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Sympathetic Nervous System    

Lymperopoulos A, Rengo G, Koch WJ. Circ Res 2013;113:739-753. 



Lymperopoulos A, Rengo G, Koch WJ. Circ Res 2013. 

Sympathetic Nervous System input to the 

heart and its regulation  
  

1) norepinephrine released by 

cardiac sympathetic nerve 

terminals located in the sinus 

and atrioventricular nodes 

(resulting in tachycardia and 

acceleration of atrioventricular 

conduction) and in the left 

ventricle (resulting in an 

increased force of contraction);  

2) epinephrine (and to a much 

lesser extent norepinephrine) 

released into the circulation by 

the adrenal medulla, 

modulating both myocardium 

and peripheral vessels 



Plasma Norepinephrine in congestive heart 

failure 

Thomas JA et al Am J Cardiol 1978 



Plasma Norepinephrine in elderly 

normotensive subjects 

Wallin BG et al Acta Physiol Scand 1981 



SNS Hyperactivity 

Myocardial oxigen consumption (J Mol Cell Cardiol 1985); 

Cardiac interstitial fibrosis (Eur J Pharmacol 2004); 

Myocyte apoptosis (Cardiovasc Res 2004); 

Adverse remodeling (Am J Physiol Heart Circ Physiol 2007); 

Reduction of the inotropic reserve (NEJM 1982);  

Myocardial ROS production (J Cell Mol Med 2007); 

Risk of arrythmias (NEJM 1991); 

Renin-angiotensin-aldosterone system (Am J Physiol 1992); 

Renal and peripheral vascular resistance (JACC 2009);  

+ 

- β-blockers 

Physiological 

ageing 

Heart  

Failure 
Aiming at preservation of cardiac output. 

Long term-

sustained 



Decreased catecholamine sensitivity and   

β-AR density in failing human hearts 

Bristow MR et al N Engl J Med 1982 



β-AR function changes with age of subjects 

in myocytes from non-failing human ventricle 

Davies CH & Ferrara N et al Cardiovasc Res 1995 

Sympathetic nervous system hyperactivity 

and consequent “β-adrenoceptor 

desensitization/down-regulation” are 

common mechanisms which explain age- 

and heart failure-related decrease in β-

adrenoceptor response to agonists 
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 Hugerer M et al. Circulation 1993 

Altered expression of β-adrenergic receptor 

kinase and β1-AR in the failing human heart 



Leineweber K et al. JACC 2003 

Unchanged GRK activity in the  

aging human heart 



Exercise training and β-blocker treatment 

ameliorate age-dependent impairment of β-AR 

signaling  

 

Leosco D et al Am J Physiol Heart Circ Physiol 2007 
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Clinical trials 

Large animal 
models 

Small animal 
models 

Transgenics 
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Large Animal Gene Therapy 

Raake PW et al. Eur. Heart J. 2013 



Clinical trials 

Large animal models 

Small animal models 

Transgenics 

Ex vivo testing 

Therapeutic 
Design 

Clinical observation 

Effective Model of Translational Research 

Circulation 1993 

Circulation 2004 

Circulation 2000, 2001, 2009  

Science 1995, PNAS 1998, 2001, 

JACC 2002, Circ. Res 2008 

Eur Heart J. 2012 



Cannavo et al. Expert Opin Ther Targ 2017 

ʲ
ʴ

KD	 	h

RH	

ATP	ADP	

COO-	

-OOC	

P	

NH3
+	

NH3
+	

COO-	

+H3N
	

A̡RKct	

COOH	

OH	OH	
HO	

O	

Gallein	

5Ω	3Ω	

RNA	Aptamer	

O	

O	

O	
NH	

Paroxe ne	

GRK2	

GPCR	

Cannavo et al. Expert Opin Ther Targ 2017 

Novel strategies to inhibit GRK2 



Schumacher Sci Transl Med. 2015  

Paroxetine-mediated GRK2 inhibition 

reverses cardiac dysfunction and 

remodeling after myocardial infarction 



Tian X et al. Neuropsy Dis and Treat 2016 

Effects of paroxetine-mediated GRK2 

inhibition on depression and cardiovascular 

function in patients with myocardial infarction 

Notes: Data was expressed as mean ± SD. *P,0.01 compared with before treatment within groups. **P,0.01 compared with after 

treatments of AMID+N.  ***P,0.01 compared with after treatments of fluoxetine. 

Abbreviations: FS, shortening fraction; HAMD-17, 17-item Hamilton Depression Scale for Depression; LVEF, left ventricular ejection 

fraction; SDS, self-rating Depression scale 



Compound/Pepti

de 

Preclinical 

studies 

Clinical Trials (Phase I-III) 

In vitro In vivo 

Balanol x     

Paroxetine x x NCT03274752 

RNA-Aptamer 

C13 

x     

Heparin x     

Cmpd101 x     

GRK2-Inh (59-

74E) 

x     

14as x     

βARKct x x   

Gallein x x   

Known GRK2-targeting compounds with 

respect to their stages in clinical development 

 

Paroxetine-mediated GRK2 

Inhibition to Reduce Cardiac 

Remodeling After Acute 

Myocardial Infarction (CARE-

AMI) 
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The α2A-AR is the main presynaptic inhibitory autoreceptor in the CNS, lowering sympathetic 

outflow/BP in response to α2-AR agonist drugs and, along with the α2C-AR, inhibits NE release 

in mouse atria (Hein et al., 1999, Nature 402:181–184). α2-ARs are responsible for the 

autocrine feedback inhibition of CA release from the adrenal gland (Brede et al., 2003, Mol. 

