ardiovasculadiseaseisk.
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Figure 1.12. Multivariate risk analysis indicates an increased risk with high sugar intake,
and no effect of tai fat intake on the risk of developing coronary heart dis€zsess
2007, Cadiovascular Research; Data from Halt@006,N Engl J Med

Sugar and Heart Failure
Studies in our laland othergound that high sugar intake hasteithe

progression of heafailure in rats and miceompared to control complex carbohydrate

27



(starch) dietsHigh sugar intake increased fetal gene expression, apoptosis, contractile
dysfunction, and mortalitin salt-sensitve hypertensive rats (Figurel8)*** *>2
Mortality, cardiac hypertrophy, and fetal gene egpi@en weresimilarly increased by
high sugar intake in mice witressure overload induced BAC*3 >4 And finally, in a
volume overload model generated by an artemalous shunt, a high fructose diet
exacerbated chamber dilation and systolic dysfundtizats™>. Thus,high sugarintake
negatively affected heart failure in rodent modalthough adirect connectioetween
high sugar intakandthe development and progression of heart failure ha® yot

demonstrateth humansexperiments in animals clearly indicate that high sugar intake

canaccelerate progressiarf heart failuré>.
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Figure 1.13. High fructose intake exacerbates heart failue 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 fromtérse).Right Panel
Mortality was accelerated by a high fructose diet (52% of total energy from fructose) in
hypertensive Dahl sattensitive ratsModified fromChess 2007Cardiovascular

Research

Macronutrient Intake and Reactive Oxygen Species

Incressed ROS may beesponsibldor the adverse effects of high sugar on the

heart.A high fructose diet increases superoxide formation in the hadrimay result in
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cardiac dysfunction after loagrm treatment® *>”. A study in our latprovidedevidence

for ROS as a mechanism of sugar toxicity to the helen itshowedhat antioxidant
treatment with a superoxide dismutase mimetic, tempol, pretrenacceleration of heart
failure by high fructose intak&. In this study, tempol decreased cardipicl

peroxidation productdyypertrophyanddysfunctionafter 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 increaseahe production dROS in the heartncreased superoxide
productionwas seen icardiac tissue fromats with DO andobese Zucker r&ts® The
increase in superoxide production corresguhwlith decreasg antioxidant enzymes and
GSH/GSSGindicaing an overalldecreasén antioxidant capacitin the hearts of obese
rats Studies havalsodemonstrated increased R@%ddecreased GSH/GSSGgaardiac
tissue anaardiomyocytessolatedfrom ob/ob mic&®* 1*%1%° These results indicate
increasd cardiac oxidative stress in the heart in response to obesity

Increased RO§enertion via NADPH oxidase and uncoupled N@fay bea
mechanism by which obesity adversely affects the development and progression of heart
failure. IncreasedNADPH oxidaseactivity corresponded with increases in ROS
productionin the heart of obe® Zucker r&°. Pharmacological inhibition of NADPH
oxidaseby apognin prevented obesity from exacerbating heart failure after myocardial
infarction induced by permanent LAD occlust$hUncoupledNOSis also implicated in
obesity and gnetic deletiorof endotheliaNOS decreased RO&ardiac remodeling,
cardiacdysfunction and deatkafter TACin obesemice™®®. Thus, inhibition of NADPH

oxidase and NOg&sulted in decreased R@&duction angrevented the exacerbation
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of heart failure by obesitylherefore, oxidant production through these enzymes in the

heart may be a pathological mechanism of obesity.

Effects of G6PD Deficiency
Overview ofG6PD andOxidative Stress

Increased flux of glucose through nonoxidative pathwagg beresponsible for
increased ROS in the context of diabetes and gb&sitleart failureincreases the ta of
glucose uptake and glycolgst . However, high sugar intake and obesity increase
circulating lipidsand therebyuppress glucose oxidatf@rt*:. This results in increased
glucose flux through nonoxidative pathwagse such pathway the pentose phosphate
pathway(Figure 114)*“*®8 which is the maincytoplasmicsource of NADPH'. The
production oNADPH provides reducing equivalents for the production of superoxide as
well as forthe antioxidant glutathione systeMADPH is usedy 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 supereaaleavith andlamage
cellular lipids, nucleic acids, and proteins. Sources of RQlseicardiovascular system
include complex | and 11l within mitochond/f& and NADPH dependent R@8oducing
enzymes such as NADPH oxid&¥exanthine oxidasé’, and uncoupled nitric oxide
synthas&. The latter 3nzymesproduce superoxide by reducing oxygen with NADPH.
Thus,while NADPH produced by theentose phosphate pathwagy beusedby the
antioxidant system to remove RO the glutathione antioxidant systemisialsobe

