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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

Cardiac ANS
Nerve Terminal

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



Plasma Norepinephrine in congestive heart
fallure
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Plasma Norepinephrine in elderly
normotensive subjects
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Physiological Heart

ageing ﬁ SNS Hyperactivity ﬁ Failure

&

Myocardial oxigen consumption (3 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 (NEam 1991);
Renin-angiotensin-aldosterone system (Am J Physiol 1992);
Renal and peripheral vascular resistance (Jacc 2009);




Decreased catecholamine sensitivity and
B-AR density in failing human hearts
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B-AR function changes with age of subjects
In myocytes from non-failing human ventricle
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Altered expression of B-adrenergic receptor
kKinase and 3;-AR in the failing human heart
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Unchanged GRK activity in the
aging human heart
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Figure 3. Adenylyl cyclase activity in right atrial appendages obtained from
six children (4 males and 2 females; mean age 13 * 3 years [range 4 to 21];
open columns) and nine clderly patients (5 males and 4 females; mean age
66 * 3 years [range 52 to 78]; solid columns). Data are given as the mean
value + SEM. *p < 0.05 vs. children. B = basal; GTP = 10 pmol/l
guanosine triphosphate; ISO = 10 pumol/l isoprenaline; FOR = 10 pmol/]
forskolin.

[

)
-]

e

2

g
P

[~}

-

x

£ 61
2

Q

A

v

o

<4

—_

Q.
g—-

127 T cytosolic GRK MM membraneous GRK
10+

children elderly

Figure 1. (A) Typical autoradiopraph of light-dependent in vitro phos-
phorylation of rhodopsin (QI’—ROS) by atrial cytosolic (CYT) and mem-
branous (MEM) GRK obtained from a child (3-year-old male; NYHA
dass 0) and an clderly patient (60-ycar-old male; NYHA class I). (B) Bar
graph showing cytosolic and membranous GRK activity in right atrial
appendages obtained from 10 children (5 males and 5 females; mean age 6
* 2 years [range 3 months to 20 years]; NYHA class 0.9 = 0.3) and cight
dderly patients (4 males and 4 females; mean age 68 + 3 years [range 59
to 80]; NYHA class 1.9 * 0.4). Activitics were calculated as 32p
ncorporated in rhodopsin in cpm X 10° per mg protein. Data arc given as
the mean value = SEM.

Leineweber K et al. JACC 2003



Exercise training and B-blocker treatment
ameliorate age-dependent impairment of B-AR
signhaling
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Translational Research

Clinical observation

Altered Expression of B-Adrenergic Receptor
Kinase and B;-Adrenergic Receptors in the
Failing Human Heart

Martin Ungerer, MD; Michael Béhm, MD; John S. Elce, PhD;
E. Erdmann, MD; and Martin J. Lohse, MD

Background. In chronic heart failure, the positive inotropic effects of B-adrenergic receptor agonists are
greatly reduced, in part as a result of two alterations of the cardiac B-adrenergic receptors: loss of their
function (receptor uncoupling) and reduction of their number (downregulation). In vitro studies have
shown that a major mechanism leading to B-adrenergic receptor uncoupling involves phosphorylation of
the receptors by the specific B-adrenergic receptor kinase (BARK).

Methods and Results. We have therefore investigated expression of SARK and B-adrenergic receptors in
samples from the left ventricles of patients with dilated cardiomyopathy or ischemic cardiomyopathy and
from nonfailing control ventricles. Contractile responses to B-receptor stimulation were decreased in the
failing hearts compared with control hearts, whereas those to forskolin and calcium remained unchanged.
The messenger RNA (mRNA) levels of BARK, B;- and B,-receptors, and of glyceraldehyde phosphate
dehydrogenase and B-actin as controls were measured by quantitative polymerase chain reactions. In
addition, BARK enzyme activity assays were performed, and the levels of B;,- and B;-receptors were
determined by radioligand binding. BARK mRNA levels were increased almost threefold in both forms of
heart failure, and BARK activity was enhanced. 8,-Receptor mRNA levels and B,-receptor numbers were
decreased by —50% in both failing groups, whereas these levels were unaltered for B;-receptors. There
were no differences between dilated and ischemic cardiomyopathy for any of these parameters.

