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Myocar dial insulin resistance, metabolic stress and autophagy in diabetes
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Summary diabete€ The myocardium is a major insulin-respoesi

tissue and is thus especially vulnerable to diabetic

1. Clinical studies in humans strongly support a linky,cose/insulin homeostatic shifts. In diabetic hearts,
between insulin resistance and non-ischemic hedttré.  yisturbances in myocardial energy metabolism are

The —occurrence of a specific insulin resistanipnarert® and may play a role in the greater mortality
cardiomyopatf, independent of vascular abnormalities, i$hsered in diabetic patients with heasiltire? There is
now recognized. The progression of cardiac pathologyome evidence that cardiomyte excitation-contraction
linked with insulin resistance is poorly understood. (EC) coupling is hedly reliant on glycolytically-defied

2. Cardiac insulin resistance is characterized byrp9.10 ang the ATP supply shiftway from glycolysis
reduced wailability of sarcolemmal Glut4 transporters antyq,ards B-oxidation of ftty acids evident in diabet&s!?
consequent lower glucose upgakA shift avay from a5 markd functional consequences. The purpose of this
glycolysis tavards fatty acid oxidation for ATP supply is yeyigy is to simmarize the metabolic adaptations evident in
apparent and is associated with myocardial oxigaress.  giahetic hearts and outline the cardiac features ofload-
Reliance of cardiomygte excitation-contraction coupling jngependent models of diabetes, the Glut4 deficient mouse,
on glycolytically-derved ATP supply potentially renders ang the fructose-fed mouse. The role of autophagy in
cardiac function vulnerable to the metabolic remodellingjapetic cardiopathology is discussed and anomalies of type

adaptations observed in diabetesetigpment. 1 vstype 2 diabetic autophagic responses are highlighted.
3. Findings from Glut4KD mice demonstrate that

cardiomyogtes with extreme glucose uptakkficiency Thediabetic heart

exhibit cardiac lgpertroply and marked xcitation- ) .

contraction coupling abnormalities characterized bfpardiomyocyte metabolic substrates
reduced sarcolemmal &a influx and sarcoplasmic Under
reticulum C&* uptale. The ‘milder’ phenotype fructose-fed
mouse model of type 2 diabetes does notvshadence of
cardiac lypertroply but cardiomyocyte loss linked with
autophagic aotetion is evident. Fructose feeding induces
dramatic reduction in intracellular €aavailability with
myofilament adaptation to preserentractile function in
this setting.

4. The cardiac metabolic adaptations ofottoad- u
independent models of diabetes, the Glut4 deficient mou%
and the fructose-fed mouse are contrasted. The role
autophagy in diabetic cardiopathology igalaated and
anomalies of type ¥stype 2 diabetic autophagic response
are highlighted.

