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Model Justification

« \Wehave elected to model the diabetic
cardiomyopathy in mice by analyzing existing
models at the level of insulin signaling,
substrate utilization and mitochondrial
function - ob/ob and db/db mice

e By generating mouse modelswith altered
Insulin signaling and altered substrate flux -
CIRKO, G4H-/- and Dn PI 3- K transgenics

* By examining theresponse of these modelsto
clinically relevant stresses namely cardiac
hypertrophy and myocardial ischemia




Cardiomyopathy

Minimal Criteriafor Mouse M odels of Diabetic
Cardiomyopathy

In the context of insulin resistance and hyperglycemia:
- Decreased gjection fraction + evidence of diastolic dysfunction
- Interstitial or replacement fibrosis
- LV hypertrophy (models of type 2 diabetes)

Validation Criteriafor Mouse M odels of Diabetic
Cardlomyopathy

Invasive assessment of LV function in vivo to confirm systolic + diastolic
dysfunction

- Evidenceof LV dysfunction in isolated perfused hearts

- Evidence of abnormal cardiac metabolism and mitochondrial dysfunction

- Altered gene expression e.g. increased expression of beta-MHC, decreased
expression of apha-MHC, decreased expression of glucose transporters (GLUT4
and GLUT1)

- Impaired response to stress such as pressure overload hypertrophy and myocardial
Ischemia
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University of Utah Current
Models
UNIVERSITY—
OF UTAH Animal model Background Current Status
Strain
Ob/ob c57BI1/6J Final/advanced
phenotyping
Db/db c57BIKS Final/advanced
phenotyping
CIRKO Mixed Final/advanced
phenotyping
UCP-DTA FVB Ongoing
phenotyping
Dominant Negative FVB Phenotyping in
PI3Kinase Progress
Inducible CIRKO Mixed Early Phenotyping
ACS-CIRKO Mixed Breeding is in
Progress
STZ Various CIRKO-STZ in
progress
GLUT4 Heart Mixed Ongoing

Specific

phenotyping




Summary of Previous Presentation

* |ntwo modelsof type 2 diabetes (ob/ob and db/db mice)
cardiac dysfunction is associated with

- Myocardial Lipid Accumulation
- Impaired Myocardial Insulin Signaling

- Altered Substrate Utilization (increased Fatty Acid Oxidation,
reduced Glucose Oxidation and increased Myocardial Oxygen
Consumption)

- Mitochondrial Dysfunction characterized by Reduced
Respiratory Capacity, Mitochondrial Uncoupling, I ncreased
ROS Production and Mitochondrial Proliferation.

e With the exception of Lipid Accumulation, all of these
phenotypes arerecapitulated in the CIRKO mouse
(Cardiomyocyte Restricted KO of Insulin Receptors).



The CIRKO Mouseisthe Major
Platform on which we will M odel
the Diabetic Cardiomyopathy

e Increasing Lipid Delivery via Transgenic
Approachesand STZ Diabetes
e Evaluating the Early Consequences of L 0ss of

Insulin Signaling in an Inducible CIRKO
mouse

e Pursuing Mechanismsthat are Responsible for
Increased Myocardial Injury in this M odel

« Evaluatingtherole of downstream signaling
pathways such as PI-3 Kinase



EAC Recommendations and Responses

 Functional (Echo) data of myocardial function isa good start.
Should continue these studies with older animals, paying
specific attention to insulin sensitivity and glucose
measur ementsto correlate with function.

* Ob/ob and db/db mice have been studied (echo and cath) at
15 week's, and a longer cohort isin progress.

e Exvivo studies have been performed in CIRKO mouse hearts
out to 1 year. Caths and Echos have been performed out to 15
week s at baseline and following hypertrophic and ischemic
stimuli. An aging cohort isin progressfor 1year in vivo
studies.



EAC Recommendations and Responses

e Interesting data with the alteration in metabolism and
mitochondrial function. The CIRKO and dNPI3K animals also

look intriguing.

e Our working hypothesisisthat impaired myocardial insulin
signaling will increase the susceptibility of the heart to fatty
acid induced injury. To addressthiswe areincreasing FA
delivery to CIRK O heartsin two ways.

- STZ diabetes - Studies have been completed. Echocar diographic
data and mitochondrial function analyses are being completed.