usedby pro-oxidantpathwaydgo produce ROS.
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High Sugar Pentose Phosphate
Diet or Obesity Pathway Flux

t HZO H202
6-phosphoglucono- GPx
Glucose-6-P O-lactone GSSG 2GSH
G6PD R
NADP+ NADPH NADP*
G6PD NADPH Oxidase
def|C|ency Uncoupled NOS
H202 oy Xanthine Oxidase
1 NADP*

Oxidative Damage
Heart Failure

Figure 1.14. NADPH and the formation and negation of reactive oxygen spéticgs
sugarintake or obesitynay incraseintracellular glucosé-phosphate which can be used
by G6PDto produce NADPH. NADPH mathenbe useckitherto removeROS through
the antioxidant glutathione pathwayto produce RO$hrough NADPH oxidase,
uncoupled NOS, and xanthine oxida&&PD, glicoses-phosphate dehydrogenase; GPX,
glutathione peroxidase; GR, glutathione reductase; NOS, nitric oxide syriR@Se;
reactive oxygen specieSOD, superoxide dismutase.
G6PD andthe Production of RactiveOxygenSpecies

TheNADPH produced by G6Phay beused to produce RO$he oxidant
enzymesNADPH oxidasé’” 1% xanthine oxidade® **’, and uncoupled nitric oxide
synthas&? 3 are implicated in heart failuré was reported thaB6PD deficiency ld to
a decreased risk of heart disease risk and cardiovascular death in fati€hferhaps
because G6PD deficiency reduced the substrate for NA@#pendent oxidant
enzymed G6PD expression and [NADPH] were inasedn failing myocardium from

dogs and humanand in the myocardium of obese Zucker ratg]in these experiments

the pharmacologicaihhibition of GBPD decreased [NADPH] afRDSproductiori ©
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(Figure 1.5). A similardecrease in [NADPH]rad ROS was observed after G6PD
inhibition in genetically obese rdt§. Thus, G6PD fuels ROS production by providing

NADPH for oxidant enzymes in heart failure and obesity.

Superoxide Production

NADPH (nmpolesimg Protein) (Lucigenin Chemiluminescence Unit/mg Protein)

0.3 = 1000 = *
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0.1 !
0.0 T 0 T
Normal Failing Heart  Failing Heart Normal Failing Heart  Failing Heart
+ +
G6PD Inhibitor G6PD Inhibitor

Figure 1.15. G6PD inhibition decreases [NADPH] and superoxatenation in failing
myocardium from human#lodified from Gupte 20073, Card. Fail.

Although pharmacological G6PD inhibition prevented ROS formation in samples
of failing and obesenyocardiumin the experiments described abpies important to
detemine whether decreased G6PD activity is benefini#the living animal
Rajasekaran et alemonstratethat G6PDdeficiency mayimit disease progression in
desminrelated cardiomyopathy, a genetic disease resulting in heart faidesmin
related cardiomyopathy in these experiments was induceddrgxpressingnut ant UB
crystalin (hR120GCryAB)in mice (CryAB mice) CrossbreedingCryAB micewith
G6PDX micerescued progeny fromR120GCryABassociategrotein aggregation and
prevented cardialeypertrophy thus indicating that G6PD inhibitigrer semay be

benefigal in vivo (Figure 1.1$. However,cardiomyopathy in response to genetic

32



alteration may be of limited clinical significance, and further studies in more relevant

heart failure models are needed.
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Figure 1.16. G6PDdeficiencyprevents cardiac hypertrbp in a genetic model of
cardiomyopathyModified fromRajasekaran 200Cell.
G6PD may play a role in ROS production in other tissues besides theG&Ril.

expression is increased in various cell types in both heart failure andypbadithis
may alow increased flux through the pentose phosphate pathway and result in increased
NADPH and ROS generatian these cell typés* ® 8 1% gSpecifically, h cultured
adi p o c y-tellssG6RDnoderekpression increased ROS generatixocrine
dysfunction,and cell deathand thiscouldlead to insulin resistandgit took placein
ViV0166168.