Conclusions. In addition to other alterations found in failing hearts, the diminished response to
B-receptor agonists appears to involve the combined effects of enhanced expression of BARK and reduced
expression of B,-receptors. (Circulation 1993;87:454—463)

KEY WORDS o heart failure e receptors, B-adrenergic e kinase, S-adrenergic receptor o RNA,
messenger
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Translational Research

Proc. Natl. Acad. Sci. USA
Vol. 91, pp. 3637-3641, April 1994
Biochemistry

Functionally active targeting domain of the B-adrenergic receptor
kinase: An inhibitor of Gg,-mediated stimulation of type II

adenylyl cyclase

J. INGLESE*, L. M. LUTTRELL*, J. A. IfiGuez-LLunit, K. Tounara*, W. J. KocH*, anp R. J. LEFKowITZ*

*Departments of Medicine and Biochemistry, Box 3821, Howard Hughes Medical Institute at Duke University Medical Center, Durham, NC 27710; and
Department of Pharmacology, University of Texas Southwestern Medical Center, Dallas, TX 75235

Contributed by R. J. Lefkowitz, January 7, 1994

ABSTRACT  The B-adrenergic receptor kinase (BARK)
phosphorylates its membrane-associated receptor substrates,
such as the B-adrenergic receptor, triggering events leading to
receptor desensitization. BARK activity is markedly stimulated
by the isoprenylated By subunit complex of heterotrimeric
guanine nucleotide-binding proteins (Gg,), which translocates
the kinase to the plasma membrane and thereby targets it to its
receptor substrate. The amino-terminal two-thirds of BARK1
composes the receptor recognition and catalytic domains, while
the carboxyl third contains the Gg, binding sequences, the
targeting domain. We prepared this domain as a recombinant
Hisg fusion protein from Escherichia coli and found that it had
both independent secondary structure and functional activity.
We demonstrated the inhibitory properties of this domain
against Gg, activation of type II adenylyl cyclase both in a
reconstituted system utilizing Sf9 insect cell membranes and in
a permeabilized 293 human embryonic kidney cell system.
Gio-mediated inhibition of adenylyl cyclase was not affected.
These data suggest that this Hiss fusion protein derived from
the carboxyl terminus of BARK1 provides a specific probe for
defining Gg,~mediated processes and for studying the strut-
tural features of a Gg,-binding domain.

the vy subunit of Gg, (15), allowing the kinase to be translo-
cated to the rhodopsin-rich membranes of the retina in a
light-dependent fashion (16).

In an effgrt to develop a functionally active Gg,-binding
domain, we expressed the carboxyl-terminal domain of
BARKI1 in Escherichia coli as a Hise-tagged fusion protein.
Here we describe the properties of this stable 27-kDa domain
which retains the ability to form a complex with Gg, and
inhibits the Gg, stimulation of type II adenylyl cyclase both
in a reconstituted membrane system and in intact cells.

MATERIALS AND METHODS

Materials. The full-length cDNA encoding the human do-
pamine 1A receptor (D;4R) was provided by Marc Caron
(Howard Hughes Medical Institute, Duke University) and
that for the rat type II adenylyl cyclase (17) by Randall Reed
(Johns Hopkins University). Human embryonic kidney 293
(HEK-293) cells (ATCC CRL-1573) were from the American
Type Culture Collection. Eagle's minimum essential me-
dium, fetal bovine serum, and gentamicin were from GIBCO.
Reduced streptolysin O was from Wellcome. Radioligands,
including [*HlcAMP, [*H]JSCH23390, [*H]ychimbine, and



Translational Research
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Restoration of Contractility and BAR Function
by BARKct in Failing Human Myocytes

Human myocytes infected
with Adeno-GFP/BARKCct
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Translational Research

Murine model Result of PARKct cross Reference
MLP* Knockout Complete functional rescue with restored
BAR responsiveness 1