- Crossing CIRK O mice with transgenic mice that over express Acyl-
CoA synthetase. - Breeding isin progress. ACStransgene has been
successfully bred into the floxed IR background. Breeding is now
IN progressto generate double Cre/ACS transgenics.

« Mitochondrial Phenotyping of dNPI3K mice has started.



EAC Recommendations and Responses

* While the observation that ob/ob and db/db mice have
mitochondria dysfunction and respiratory uncoupling Is
Interesting, the relevance of these models to human
diabetic cardiomyopathy isless straightforward. It
appears that a great deal of descriptive data have been
generated for models that may not be very relevant to
humans with insulin resistance and intact leptin
signaling pathways.



EAC Recommendations and Responses

e Two recent human studies have provided evidence that
similar changes may betaking place in humans.

- Scheuermann-Freestone M et. al. Circulation 107:3040-6 (2003)

Myocardia high energy phosphate content was reduced in the
hearts of type 2 diabetics and isinversely correlated with
circulating FFA concentrations.

- Peterson LR et.al. Circulation 109: 2191-6 (2004)

Y oung women with morbid obesity have LV hypertrophy,
Increased rates of FA oxidation, increased MV O2 and decreased
cardiac mechanical efficiency. Positive correlation between BMI
and MV O2, glucose intolerance and fatty acid uptake.

« Myocardia insulin resistance occurs in leptin independent animal
models such as the UCP-DTA mouse and the Goto-Kakizaki rat

- DesroisM et al. IMCC 37: 547-55 (2004) and Cardiovasc. Res.
61: 288-296 (2004)



Mice versus Men

Evidencefor Altered Myocardial
Substrate Utilization, I nsulin
Resistance and | mpaired
Myocardial Energeticsin Humans
with Obesity and Diabetes



M echanistic Observations Human Studies

Cardiac ¥'P MR spectra

--Using NMR spectroscopy individuals with

PCr

type 2 diabetes were recently shown to have | AE oo

2.3-DPG

reduced myocardial high energy phosphate
content that was inversaly associated with
circulating levels of FFA (Scheuermann-
Freestone M et al. Circulation 107:3040,
2003), suggesting mitochondrial
dysfunction

--Using MR spectroscopy astrong

associ ation between obesity and increased
myocardial triglyceride accumulation was
described. Indeed myocardia TG content
was positively associated with LVH and
Inversely associated with LV function
(Szczepaniak et al. Magnetic Resonance in
Medicine 49:417, 2003).




Mitochondrial Dysfunction and Increased Uncoupling in
Cardiac Mitochondria from db/db Mice
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Targeted Proteomic Analysis of ob/ob Mitochondria
- =
] ]

B \WT B ob/ob



Mitochondrial ATP Production in Glucose and
Palmitate Perfused ob/ob Mouse Hearts
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Body M ass | ndex Serum Insulin
50 * 15 -
40- |
N s [
20- 2 1 [
10-
0- 0-

Lean  Obese L ean Obese

Peterson L et al - Circulation 2004;109:2191-96



Grams

Cardiac Structure/Function
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Fatty Acid Utilization
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stimptien i thelHearts of 4-week-old ob/ob Mice
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ob/ob Mice

Glucose Oxidation

- WT ob/ob
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Does | nsulin Resistance Occur In the
Human Heart?

.8

» Using euglycemic clampsand PET
scanning (under physiological levels of
insulin), the hearts of individuals with
type 2 diabetes demonstrates reduced
insulin stimulated glucose uptake that
was equivalently decreased in subjects %
with and without CAD. And a positive 12D CAD+T2D
correlation was observed between
myocardial glucose uptake and LV
g ection fraction (lozzo P et al. Diabetes
51:3020, 2002).
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lmpaired Insulin Signaling In
Cardiomyocytes of Ob/Ob Mice
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EAC Recommendations and Responses

 Theidea of diastolic dysfunction asacriteriafor diabetic
cardiomyopathy is extremely guestionable given current
technologies.

 Weagree. Itisfor thisreason, that the criteriathat we have
developed for diabetic cardiomyopathy includes evidence for
systolic dysfunction (i.e. decreased gection fraction), aswell as
evidence of myocardial injury such asinterstitial fibrosis, and LV
hypertrophy in models of type 2 diabetes.

