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Abstract
Heart Failure is the state in which the heart is unable to pump enough blood to meet the
needs of the body, resulting from events that progressively damage the myocardium and/or its
ability to contract normally. Several compensatory mechanisms allow for short-term
maintenance of adequate delivery of blood to the body. Progression from the initial events to
heart failure is caused by the accumulation of pathologic changes and their effects, many of
which result from chronic activation of these compensatory mechanisms. One of these
mechanisms is the activation of the neurohormonal β-adrenergic system, to which the β 3adrenergic receptor (β3-AR) belongs. Research on the role of the β3-AR in the heart has focused
on the short-term protective role of the receptor, based on its ability to reduce the effects of overstimulation of the heart’s other adrenergic-system components. However, during the course of
heart failure, its up-regulation and functional persistence may also contribute to the progression
of the disease. There have been few large-animal studies, no human trials, and no long-term
studies of β3-AR agonists for use in the treatment of heart failure. Ultimately, individualized
treatment strategies that, over time, modulate the relative levels of agonistic and antagonistic
effects across each of the three β-AR subtypes, may be most effective for management of heart
failure. However, further research and trials with β3-AR agonists are realistic and necessary
places to start.
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Overview
Even as recently as the past few years, the primary role of the β 3-adrenergic receptor in
the heart has been considered unknown or controversial. Most studies, and therefore most
current evidence, on the topic focus on the protective role of the receptor based on its ability to
reduce the effects of over-stimulation of the heart’s other adrenergic system components by the
sympathetic nervous system. However, these are primarily short-term observations. While the
up-regulation and activation of the β3-adrenergic receptor in the failing heart may initially delay
the onset of symptoms, over the course of the disease, its up-regulation and functional
persistence may also contribute to the progression of heart failure. The purpose of this paper is
to examine what is known about the role of the β 3-adrenergic receptor in the adrenergic system
and in the healthy and failing heart with the goal of addressing the question of whether the
receptor protects the heart from the effects of adrenergic over-activity, furthers the progression of
heart failure, both, or neither, and how, when, and under what circumstances it does so. Finally,
based on the conclusions of that examination, this paper will suggest what, if any, role the β 3adrenergic receptor may have in the treatment of heart failure as well as directions for future
study.
The Healthy Heart
Basic Anatomy and Physiology
The heart is a four-chambered pump that distributes over 1,585 gallons of blood
throughout the body each day (Schoen and Mitchell, 2015). It provides nutrients to, and enables
elimination of waste from, the tissues of the body (Schoen and Mitchell, 2015). The heart
consists of four chambers, two upper chambers called atria and two lower chambers called
8