normal conditions, cardiomyocyte fuel
preference is 30% glucose, 65%tty acids, 5% é&tone
bodies!® Glucose uptak is nediated predominantly by
transporters from the Glumily, Glutl and Glut4, and
Ef'atty acids are transported across the sarcolemma mainly by
the long chain fatty acid transporte€D361415 The
sarcolemmal gradient of both glucose amdtyf acids is
maintained by rapid enzyme-mediated \e@sion to
cose-6-phosphate and acetyl-CoA respelgti* Rodent
dels of type 2 diabetedlq/db mice, obese zucker rats,
figh fat-fed rats) xhibit higher cardiomyocyte GLUT4
internalization coincident with increased sarcolemmal
focalization of CD36618 These transporter shifts are
associated with a marked reduction in cardiac glucose
Introduction uptale and an increase in uptalof fatty acids'® In type 1
diabetic rat hearts (streptozotocin-induced), unchanged or
The prealence of insulin resistance and type ecreased Glut4 genexpeession has been reportdc!
diabetes has increased dramatically in the pastdézades Metabolic handling of glucose and fatty acids, and their
and has no reached epidemic Vels in mary countries'? role in ATP production for EC-coupling processes has been
The Framingham Heart Study pided evidence of a link previously reviewed in Mellor et al, 20102? Myocardial
between diabetes and non-ischemic heaittre 18 years oxidative dress induced by metabolic remodelling may play
ago? but despite adances in treatments for headilfire, a role in mediating cardiopathology in diabetes as high
mortality remains 40-80% higher for diabetic than nonperoxisomal processing of long-chaimtty acids and
diabetic heart failure patientsBoyer et al. reported that mitochondrial dysfunction is associated with reagti
diastolic dysfunction wasvalent in 75% of asymptomatic, oxygen species excess>*
normotensie dabetic human subjectsand werlapping Recently it has been demonstrated that fructose may
diastolic and systolic dysfunction is commonly obserin act as an alternat cardiomyogte substraté® In diabetic
settings, and with high dietary fructose, plasma fructose is
elevatec?®?” and it is feasible that fructose mayaadrect
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cardiac metabolic consequences. The fructose-speciflassma glucose and blood pressure nedatb wildtype
transporter Glut5, has recently been reported to beontrols®® In the absence of systemic loading from
expressed in rodent cardiomyaes®28 thus providing an hypertension, cardiomyocyte Glut4 deficignoroduces a
access route for plasma fructose uptaia a non-glucose ‘threshold’ hypertrophic effect. An 85% reduction in
competitve transportef? It has also been shown thatcardiomyogte Glut4 (Glut4KD) results in a 15% increase
fructose acutely modulates cardiomyocytecitation- in cardiac weight inde (CWI), and Glut4 deletion (99%
contraction coupling and may ptde an alternatie reduction, Glut4KO) induces a 80% increase in CWI (see
glycolytic substrate when glucose supply is limifetiow Figure 1A)3¢ This grovth abnormality is reersed by
fructose directly décts cardiomyocyte metabolism and EQreatment with the reagi® axygen species (@S)
coupling in chronic settings has not beedawated. Dietary scavenger tempol, confirming that oxidag dress plays a
fructose excess has been whoto dramatically suppress role in mediating the cardiag/pertrophic effects of Glut4
cardiomyogte C&* handling?® potentially via direct deficieny (Figure 1B)3’

cardiomyocyte fructose actions.

Fuel demand and EC coupling A.

Although myocardial energy is predominanth > 20
oxidatively derived (up to 90%), there is some evidence th E l
cardiomyogte EC-coupling is reliant on glycolysig. 3 15 4
Glycolytic enzymes are closely associated wi 2
sarcolemmal and sarcoplasmic reticulum (SR)?*Ce % 10
handling protein® and intracellular C# regulation can be g
altered by glycolytic intermediates (SR “Carelease © 5 _*- pE th o Moy
channel) and local glycolytic ATP supply (SR?CATPase %
(SERCA2a)}® The Nd/Ca*exchanger is indirectly S 0 ‘ | : : ‘ ‘

glycolysis-dependent via the N&/K*ATPase which
establishes the sarcolemmal*Ngectrochemical gradieft. 0 25 50 75 100 125 150
The Nd&/K*ATPase pump is closely associated wit Glut4 Protein Levels (arbitary units)
glycolytic enzymes at the sarcolemma and is dependent
glycolytic ATP31:33:34 Under normal conditions, SERCA2
has been estimated to require 15% ®PAproduced by the
cardiomyocyté®3® and is glycolysis-dependett. Thus B.
metabolic disturbancesvident in the diabetic heart may
have damatic consequences for cardiomyocyte E!
coupling (discussed in detail below).