« Better modelsof increased lipid delivery to the heart should
be pursued. Why not include transgenic PPARalpha micein
these studies? These animals appear to have a myocardial
phenotypethat resemblesthe diabetic state.

» We agree that many models of increased myocardial lipid
delivery now exist. We have initially chosen the ACS miceto
evaluate the role of increased fatty acid entry per se.



EAC Recommendations and Responses

« Arethe CIRKO morelikely to die prematurely, especially
after aortic banding? Humans with diabetic cardiomyopathy
have an increased rate of sudden death. Telemetry studies
could addresswhether any of these models have cardiac
arrhythmias.

 Theaortic banding in CIRKO animals have so far been only
extended to four weeks. Although we see significantly
reduced cardiac function, we have not observed premature
mortality. We would expect however, that CIRKO mice
would die earlier than wildtype mice if we follow them for
longer periods of time post-aortic banding.



EAC Recommendations and Responses

Are the CIRKO more likely to die prematurely, especially after aortic banding?
Humans with diabetic cardiomyopathy have an increased rate of sudden death.
Telemetry studies could address whether any of these models have cardiac arrhythmias.

We did observe increased early/premature mortality in CIRKO mice
following coronary artery ligation. Sudden death after myocardial
Infarction is more likely among diabetics. Moreover, we have recently
published a paper showing that potassium currents are altered in the
hearts of CIRKO mice, in amanner that is similar to that observed in
db/db mice (Shimoni et al J. Physiol 2004, 555: 345-354). In a second
study now underway using optical mapping we have seen that the
propagation of the action potential is markedly attenuated in CIRKO
mouse hearts following ischemia. These electrophysiological changes
would definitely predispose CIRKO hearts to arrhythmias.

We have just obtained EK G telemetry capability and will use thisto
address the question of arrhythmias in ischemic CIRKO heartsin vivo



Phenotyping to Date U

UNIVERSITY

Criteria/Validation

Db/db mice °FUIAH

Ejection Fraction

Reduced

Replacement/Interstitial Fibrosis

Trichrome Stainsin progress.
Increased myocardia lipid.

Cardiac Hypertrophy

No

Invasive Assessment of LV Function

tLVSP,t LVDP as early as 4-weeks of
age,t dP/dt.

| solated Hearts

Decreased LV Function much worse
than ob/ob.

Cardiac Metabolism/Mitochondrial
Function

+Glucose Ox, tFA OX
Mitochondrial Dysfunction is present.

Gene Expression MHC isoforms switched.
Response to Stress Pending
Electrophysiology Prolonged action potential.




Phenotyping to Date U

Criteria/Validation Ob/ob Mice  ~"oi\ rany |
Ejection Fraction Reduced
Replacement/Interstitial Fibrosis Trichrome pending, Increased
myocardial lipid.
Cardiac Hypertrophy Yes

Invasive Assessment of LV Function

+LVSP,tLVEDP as mice age, dp/dtt at 4
weeks, | at 8-weeks.

| solated Hearts

Decreased LV Function.

Cardiac Metabolism/Mitochondrial
Function

| Glucose Ox, t FA- OX
Mitochondrial dysfunction is present.
Insulin signaling in cardiomyocytesis
Impaired.

Gene Expression MHC isoforms switched.
Response to Stress Impaired Inotropic Response

Electrophysiology

NA




Phenotyping to Date U

UNIVERSITY
Criteria/Validation CIRKO Mice °FUIAH
Ejection Fraction Reduced
Replacement/Interstitial Fibrosis Increased
Cardiac Hypertrophy Age dependent

Invasive Assessment of LV
Function

LV Function reduced, + Increased
Diastolic Pressures.

| solated Hearts

Decreased LV Function.

Cardiac Metabolism/Mitochondrial
Function

| Glucose Ox, tFaOX (young)

+ FaOX (Old). Mitochondrial
dysfunction is present.

Gene Expression MHC isoforms switched.
Response to Stress Impaired response and increased injury

following ischemia, pressure overload and
chronic catecholamine stimulation.