G6PDmay play a role in the vascular responsdyslipidemiaand hypertension.
G6PDdeficieng prevented vasculaxidative stresé response to angiotensin |l
infusion, and this led to a decreased rise in blood pre§8utés important to see if

G6PD deficiency decreases blood pressure in response to more physiologically relevant

stimuli such as obesit§similar experiments showed that G6PD deficiedegreased
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superoxide production aredherosclerotitesons in apolipoprotein Bull mice'’®. Thus,
there is evidecefor a deleterious role of G6PD in the cardiovascular system. However,
the data are inconclusiand additional studies need to be performmearder to

demonstrate the relevance of these experiments to human disease

G6PD Deficiency anéntioxidant Caacity

In terms of the antioxidant utilitghe NADPH suppied by G6PD can aith
defense against oxidative stress. Inhibiting G6PD makes cells more susceptible to ROS
induced cell death'®. G6 PDX mi -cell apdptosipahdegiucose intolerance,
presumably by a decreased resistance to'RG8udies in patients haseiggestedn
increased risk of dizetes in G6PD deficient subjetts'’®. Decreased levels of GEBPD
have been observed in diet induced obesityl are thought to contribute to increased
ROS in the livel’"*"® G6PD deficient mice also have increased oxidative stress in the
kidneys which results in kigey failure and albuminuria!”®. These micalsodevelop
mild hypertrophic cardiomyopattgs they ageand cardiac cells deficient for G6PD have
decreased contractilty Finally, after acute ischemiaperfusion injury, isolated
perfused hearts from G6PDX mice display a greater impairmeealaxation and
contraction compared to WT mié& These impairments in relaxation and pressur
development were rescued by antioxidants, but were not rescued by ribose
supplementation, demonstrating that the deficit was due to a defigreangioxidant
defensesather than a ribose deficiency. Thus, G6PD deficienalkes cells more

sengtive to ROS andmay adverselympact 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 RP®vesded by
inhibition of GBPD®.. However, i remains to be determinedthetherG6PD deficiency
will decrease oxidative stressvivo, and whether G6PD deficiencyheneficialor
deleterious in the heam the presence dfigh sugar intakandobesity.Because NADPH
production via G6PD activity is required for maximal antioxidant capacity, G6PD
deficiency could be derogatory nesponse to cardiometabolic streda the other hand
if ROS are produced in a limited measdue to a decrease in NADPH productitdmen
antioxidant systems masfill function without maximal G6PD activityrhus on one hah
G6PD deficiency may result in a decreased production of Wi®Sheneficial
cardiometabolieffects while on the other hand G6PD deficiency may allow the
antioxidant systems to become overwhelmed and worsen cardiometabolic defects in
response to high gar intake and obesity

Based on the evidentieat G6PD fuels superoxide production by supplying

NADPH for superoxideproducing enzymeis heart failure and obesity ® 8 182,

we
hypothesizd that intheface of cardiometabolic stress induced by high sugar intake,
obesity,G6PD deficiencyvould be protectiveagainst cardiac and metabolic dysfunction.
To address this hypothesis, we performedistin G6PDX micewith high sugar intake,
DIO, andheart failure Overall, we found thatontrary to our hypothesG6PD

deficiencymildly worsenednetabolic abnormalitieand heart failure in the context of

obesity and a high sugar diet
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Project Aims
RationaleLeading to Aims