Cardiac pathology in diabetes

Lessons from the Glut4 deficient mouse

HW:BW (mg/g)
#
Hi

Type 2 diabetes is frequently observed coincide
with hypertension and obesityhus &auating the cardiac 3
load-independent ffcts of insulin resistance is not possibl
in mary rodent models €g. do/db mouse, high dt-fed
mouse/rat, zuckeatfty rat,ob/obmouse). © investigate the
effects of cardiomyoge insulin resistance, without
hemodynamic load complication, a Glut4 deficient mouse

has been utilised - this model has been constructed usin

-a . -
Cre-LoxP system, with the genetic manipulation generatin%gure 1. Threshold hypertrophic &ct of Glut4 defi-
two phenotypically distinct mice. The global Glut4C€Ncy A. Correlation of cardiac weight indeand Glut4

‘knockdavn’ model (KD) ehibits 85% Glut4 protein protein epression in wildtype (white squares), Glut4KD
deletion in all tissues including heart, and the Glutgdey Suaes) and Glutdk (blak sjuares). B. The
‘knockout’ model (KO) exhibits further cardiomyge- @antioxidant, ®mpol, abogates cardiac hypertrophy in
specific Glut4 deletion to achie 9% protein deletion (see ClUt4KO mice. Reprinted from theJournal of Molecular
Table 1 for a detailed comparison of Glut4kD an@ K Endocrinology2003? (1A) and theJournal of Molecular
models). Cardiomyqte Gluts deficiengis not ofiset by a and Cellular Cardiolog20072 (1B), with permission.
compensatory upregulation of the basal Glutl transporter

thus cardiac glucose uptakis sgnificantly impaired in The cardiac insulin resistance generated by Glut4
these mice® Systemically Glut4KD and GlutdtO mice  deficieny is associated with a marked contractile deficit,
exhibit similar basal hyperinsulinemia but normal basadident at the whole hearex \ivo) and cellular leel.38:39

Control Control + Glut4dKO Glut4dKO
Tempol + Tempol
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Table 1. Comparison of Glut4KO, Glut4K D and fructose-fed mouse models of cardiac insulin resistance.
Glut4dKO GlutdKD  Fructose-fed

mouse
Glut4 mRNA [09% | [085% | -
cardiac weight index B0% 1 015%1 o
cardiomyocyte size M0% 1 vsKD - -
myocyte contractility (MRS, MRL) [3B0%! vsKD - -
SERCA2a [(B0% ! vsKD - [(20% |
Ca&* transient amplitude ? ? (0% !
cardiac fibrosis 1 o 1
cardiomyocyte number ? ? l
autophagy ? ? 1

Arrows indicate changes control animal i(e. C57BI/6 mouse for Glut4® and KD data; control-fed C57BI/6 mouse for
fructose-fed mouse data), unless specified otherwise. Abbreviations: maximum rate of shortening (MRS), maximum rate of
lengthening (MRL), sarcoplasmic reticulum?C&TPase (SERCA2a). Data sourced from references: Kaczmaetzgk
(2003¥® J. Mol. Endocrinol, Domenighettiet al. (2010¥8 J. Mol. Cell. Cardiol., Ritchie et al. (2007}" J. Mol. Cell. Car

diol., Mellor et al.(2011)* J. Mol. Cell. Cadiol., Mellor et al. (201278 Am. J Physiol. Heart Circ. PhysiolMellor et al.

(2009¥° Nutrition.

