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Exercise Training in Chronic Heart Failure

AJ Coats  Nat Rev Cardiol 2011



Exercise Training in Chronic Heart Failure
ESC Guidelines May 2012

McMurray et al.  Eur Heart J 2012
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Exercise Training in Chronic Heart Failure

Mechanisms of Action

• Peripheral Training Effects 

- skeletal muscle adaptations

• Cardiovascular Training Effects • Cardiovascular Training Effects 

- Increased dynamic heart rate range

• Interaction With Adverse Remodeling

Benito & Nattel  J Physiol 2009



Exercise Training in Chronic Heart Failure

Aerobic Exercise

End-Diastolic Volume

Haykowsky et al.  J Am Coll Cardiol 2007

End-Systolic Volume
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Cardiac Remodeling and Dysfunction
Effect of Exercise Training After an Acute MI

• Most clinical and experimental studies reported 

either no effect or beneficial effects

de Waard et al.  Circ Res 2007

• Exercise training early after a large acute MI may 

aggravate cardiac remodeling and dysfunction 

Jugdutt et al.  JACC 1988 

Kubo et al.  Am Heart J 2004 

Kloner et al.  Am Heart J 1983

Gaudron et al.  Circulation 1994



Mouse Models of Cardiac Remodeling

Myocardial infarction

8 wk Myocardial Infarction (MI) by

permanent LAD ligation

van den Bos et al.  AJP 2005

Pressure overload

8 wk Transverse Aorta Constriction

van Deel et al.  JMCC 2011
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Methods

Echography

Left Ventricular (LV) dimensions

FS

FS =
LVDED-LVDES

LVDED

X 100%



Hemodynamics
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Results

Pressure Diameter Loop



Left Ventricular Pressure-Diameter Relation
Control MI

Control

MI

de Waard et al   Circ Res 2007 LV diameter (mm)

4 5 6 7
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Exercise and LV Dysfunction and Remodeling after MI

de Waard et al   Circ Res 2007



Exercise and LV Dysfunction and Remodeling after MI
Wildtype Wildtype

SED

EX

de Waard et al  Circ Res 2007
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• Exercise attenuates interstitial fibrosis, apoptosis, 
cardiomyocyte (myofilament) dysfunction, and 
cardiac remodeling and dysfunction after MI

de Waard et al  Circ Res 2007

Exercise in Adverse Cardiac Remodeling

What are the molecular mechanisms underlying 
these beneficial effects of exercise training?



Molecular Mechanisms of Cardiac Remodeling

Mudd & Kass

Nature 2008



• Exercise attenuates interstitial fibrosis, apoptosis, 
cardiomyocyte (myofilament) dysfunction, and 
cardiac remodeling and dysfunction after MI

de Waard et al  Circ Res 2007

• Exercise is mimicked, in part, by overexpression 

Exercise in Adverse Cardiac Remodeling

• Exercise is mimicked, in part, by overexpression 
of endothelial NO synthase

Jones et al PNAS 2003; de Waard et al  Am J Physiol 2009



Exercise and LV Dysfunction and Remodeling after MI

Endothelial Nitric Oxide Synthase knockout
Wildtype Wildtype

de Waard et al  J Mol Cell Cardiol 2010

SED

EX

*P<0.05 vs Sham
†P<0.05 vs SED
‡P<0.05 vs Wildtype



Exercise and LV Dysfunction and Remodeling after MI

de Waard et al  J Mol Cell Cardiol 2010



• Exercise attenuates interstitial fibrosis, apoptosis, 
cardiomyocyte (myofilament) dysfunction, and 
cardiac remodeling and dysfunction after MI
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• Exercise is mimicked, in part, by overexpression 

Exercise in Adverse Cardiac Remodeling

• Exercise is mimicked, in part, by overexpression 
of endothelial NO synthase

Jones et al PNAS 2003; de Waard et al  Am J Physiol 2009

• Effects of exercise appear to be fully dependent 
on intact eNOS expression

de Waard et al  J Mol Cell Cardiol 2010



Exercise in Adverse Cardiac Remodeling

• Exercise in Chronic Heart Failure

- Clinical Evidence

- Mechanisms
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Exercise and Cardiac Remodeling after MI

End-Diastolic Volume

Haykowsky et al. Trials 2011



Exercise and Cardiac Remodeling after MI
Ejection Fraction

Haykowsky et al. Trials 2011



• Exercise training improves quality of life, 
exercise capacity and cardiac function while 
blunting cardiac remodeling in patients with 
chronic (systolic) heart failure