Heart failure results in a switch from predominantly fatty acid utilization toward
increased glucose utilizatiGhHowever, high fructose intake and obesity increase
circulating Ipids which further increase intracellular glucose but inhibit glycolysis and
glucose oxidatioff' **%. This increased glucose may then proceed through nonoxidative
pathways which have adwer effects on the he&ft °* %218 One such nonoxidative
pathway is through the pentose phosphate pathwigh is controlledby the activity of
G6PD.G6PD deficiency affects over 400 million people worldWidand there is
limited evidence suggesting that thesgignts have a decreased risk of heart dis&ase
and cardiovascular dedfidespite having an increased risk for diabgteé€®. G6PD is
the ratedetermining enzyme of the pentose phosphate pathway, and its activity
determines cytoplasmic [NADPH] AlthoughNADPH may be used by glutathione
reductase to reduce glutathione (GSSG to GSH) and thereby facilitate the removal of
H,0,, NADPH is also used by NADPH oxid&&" 1% xanthire oxidas&***’, and
uncouplechitric oxide synthase? ***to produce superoxide which can stress the heart.
G6PD, [NADPH], and ROS production were increased in liver andamatdisue from
genetically obesZucker rats and in failing myocardium from dogs and human patients
488 |n these studies, pharmacological G6PD inhibition in tissue samples decreased ROS
production indicatingthat increased flux through G6RBayincrease inticellular
NADPH and promote the formation of R&®%® 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 antioxida

treatmeni2® 138 151 152 154

Statenent of Hypothesis

Given that both obesity and fructose intake may mediate damage of the heart
through ROS formationye hypotheszedthat increased flux through G6PD mediates this
increase in ROS formation and thus mediates the adverse effects otlcigisdrand

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 micaveresubjected to both short and loterm dietary
treatment ofa control high starch diet, a high fructose diet, or to a diet high in both fat
and sugar to induce obesiBased on our hypothesis, \agticipatel that G6PD
deficiencywould protect the heart against the adverse effects of diet induced obesity and

high fructose intakeThese 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 pressdireuced heart failure.

G6PDX and WT mice receidenigh fructose or high steln diets, and heart failure
wasinduced by transwvse aortic constriction (TAC). Based on our hypotheses, w

anticipatel that G6PD deficiencwould protect the heart against pressure overload
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induced heart failure, particularly in animals fed a high freetdiet. 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 TE hamsters receideeither a longterm high sugadiet or a
control high starch diet, amderecompared to healthy F1B hamst#rat received a high
starch dietBased on our hypothesisgvanticipatd that high sugar intakeould increase
G6PD, [NADPH], and ROS generation, ahdt this would lead tdecreasd cardiac
function and survival in thisemetic model of cardiomyopathy. These experiments are

reported in chapter 4.
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Chapter 2" Glucose6-Phosphate Dehydrogenase Deficiency
Decreases Weight Gain, But Does Not Prevent Metabolic
Dysfunction in Di¢ Induced Obesyt

Chapter Abstract

Glucose6-phosphate dehydrogenase (G6PD) deficiency, the most common
enzyme deficiency, may influence the development of cardiometabolic syndrome by
affecting cellular redox status. G6PD generates cytoplasmic NADPIdhwéplenishes
the antioxidant system, but also may increase NABIBpendant oxidant production. We
hypothesized that G6PD deficiency worsens diet induced metabolic dysfunction by
increasing oxidative stress throughout the body, but prevents diet indkidatve stress
and dysfunctionn 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 treatdiénincreased fat and
total body mass, but to a lesser extent in GBPDX than WT mice. G6PD deficiency
increased sensitivity diet induced metabolic abnormalities such as increased free fatty
acids and triglycerides, and DIO decreased glucose tolerancndar 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 hypertroplGPDX 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 highlyepalent. Roughly one third of Americans are
obese, and another third areerweight?®. Obesity may result in metabolic dysfunction
and other abnormalitiegich asncreased serum glucose, triglyceridmsdfree faty
acids, anagbnormainsulin secretionThese metabolic abnormalitiescreaseherisk of
cardiovascular problemscluding coronary heart disease and heart failure.