ventricles. The heart has four valves which ensure unidirectional flow of blood through the four
chambers of the heart (Figure 1). De-oxygenated blood from the head and upper body enters the
right atrium through the superior vena cava and de-oxygenated blood from the legs and lower
torso enters the right atrium through the inferior vena cava (Richard, 2012). Contraction of the
atria allows de-oxygenated blood in the right atrium to flow to the right ventricle through the
tricuspid valve (Richard, 2012). Contraction of the ventricles (systole) closes the tricuspid valve,
preventing back-flow of blood into the right atrium, and opens the pulmonary valve, allowing the
blood to flow to the lungs via the pulmonary trunk and the right and left pulmonary arteries
(Richard, 2012). The pulmonary valve closes as the ventricles relax (diastole), preventing blood
from flowing back into the heart (Richard, 2012). The left and right pulmonary veins bring
oxygenated blood from the lungs into the left atrium and then into the left ventricle through the
mitral valve when the atria contract (Richard, 2012). The mitral valve closes as the ventricles
contract, preventing blood from flowing back into the left atrium (Richard, 2012). When the
ventricles contract, the aortic valve opens, allowing blood through the aorta to the body (Richard,
2012). The aortic valve closes when the ventricles relax, preventing blood from flowing back
into the heart (Richard, 2012).
The contractions of the heart are coordinated and controlled by the heart’s electrical
conduction system (Figure 2) and the rate of those contractions is controlled by the autonomic
nervous system. The sinoatrial node is a specialized group of muscle cells in the upper wall of
the right atrium and is the primary pacemaker in the heart (Gordon et al., 2015). An electrical
impulse, or action potential, is generated by the sinoatrial node in response to the autonomic
nervous system and travels through each cell down the heart to the atrioventricular node (Gordon
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Figure 1 – The heart. The four chambers and four valves of the heart. From “Anatomy and
Function of the Heart Valves,” 2016.
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et al., 2015). The atrioventricular node is also a cluster of cells and is located between the atria
and the ventricles (Gordon et al., 2015). It slows the electrical impulse so that the atria can fully
contract before the ventricles begin to contract (at which point the atria relax) (Gordon et al.,
2015). Next, the electrical impulse travels down the ventricles along the bundle of His to the left
and right bundle branches to the fascicular branches to the Purkinje fibers, collectively called the
His-Purkinje system, all of which is located inside the walls of the ventricles (Gordon et al.,
2015). The Purkinje fibers connect directly to the cells in the walls of the ventricles, allowing
the ventricles to contract (the left an instant before the right) as the impulse spreads through the
cells via gap junctions (Vigmond and Stuyvers, 2016).
The process through which contraction of cardiac muscle cells, called cardiomyocytes, is
triggered is called excitation-contraction coupling. The action potential from the pacemaker
cells depolarizes each cardiomyocyte it reaches which allows calcium ions (Ca 2+) to enter
cardiomyocytes via L-type Ca2+ channels (Klabunde, 2011). This Ca2+ leads to an additional
increase in intracellular Ca2+ by a process called Ca2+-induced Ca2+ release (CICR) from the
sarcoplasmic reticulum through cardiac ryanodine receptors (RyR2s) (Belevych et al., 2007).
When the free Ca2+ binds to the Ca2+ binding troponin subunit (TnC) that is part of the regulatory
complex attached to the thin actin filaments, a conformational change in the regulatory complex
occurs that causes inhibitory troponin (TnI) and tropomyosin to move away from myosinbinding sites on actin, allowing myosin ATPase to bind actin (Zaugg and Schaub, 2008;
Klabunde, 2011). This binding causes ATP hydrolysis which provides the energy for the
conformational change in the actin-myosin complex that results in a “ratcheting” movement
between actin and the myosin heads, allowing the filaments to slide past each other, drawing
actin toward the center of the sarcomere, thereby shortening the sarcomere and resulting in
11

Figure 2 – Cardiac conduction system. The path of a typical electrical impulse in the heart is as
follows: the sinoatrial node to the atrioventricular node to the bundle of His to the left and right
bundle branches to the fascicular branches to the Purkinje fibers. From Campagna, 2015.