Transgenic Cardiac
CSQ Qverexpression

Transgenic Cardiac
Expression of a Mutant
Myosin Heavy Chain (HCM)

Transgenic Cardiac
Qverexpression of MCP-1

Transgenic Cardiac
Qverexpression of dominant-
Negative mutant of CREB
(CREB,33)

Rescue of cardiac function with smaller
cardiac dimension and also improved survival 2

Rescue of function, prevention of hypertrophy
and dimensions and improved exercise
tolerance 3

Hypertrophy prevented

Only BAR signaling improved with
no functional or mortality rescue

1. Rockman et al. 1998 PNAS 95:7000-7005

2. Harding etal. 2001 PNAS 98:5809-5814

3. Freeman et al. 2001 J Clin Invest 107:967-974

4. Khourietal. 2002 J Amer Coll Cardiol 39:1-164.
5. Eckhartet al. 2002 J Mol Cell Cardiol 34:669-677




Translational Research

Model
y 4 Long-term rAAV6-mediated PARKct gene therapy improves

cardiac function in chronic HF
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Rengo et al. Circulation 2009




Large Animal Gene Therapy
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Effective Model of Translational Research
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Novel strategies to inhibit GRK?2
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Ejection fraction (%)

Paroxetine-mediated GRK2 inhibition
reverses cardiac dysfunction and
remodeling after myocardial infarction
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Schumacher Sci Transl Med. 2015



Effects of paroxetine-mediated GRK?2
Inhibition on depression and cardiovascular
function in patients with myocardial infarction

Variables AMID-N (n=21) AMID-P (n=23) AMID-F (n=13)
Before After Before After Before After

HAMD-17 27.1£4.7 26.9+4.6 27.2+4.5 | |.244 0% 27444 |5.944 BF**

5DS 58,0444 554448 57,1443 40,815 7%+ 57.5:4.0 46,954 2%%
|_L"1I’EF (%) 3B 1+4.1 4. 4t4.5 38.045.7 49,846 ¥k 382440 41.7L5.6%%%

F5 (%) 32.143.2 27.14+3.9 31.6+4.0 24.7£3.7* 317431 28.9+3.9

LVDd (mm) S51.9£113 509486 51.5+£9.2 44.1+6.3* S51.4£10.7 479484

LVPW (mm) 109710110 34+ .08 [0.08£1.06 9.46+1.04 10.16+1.04 9.46+1.03

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

Tian X et al. Neuropsy Dis and Treat 2016



Known GRK2-targeting compounds with
respect to their stages in clinical development
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Cardiac ANS
Nerve Terminal

Lymperopoulos A, Rengo G, Koch WJ. Circ Res 2013.
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First published July 26, 2002; 10.1152/ajpheart.01063.2001.

Abnormal cardiac function associated with sympathetic
nervous system hyperactivity in mice

PATRICIA C. BRUM,2 JON KOSEK,! ANDREW PATTERSON,?

DANIEL BERNSTEIN,* AND BRIAN KOBILKAZ®

Department of Pathology, Veterans Administration Medical Center, Palo Alto 94305;
and ZDepartments of Medicine and Molecular and Cellular Physiology, *Department
of Anesthesia, *Division of Cardiology, Department of Pediatrics, and *Howard

ultrastructure of cardiac myocytes from aszafezc-AR knock-
out mice by electron microscopy. Our results demonstrate
that chronic elevation of sympathetic tone can lead to abnor-
mal cardiac function in the absence of prior myocardial injury
or genetically induced alterations in myocardial structural or
functional proteins. These mice provide a physiologically
relevant animal model for investigating the role of the sym-
pathetic nervous system in the development and progression
of heart failure.

ag-adrenergic receptor; knockout mice; heart failure

, they may not accurately refle & pathogenesls o
this disorder in humans. Here we report a model of
heart failure based on the disruption of genes that
regulate sympathetic nervous system activity.