Electrophysiology

Prolonged action potential




M echanismsfor | ncreased
Cardiac Injury in CIRKO Mice



Development of a Minimally
lnvasive M ethod for Inducing
Pressure Overload
Hypertrophy in Mice

M-mode recordings in Sham and Aortic
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Hu P, et al. AJP, 2003




Aortic Banding in CIRKO Mice

HuP. et a. AJP. 2003 AR



Banded CIRKO Hearts
Develop I ncreased Fibrosis




Response of CIRKO
Heartsto | soproterenol
|nfusion
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Intrinsic Contractility of Myocytes Isolated
from ISO Treated CIRKO Is Normal
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Impaired Angiogenic Gene Response in ISO
Treated CIRKO Hearts
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Reduced Capillary Density in ISO Treated
CIRKO Hearts
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TUNEL STAINING OF CIRKO HEARTS
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Immunohistochemistry for Cleaved Caspace 3




Summary

|n addition to changesin mitochondrial function -
Altered FA utilization and increased mitochondrial
ROS production.

CIRKO Heartsare more susceptibletoinjury in the
face of hemodynamic stress because of

mpaired Adaptation of the Coronary Vasculatureto
Hypertrophic Growth of Cardiomyocytes L eading to
Reduced Capillary Density

ncreased | schemic Injury
ncreased Susceptibility to Apoptosis




Phenotyping to Date U

UNIVERSITY
Criteria/Validation CIRKO+SrZz  “'UIAH
Ejection Fraction In Progress
Replacement/Interstitial Fibrosis In Progress
Cardiac Hypertrophy Pending
Invasive Assessment of LV Function | Pending
|solated Hearts Decreased LV Function.
Cardiac Metabolism/Mitochondrial Pending
Function
Gene Expression In Progress
Response to Stress Pending
Electrophysiology Pending




Phenotyping to Date U

UNIVERSITY

Criteria/Validation CIRKO+ ACSMice Y 'Al
Ejection Fraction Pending

Replacement/Interstitial Fibrosis Pending

Cardiac Hypertrophy Pending

Invasive Assessment of LV Function | Pending

|solated Hearts Pending

Cardiac Metabolism/Mitochondrial Pending

Function

Gene Expression Pending

Response to Stress Pending

Electrophysiology Pending




Phenotyping to Date U

Criteria/Validation

UNTVERSITY

Ejection Fraction

Normal, but reduced after Aortic
banding

Replacement/Interstitial Fibrosis

Increased after aortic banding

Cardiac Hypertrophy

Not at basaline but increased after aortic
banding

Invasive Assessment of LV Function

Pending

| solated Hearts

Decreased LV Function.

Cardiac Metabolism/Mitochondrial
Function

Similar to older CIRKO mice
Mitochondrial dysfunction is present.

Gene Expression MHC isoforms not switched. ANF is
Increased
Response to Stress |mpaired response to aortic banding

Electrophysiology

NA




Carnitine-Palmitate Respirations are Reduced
In Micewith Reduced PI-3Kinase Activity

x




Summary of Phenotyping Capabilitiesthat
are Avallableto Other Consortium Members

Whole Animal M etabolic Phenotyping: Glucose Clamps,
Serum Analysis- Insulin, FFA, Leptin, Adiponectin

Intact Animal Cardiovascular Phenoyping: Invasive LV
Catheterization, Mouse Echocardiography, Aortic
Banding and Coronary Artery Ligation Surgery, EKG
telemetry.

| solated Hearts. | sovolumic and Working Heart
Preparations for Determination of Cardiac Function,
Substrate M etabolism and Oxygen Consumption

Mitochondrial Phenotyping: Bioenergetics, Respiration,
ATP, Mitochondrial Enzyme Assays

Histological Assessment: Light Microscopy,
| mmunofluorescence, Electron Microscopy



Current Collaborationswith Other
Consortium Members

o Generation of podocyterestricted GLUT4 KO mice
(Utah +Michigan)

 Metabolic Phenotyping of mouse model of lipotoxic
cardiomyopathy -Heart-restricted overexpression or
KO of LPL. (Utah + Columbia)

 Metabolic Phenotyping and pressure overload
nypertrophy studies of mice with heart-restricted
KO of PPAR-gamma. (Utah + UCLA)

e Histological and Ultrastructural analysis of Diabetic
Pig Hearts (Utah + UNC)
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