Altered flux of glucose through nesxidative pathways may mediate the adverse
effeds of diabetes and obesit§; Non-oxidative glucose pathways include the formation
of advanced glycation efatoducts (AGES), the polyol pathway, the hexosamine
biosynthetic pathway (HBP), and the pentose phosphate pathway [{HB)been
suggested that in obesity, flux through these pathways is increased by oxidativ& stress
186 G6PDis the ratedetermining enzyme of the PPP, and the main cytoplasmic source of
NADPH?" %, |t is unclear how these pathways interact, and what impact G6PD
deficiency has on the activation of these other pathways.

Cardovascular problems associated with metabolic dysfunction are highly
prevalent in African Americaft% Glucoses-phosphate dehydrogenase (G6PD)
deficiency, the most common enzyme deficiency in the world, is particularly common
among individuals of African descénSeverely deficient patients commonly have <10%
residual G6PD activity, with less severe forms-G206 residual activity) being more
common and clinically undetectedf’.

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 disead®" '®°. The risk of developing heart disease is highly linked iéh t
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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 t hat G6PD def icelliagoptasig ancthr@syltin imsaglin e as e b
resistancE 1’®, Thus, there may ben 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 systefi. In cultured cells, GBPD deficiency decreases antioxidant capacity
and increases cell death in response to oxidant challéhge G6PD deficiency
i ncr eas e d-cgl death ane asgodiated metabolic dysfunction in aging'tice
G6PD deficiency also increased susceptibility for ischemia/reperfusion injury, and led to
moderate cardiac dysfunction in older iicE®. 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 (RIS) 8. Specifically, G6PD supplies NADPH
for superoxide production through generation of by NADPH oxigasde 170 188
uncoupled nitric oxide syntha<é*®, and xanthine oxida5€. Thus, G6PD deficiency
can result in decreased B@enerationRecentnvestigationgeportedthat G6PD
activity and [NADPH] werdancreased in thever and myocardiunof geneticallyobese
rats, and thancreaseduperoxide generatian obesitywas decreased by inhibiting
G6PDin vitro* ® 1°°. Similar findings were seen in myocardium from husand dogs
with heart failuré °. Thus, in contrast to the antioxidant effects of G6PD activity,

excessive flux through G6PD may promote the formation of NADPH dependent ROS.

41



Evidence suggests that high sugar intake and obesity increastivexgtress in
the myocardium, and that blocking these oxidant effects may have beneficial
cardiovascular effectd 146 157179191 gnecifically, decreasing ROS prevented the
exacerbation of heart failure by obesity or high sugar intake* ** In cultured
adipocytes, high glucose increased ROS that was decreased by G6PD kndtkdown
G6PDX mice may have a decreased antioxidant defeapacity®. However, because a
decrease in G6PD activity may decrease-idiéticed ROS formation, G6PD deficiency
may decrease overall ROS and beneficially affect the cell in certaimtstances.

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 arntdke
dietinduced 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 sucrosetdntended 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 diviglthe 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 byap#ritoneal 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-@Bweeks) of age for biochemical analysis.

Table 2.1.
Fat Carbohyadrate Protein
Dist Soy il Lard Cornstarch  MMltodextrin @ Fructose  Sucross Casein
Starch @ 1 3! 12 0 1 20
Fructose © 4 e 0 60 1 20
D0 6 39 1 10 0 17 20

Values are energ voontribution to the diet (%5 of total). Dists were matched for vitamin and mineral content.
DIO, diet induced obesity.

Values are shown as mearstandard error (SE). Survival was assessed by Log
RankKaplan Meier analysisComparisos between strain and diet grouping werade
using a tweway ANOVA with the HolmSidak correction. P<0.05 was considered

significant.
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Results
G6PD Deficiency Daeases 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 21KC), while DIO dereased
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 charactefiZ&d Energy intake was
greater with the high fruose 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 activityC-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, gléepkesphate
dehydogenase deficient mice; WT, wild type; ni@/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 bjrhog Kaplan Meier
analysis; n=2@roup until 12 weeks and n=10/group thereafter. DIO, Diet Induced
Obesity; G6PDX, glucoséphosphate dehydrogenase deficient mice; WT, wild type.
There were no differences in initial body mass at 3 weeks when mice were
weaned and placed into dietarpgps (body mass=11Q0.3g 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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