There are three ag-adrenergic receptor (nz-AR) sub-
types: aza, oep, and asc. az-ARs regulate the sympa-
thetic nervous system in several ways. aga-ARSs in the
brain stem regulate sympathetic tone (1, 29), and both
aza-AR and wso-AR act as presynaptic autoreceptors
regulating catecholamine release in the murine atria
(18). We have previously reported that disruption of

| SR LI, | J
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release
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)13, Mol.
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Adrenal GRK2 upregulation mediates sympathetic
overdrive in heart failure

Anastasios Lymperopoulos!?, Giuseppe Rengo!?, Hajime Funakoshi'!, Andrea D Eckhart"® & Walter ] Koch!?

B Epinephrine
B Norepinephrine

*

Plasma catecholamines

Sham HF

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



In vitro assessment of a2-AR function In
chromaffin cells
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Desensitization of In HF
rat adrenal-derived chromaffin cells

70 0 sham 20 -
c O HF c
o 60 o 60 -
-40__5 ~ §
5 @ 20 ST 50
o 3 " G
g o 40 - Qo 40-
- S
c o = 0
= > 30 c > 30 -
c ©O %2
o S 20 - €< 20
= &
Q ] Pt i
Ll 10 g 10
0 0

Nicotine Nicotine

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

*, p<0.01 vs. Nicotine-sham, **, p<0.05, vs. Nicotine-sham, #, p<0.05 vs. Nicotine-HF, n=6



BARKCct restores adrenal a,AR-induced CA
secretion inhibition in HF rats

HF rat chromaffin cells
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* p<0.05 vs. UK14304+Nicotine-GFP, p<0.01 vs. Nicotine-bARKct, #, p<0.05 vs. Nicotine-GFP, n=9



Plasma levels

Adrenal GRK2 upregulation mediates
sympathetic overdrive in heart failure
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In vitro modulation of adrenal GRK2 activity regulates human
chromaffin cell a2AR function and thus catecholamine secretion

Ab-GRK2 Blank

% Secretion Over Baseline

-20 -

Nicotine
UK14304 - + - + - + - +

B CTR M GFP M GRK2 M PARKct
Cannavo A & Rengo G et al. JACC 2017

*p <0.05 vs. CTR + nicotine; tp < 0.05 vs. CTR p nicotine p UK14304)



Gallein reduces CA secretion and normalizes a2-AR feedback
Inhibition in pheochromocytoma human adrenal medulla
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Age-related alterations of adrenal GRK2-a2-adrenergic receptor-
catecholamine production axis
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a2-adrenergic receptor responsiveness in adrenal chromaffin cells
extracted from young and old rats
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Effects of GRKZ2 inhibition on a2-adrenergic receptor
responsiveness in adrenal chromaffin cells extracted from old rats
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European Heart Journal (2001) 22, 1136-1143
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Effect of cardiac sympathetic nervous activity on
mode of death in congestive heart failure

H. P. Brunner-La Rocca, M. D. Esler, G. L. Jennings and D. M. Kaye

Alfred and Baker Medical Unit, Baker Medical Research Institute, Alfred Hospital, Melbourne, Australia

Vol. 311 No. 13 PLASMA NOREPINEPHRINYE — COHN ET AL. 419

PLASMA NOREPINEPHRINE AS A GUIDE TO PROGNOSIS IN PATIENTS WITH CHRONIC
CONGESTIVE HEART FAILURE

Jav N. Coun, M.D., T. Barry Living, M.D.; Maria Teresa Ouivari, M., Vicroria Garsiere, RN,
Dennis Lura, B.S., Gary 8. Francais, M.D., Ana B. Simon, Pu.l)., aAnp THoMAs RecTOR, PH.D.