Endocrinol. 17:1640-1646). 

 

α2ARs of cardiac sympathetic nerves and adrenal gland play an essential role in regulation of 

SNS activity/outflow in HF (Brede et al.,  2002, Circulation 106, 2491-2496,  Brum et al., 2002, 

Am. J. Physiol. Heart Circ. Physiol. 283, H1838-H1845, Small et al., 2002, N. Engl. J. Med.  

347, 1135-1142). 

Presynaptic inhibitory autoreceptor: α2-AR  

There is a role of α2-AR in the 
pathophysiology of sympathetic 
nervous system hyperactivity in 

heart failure? 



Lymperopoulos A & Rengo G et al Nat. Med. 2007 

Adrenal GRK2 upregulation mediates sympathetic overdrive 

in heart failure 

Adrenal Adrenal Gland 
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Desensitization of  in HF                                                     

rat adrenal-derived chromaffin cells 

Lymperopoulos A & Rengo G et al Nat. Med. 2007 
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βARKct restores adrenal α2AR-induced CA 

secretion inhibition in HF rats 

Lymperopoulos A & Rengo G et al Nat. Med. 2007 



Lymperopoulos , Rengo et al. Mol Ther 2008 

Adrenal GRK2 upregulation mediates 

sympathetic overdrive in heart failure 
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Cortex 
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Cortex 
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Ab-TH Ab-GRK2 Blank 

In vitro modulation of adrenal GRK2 activity regulates human 

chromaffin cell α2AR function and thus catecholamine secretion  

Cannavo A & Rengo G et al. JACC 2017 *p < 0.05 vs. CTR + nicotine; †p < 0.05 vs. CTR þ nicotine þ UK14304)  



Kamal FA et al. JACC 2014 

 

Gallein reduces CA secretion and normalizes α2-AR feedback 

inhibition in pheochromocytoma human adrenal medulla 



Age-related alterations of adrenal GRK2-α2-adrenergic receptor-

catecholamine production axis 
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α2-adrenergic receptor responsiveness in adrenal chromaffin cells 

extracted from young and old rats 
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Effects of GRK2 inhibition on α2-adrenergic receptor 

responsiveness in adrenal chromaffin cells extracted from old rats 
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How to measure SNS hyperactivity in HF 

Method Advantages Limitations 

Plasma Norepinephrine 

• Easily measurable;  • High variability;  

• Overestimation due to reduced 

renal clearance in HF; 

• Systemic NE does not reflect 

organ-specific concentrations; 

Norepinephrine Cardiac/Renal 

spillover 

• Information on organ-specific 

sympathetic activity; 

• Indipendent from HF severity; 

• Invasive tecniques; 

• Available in specialized centres; 

Heart rate variability 

• Easily and non-invasively 

performable;   

• HRV reflects sinoatrial 

response to sympathetic/vagal 

stimulation; 

• No individual HR spectral 

component is specific for 

sympathetic cardiac modulation; 

123I-MIBG 

• Information on cardiac-specific 

sympathetic dysregulation; 

• Non invasive; 

• Expensive tecnique; 

• Patients exposition to 

radionuclides; 



Novel markers looking at SNS hyperactivity            

and Outcome in HF  

SNS hyperactivity induces an increase in GRK2 

cardiac levels that in turn causes βAR dysfunction 
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GRK2 the HbA1c of Heart Failure dependent SNS 
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dependent cardiac βAR dysfunction 

Adapted from Rengo G et al. JMCC 2010 



Elevated myocardial and lymphocyte GRK2 expression  

and activity in human heart failure 
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257 HF patients with LVEF 31.4±8.5%. At the time of enrollment, plasma norepinephrine, serum NT-proBNP, and lymphocyte GRK2 levels, as well 
as clinical and instrumental variables were measured. Over a mean follow-up period of 37.5±20.2 months (range, 3–60 months), age, left 
ventricular ejection fraction, NYHA class, NT-proBNP, and lymphocyte GRK2 protein levels were independent predictors of CV mortality in HF 
patients. GRK2 levels showed an additional prognostic and clinical value over demographic and clinical variables.  

Rengo G et al. Circulation Research 2016 



Proportion of Global R2 (0.48) on CV mortality 

Rengo G et al. Circulation Research 2016 



CONCLUSIONS 

• SNS hyperactivity and β-AR dysregulation are 

common characteristics of chronic HF and of 

physiological ageing 

 

• Cardiac GRK2 levels are increased in HF and 

induce β-AR downregulation/desensitization. 

 

• Cardiac GRK2 inhibition via gene therapy or 

pharmacological inhibitors is therapeutic in HF 

 

• GRK2-mediated α2-adrenergic receptor 

dysfunction is a crucial mechanism of SNS 

overdrive in HF and physiological ageing 

 

• Lymphocyte GRK2 protein levels appear as a 

new biomarker in chronic HF  giving important 

information on SNS hyperactivitation and on the 

level of SNS-dependent cardiac βAR dysfunction 
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