Cardiac function can be restored to contrallues by stimulated glucose uptak 60% decrease) has been
supplementation with the glycolytic end-productryvate, reported in response to fructose feedihdput there are
demonstrating a glycolytic dependence of cardiomigc some discrepant findings relating to Glukpmession. Qin
EC-coupling processé8.Cardiomyogte C&* availability et al reported a30% decrease in cardiac Glut4 mRM
(Ca*influx and SR C# uptale) is lover in Glut4 deficient fructose-fed raté? yet we observed no change in cardiac
mouse hearts and ada@tiC2?* and pH shifts are obsesd  Glut4 mRNA or total Glut4 protein content in fructose-fed
with increased N#Za*exchanger and N#i*exchanger mice* Given the davnregulation of the insulin signalling
(NHE) fluxes. Thus, a shiftway from sarcoplasmic intermediates, it is likely that Glut4 translocation is
reticulum tavards sarcolemmal Cacycling is apparent®  reduced, but this is yet to bevestigated in this model. The
Increased NHE flux mediates an intracellular alkalineardiomyogte EC-coupling phenotype associated with
ernvironment (confirmed by intracellular pH measurements)hese signalling alterations sk® a profound reduction in
which has previously been shio to increase myofilament intracellular C&" availability (lower diastolic C& and C&*
Ca&* responsieness® This adaptie dift may partially transient amplitude) without diminution of cardiomyte
presere cardiomyogte contractility in this setting, at least contractility?® The obsered suppression in &acycling
in the early stages of disease. can be explained by a madk reduction in the expression of
These findings with the Glut4K mouse preide C&* handling proteins, SERCA2 and phospholamban,
vauable insight into the load-independent cardiacoincident with upregulation ofely cardiac phosphatase
phenotype of diabetes, in a relaty ‘extreme’ setting of sulunits (PP2A-A and PP2A-C¥. The aetiology of these
impaired cardiomyocyte glucose uptake. Yet, this genet@pression shifts may correspond to the reéatbundance
approach based on manipulation of one transporter (Glu@#) reactve okygen species (known to target important
which mediates supply of one substrate (glucose) represesignalling proteins wolved in regulation of C&"
a rather artifically engineered cellular insulin resistanckandling?). Increased myofilament resporeiess to C&
scenario. ® extend these observations to the morés apparent, indicate d a secific cellular adaptation to
pathoplysiological context of type 2 diabetes, afeliént presere contractile function (see Figure 2). Whether this
approach using the fructose-fed mouse model has besdaptve gdrategy can maintain entricular function in the
employed. whole heart has not beenvastigated. Fe/ studies hae
investigated the effects of fructose feeding on intact heart
function, and these reported findings are inconsistent.
Changet al. (2007) obsersd deteriorated cardiac function
using echocardiogragtefter only 2 weeks fructose feeding
in rats#® In contrast, Chesst al.(2008) did not obseevany
fructose-induced alterations in basal cardiac function in
Hﬁ'ce hut the contractile abnormalities induced by pressure-
|

Lessons from the fructose-fed mouse

The fructose-fed mouse is normotemesiand not
obese, thus systemic loading (pressureotunae) influence
is not a confoundingattor’®#! Mild basal typerglycemia
is evident in the absence ofygerinsulinemid! It has
recently been demonstrated that chronic fructose feedi

induces cardiac insulin resistance, established throu
, 6 L
decreased  asition of dawnstream  signalling get. These findings suggest that although gplated

intermediates of the class | PI3K pathway (Akt and Sg;}yofilament :jesppne;éness to E%-f m?(. be successfu(ljas a
phosphorylation}! Dramatic reduction in insulin- short-term adapte drategy the ability to respond to

erload typertroply were eacerbated by the fructose
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is yet to be elucidated. The findings from these studies
A demonstrate that significant underlying cellular EC
) coupling disturbance may occur before cardiac functional
i impact is obsemble in vivo in the insulin resistant state
associated with high dietary fructose (sebl& 1 for direct
comparison with Glut4R and Glut4KD models).
In the relatvely mild systemic diabetic efronment
— induced by a high fructose diet, no evidence of abnormal
control ) . ;
cardiac growth is obsesd, but structural remodelling by
collagen infiltration is apparefit. Evidence from human
L ] and animal studies suggests that fibrosis infiltration occurs
100ms in parallel with cardiomyogde loss - the initial fibrotic
process is likely triggered by cell deatlvests which
stimulate gtokine-mediated collagen 'infill’ responses. The
evidence of diffuse interstitial fibrosis throughout the
diabetic myocardium suggests widespread cardiogigoc
attrition and cytokine adtity. Indeed, a 4% reduction in
fructose cardiomyogte number during 12 weeks fructose treatment
was detected - a rate of myge loss which could be
expected to hae marked cumulatie functional impact with
2.0 extended dietary exposure and maintenance of cardiac
insulin resistance. A detailedvigstigation of myocyte death
responses elucidated a role for autophagy (and not
apoptosis) in mediating the observed mgtecdropout in
this settingft!#