JACC Vaol. 26, No. § 1257
November 1, 1995:1257-63

Adverse Consequences of High Sympathetic Nervous Activity in the
Failing Human Heart

DAVID M. KAYE, MBBS, PuD, FRACP,* JEFFREY LEFKOVITS, MBBS, FRACP,
GARRY L. JENNINGS, MDBS, FRACP, PETER BERGIN, MBBS, FRACP,
ARCHER BROUGHTON, MBBS, PuD, FRACP, MURRAY D. ESLER, MBBS, PuD, FRACP




How to measure SNS hyperactivity in HF

Method

Advantages

Limitations

Plasma Norepinephrine

Norepinephrine Cardiac/Renal
spillover

Heart rate variability

123|-MIBG

* Easily measurable;

* Information on organ-specific
sympathetic activity;
* Indipendent from HF severity;

* Easily and
performable;

non-invasively

* Information on cardiac-specific
sympathetic dysregulation;
* Non invasive;

* High variability;

» Overestimation due to reduced
renal clearance in HF;

» Systemic NE does not reflect
organ-specific concentrations;

* Invasive tecniques;
* Available in specialized centres;

* HRV reflects sinoatrial
response to sympathetic/vagal
stimulation;

*No individual HR spectral
component is specific for
sympathetic cardiac modulation;

* Expensive tecnique,
* Patients exposition to
radionuclides;



Novel markers looking at SNS hyperactivity
and Outcome in HF

SNS hyperactivity induces an increase in GRK?2
cardiac levels that in turn causes BAR dysfunction




Adapted from Rengo G et al. IMCC 2010

B-AR

AVYAYA

by ot B @ HII’HHIHIHH
w,qz’é »
VAYAN ¢
G.a

Endocytosis and
Ii degradation

f contractility lcontractility

GRK2 the HbAlc of Heart Failure dependent SNS
hyperactivity

glves iImportant information on SNS hyper-activitation and on the level of SNS-
dependent cardiac BAR dysfunction




Elevated myocardial and lymphocyte GRK?2 expression
and activity in human heart failure
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Lymphocyte GRK2 protein levels independently
predict prognosis in patients with HF

A Ln NTpro-BNP B Ln GRK2

~ | HRrelative to IQR = 2.2 ~ 4 HRrelative to IQR = 2.0

0 20 40 60 0 20 40 60

Months Months

257 HF patients with LVEF 31.41£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 3-AR dysregulation are
common characteristics of chronic HF and of
physiological ageing

Adrenal chromaffin cell

( (blood circulation)
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Inhibition

» Cardiac GRK?2 levels are increased in HF and
induce B-AR downregulation/desensitization.

« Cardiac GRKZ2 inhibition via gene therapy or
pharmacological inhibitors is therapeutic in HF

 GRK2-mediated a2-adrenergic receptor
dysfunction is a crucial mechanism of SNS g Nl
overdrive in HF and physiological ageing ( D

* Lymphocyte GRK2 protein levels appear as a Chronic heart falre efect
new biomarker in chronic HF giving important

iInformation on SNS hyperactivitation and on the

level of SNS-dependent cardiac BAR dysfunction



Acknowledgements

Dpt. of Translational Medical Sciencies
Federico Il University of Naples:

Prof. Nicola Ferrara, MD
Prof. Dario Leosco, MD, PhD
Alessandro Cannavo, PhD
Pina Gambino, PhD

Klara Komici, MD

Daniela Liccardo, PhD

Maria Loreta D Amico, PhD
Andrea Elia, PhD student
Roberto Formisano, MD
Laura Petraglia, MD

Grazia Daniela Femminella, MD, PhD
Claudio de Lucia, MD
Gennaro Pagano, MD

_ Center for Translational Medicine,

G TEMPLE Temple University, Philadelphia, PA:

——8 UNIVERSITY

_ Walter J Koch, PhD

Dept. of Pharmaceutical Sciences,
§\\\l‘///4 Nova Southeastern University,
NOVAINNIRSTY  Fort Lauderdale, FL:

Anastasios Lymperopoulos, PhD

Dept. of Medicine,
QJOHNS HOPKINS Johns Hopkins University,

MEDICINE Baltimore, MD:

Nazareno Paolocci, MD, PhD

Fundings:

American Heart
Association

Compagnia BANCO

li San Paol L B) \

‘ di San Paolo * d,m\l:] COINOR
UNIVERSITA DEGLI STUD! o=

Di Narowl FEperico 11