• Exercise training early after AMI appears safe 

Conclusions

• Exercise training early after AMI appears safe 
and effective in attenuating cardiac 
remodeling and improving cardiac function

• The optimal type, start, duration and intensity 
of exercise training remains to be established
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eNOS transgenic mice

Jones et al.  PNAS 2003

van Haperen et al.  J Biol Chem 2002



Exercise and LV Dysfunction and Remodeling after MI

Endothelial Nitric Oxide Synthase Overexpression

FibrosisLV Hypertrophy

Jones et al. PNAS 2003;  de Waard et al. Am J Physiol 2009

% ShorteningLV dP/dtP30



Exercise Training in Chronic Heart Failure
Hospitalization Free Survival

Piepoli et al.  BMJ 2004



All-Cause Death or Hospitalization CV Death or / HF Hospitalization

JAMA 2009;301:1439-1450

All-Cause Death or Hospitalization CV Death or / HF Hospitalization



Adverse Cardiac Remodeling

Effect of Exercise Training

• Exercise after Myocardial Infarction

- Role of eNOS

• Exercise after Pressure Overload

• Importance of Cardiac Loading Conditions



Mouse Models of Cardiac Remodeling

Myocardial infarction

8 wk Myocardial Infarction (MI)

permanent LAD coronary artery ligation

Pressure overload

8 wk Transverse Aorta Constriction (TAC)

mTAC: 25G   37± 3 mmHg

sTAC:  27G   57± 4 mmHg



Effects of exercise in mice with TAC

L
V

E
D

D
 (

m
m

)

3

4

5

L
V

w
e
ig

h
t 

/ 
T

L
 (

m
g
/c

m
)

75

100

125

*
*

* *

†
† *† *†sedentary

exercise

LV weight LV Diameter

Left ventricular geometry

L
V

E
D

D
 (

m
m

)

0

1

2

3

L
V

w
e
ig

h
t 

/ 
T

L
 (

m
g
/c

m
)

0

25

50

75 *

00
SH mTAC sTAC SH mTAC sTAC

Van Deel et al  J Mol Cell Cardiol 2011



Effects of exercise in TAC versus MI

% Shortening Filling Pressure Lung Edema

Maximum Force Passive Force Ca2+ Sensitivity SERCA

Fibrosis

Maximum Force Passive Force Ca2+ Sensitivity SERCA

Van Deel et al  J Mol Cell Cardiol 2011



• Exercise training attenuates left ventricular 
dysfunction in post-MI remodeling, but not in 
pressure overload hypertrophy

Ø The effects of exercise training on left ventricular 
dysfunction appear critically dependent on the 

Conclusions

dysfunction appear critically dependent on the 
underlying cause of hypertrophy / remodeling

Ø The divergent effects of exercise may be due to 
intrinsic differences in the remodeling phenotype, 
but may also be related to the different 
hemodynamic responses to exercise
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Exercise Training and Ejection Fraction 

Aerobic

Static

Aerobic

Static

Aerobic + Static

Static

Aerobic + Static

Haykowsky et al  J Am Coll Cardiol 2007



• The lack of a beneficial effect of exercise training in 
mice with aortic constriction could be due to the 
exaggerated hemodynamic loading conditions 
during running

Conclusions

during running

Ø eNOS overexpression: The benefit of exercise 
without the hemodynamic overloading?
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• The effects of exercise training on left ventricular 
dysfunction appear critically dependent on the 
underlying cause of hypertrophic remodeling and the 
associated response to exercise

Conclusions

Ø These divergent effects of exercise appear to be 
due to different effect of eNOS in hearts with 
pressure-overload versus MI-induced hypertrophy 
subjected to exercise training



Exercise Training prior to Infarction

de Waard et al  under revision 2009



Exercise Training prior to Infarction

de Waard et al  under revision 2009
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Exercise and Cardiac Remodeling after MI

Haykowsky et al. Trials 2011



Left Ventricular Pressure-Diameter Relation

Control

TACmild

TACsevere

MI

LV diameter (mm)

4 5 6 7

Control



Adverse Cardiac Remodeling

Effect of Exercise Training

• Exercise after Myocardial Infarction

- Role of eNOS

• Exercise after Pressure Overload

• Importance of Cardiac Loading Conditions