fructose

8.0 um

F360:380

control

100ms Autophagy in the diabetic heart

C. Cardiomyogte autophagy is closely liekl to enegy

10- metabolism and is an essential myocardial adapti
+— response to maintain energy homeostasis, particularly
during periods of cellular staation*®4° In excess, this
vacuolar destruction of proteins and gamelles is
understood to lead to type 2 programmed cell d¥=tie
intracellular environment of the insulin resistant heart may

Fructose Control

% Shortening
(normalized to Lo)

44 be considered to be a state of ‘glucose defioin’,
activating excessie autophagy Glucose depwiation (in

21 vitro) is a grong actvator of AMPK in cardiomyogtes>!
This ‘nutrient sensor’ is aeited by lav ATP and

0‘3 "1 é é upregulates autophagyia phosphorylation of mammalian

- target of rapamycin (mOR)>? thereby relieving mDR’s
Ca™" (Fura2 F340:330) inhibition of autophagic initiation. If theype 2 diabetic
heart is perceed as a 6brm of sustained ’glucose

Figure 2. Dietary fructose suppresses cardiomyocyt&*Cadeprivation’, in contrast, the glucose excessismmment of
handling and increases myofilament &aresponsiveness. type 1 diabetes might be expected to induce an entirely
A. Repesentative cardiomyocyte twitqrofiles from con- different/opposite AMPK ' response. Xiet al, (2011)
trol- and fructose-fed miceB. Repesentative catiomy- reported coincident denregulation of cardiac autophagy
ocyte C&* transient profiles from control- and fructose-fec@nd AMPK activity in tvo type 1 diabetic murine models
mice. C. Repesentative C#-shortening phase loopsofn  (STZ and WE26)>° Thus opposite autophagic responses
contol- and fructose-fed mouse diwmyocytes. Biken are apparent in type 1 and type 2 diabetic hearts and direct
arrow indicates pugression of contactile cycle Upper comparison of cardiomyocyte autophagy and energy stress
arrow indicates left shift in phase loop in fructose-fed) these tw disease settings is waequired.
mouse cardiomyocytes. Reprinted from Amgerican Jour
nal of Physiology: Heart and CirculationyRiology 20124
with permission. Clinical studies in humans strongly support the link
between insulin resistance and non-ischemic heart

s oo :
cardiac stress is diminished. Longevity of the compensatd#!ure.”">>and a specific insulin resistant cardiomyopath

> 44
myofilament adaptations with ongoing disease progressiifiependent of vascular abnormalities, is/mecognized?®
But the progression of cardiac pathology linked with insulin

Conclusions
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resistance is poorly understood. Masxperimental models

of insulin resistance and diabeteshibit coincident
hypertension and/or obesitthus selection of appropriate 13.
‘load-independent’ models of diabetic cardiopathology is
crucial to advance this fieldFindings from the Glut4
deficient and the fructose-fed mouse modelsvehal4.
demonstrated that specific cardiomyocyte EC-coupling
abnormalities are evident and myofilament adaptations may
act to presem ontractile function in the lo Ca*
intracellular  environment  observed in  diabeticl5.
cardiomyogtes. Identifying myocardial autophagy
activation as a ky gayer in type 2 diabetic cardiopathology16.
opens a n& area of irvestigation in this disease setting, and
provides potentially neel targets for treatment
development. Elucidating the cardiac phenotypes of type 1
vs type 2 diabetes, especially in relation to autophagic
processes, is a necessary next step in this field. 17.
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