12

contraction (Zaugg and Schaub, 2008; Klabunde, 2011). This sliding filament movement
(referred to as sliding filament theory) will keep occurring as long as Ca 2+ stays elevated
(Klabunde, 2011). After CICR, Ca2+ release quickly stops and enters a refractory state due to the
decline in intra-sarcoplasmic reticulum Ca2+ that results from CICR (Belevych et al., 2007).
Once the RyR2 channels close, Ca2+ is removed from TnC and pumped back into the
sarcoplasmic reticulum by sarcoplasmic reticulum calcium ATPase (SERCA2) once
phospholamban is phosphorylated by Protein Kinase A (PKA), stopping phospholamban’s
inhibition of SERCA2 (Belevych et al., 2007). To a lesser extent, Ca 2+ is also removed from the
cardiomyocyte by the Na+-Ca2+-exchange pump and is also taken up by the mitochondria
(Klabunde, 2011). The reduced Ca2+ in the cardiomyocyte causes another conformational
change in the actin regulatory complex allowing TNI to inhibit the binding site on actin again
(Klabunde, 2011). ATP binds to the myosin head, replacing the ADP, and sarcomere length is
restored, ending the contraction (Klabunde, 2011). It is critical that cardiomyocytes not only
contract but do so in a coordinated fashion. This depends on intercalated discs which allow for
electrical and mechanical impulses and communication between cells via gap junctions that
permit the movement of ions between cells (Schoen and Mitchell, 2015). The electrical impulses
that travel through the heart can be affected by neural stimulation, oxygen deficiency, potassium
levels, and adrenergic agents such as epinephrine which act on the sympathetic and
parasympathetic nerve terminals (SNT and PNT) and on cardiomyocytes (Schoen and Mitchell,
2015).
The medulla is the area of the brain primarily responsible for regulating outflow to the
heart (Klabunde, 2011). It is located in the brain stem and contains the cell bodies for the
parasympathetic and sympathetic divisions of the autonomic nervous system (Klabunde, 2011).
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In response to sensory input from different receptors, and through neural connections, the
nucleus tractus solitarius in the medulla inhibits sympathetic neurons in the rostral ventrolateral
medulla and activates vagal neurons which stem from parasympathetic neurons located in the
dorsal vagal nucleus and nucleus ambiguus (Klabunde, 2011). The medulla also receives
information from other areas of the brain such as the hypothalamus, which leads to the response
of the heart to emotion or stress (Klabunde, 2011). Fibers of both the parasympathetic and
sympathetic branches of the autonomic nervous system innervate the heart and control its
activity (Klabunde, 2011). The sympathetic branch is typically associated with the fight or flight
response because sympathetic stimulation increases heart rate and contractile force by increasing
the rate of electrical impulses and increasing conduction through the atrioventricular node
(Gordon et al., 2015). Sympathetic efferent nerves innervate both the atrial and ventricular
muscles as well as the sinoatrial node and the rest of the electrical conduction system of the heart
(Klabunde, 2011). The parasympathetic branch is typically associated with rest and digestion
and primarily innervates the sinoatrial node via the right vagus nerve, the atrioventricular node
via the left vagus nerve, and the atrial muscle (Klabunde, 2011). The vagus nerves (tenth cranial
nerves) control parasympathetic stimulation of the heart which decreases heart rate and
contractile force by decreasing electrical impulse rate and by decreasing conduction through the
atrioventricular node (Gordon et al., 2015).
To provide the oxygen and nutrients necessary to meet the metabolic demands of the
body, the heart must be able to generate its own energy. To generate energy, the muscular wall
of the heart, called the myocardium, needs both a high concentration of mitochondria, which
make up 20-30% of the volume of each cardiomyocyte, and a continuous supply of oxygenated
blood (Schoen and Mitchell, 2015). It is the coronary arteries that bring that oxygen, as well as
14

nutrients, to the heart via a branched vascular network that allows each cardiomyocyte to be in
contact with approximately three capillaries (Schoen and Mitchell, 2015). The number of
cardiomyocytes and cardiac stem cells in the heart decreases with age (Schoen and Mitchell,
2015). Cardiac stem cells represent a small fraction of cells in the heart and provide for only a
very low rate of cardiac regeneration (Schoen and Mitchell, 2015).
The Renin-Angiotensin-Aldosterone and Adrenergic Systems
The renin-angiotensin-aldosterone system (RAAS) and adrenergic system are
neurohormonal systems that work together to regulate blood pressure, fluid balance, and cardiac
output. The RAAS regulates blood pressure and fluid balance. Prorenin, which is present in the
blood, is converted to the enzyme renin and secreted into the circulation by juxtaglomerular cells
in the kidneys (Mitchell and Schoen, 2010). This occurs when blood sodium chloride
concentration, blood flow rate, blood flow volume, or blood pressure in the kidneys, and likely
systemically, is reduced or in response to activation of β1-adrenergic receptors on the
juxtaglomerular cells by the sympathetic nervous system (Mitchell and Schoen, 2010; Klabunde,
2011). Renin converts angiotensinogen released by the liver to angiotensin I (Mitchell and
Schoen, 2010). Angiotensin-converting enzyme (ACE) converts angiotensin I to angiotensin II,
which causes the constriction of blood vessels and increased blood pressure (Paul et al., 2006;
Yee et al., 2010). Angiotensin II stimulates the release of anti-diuretic hormone, or vasopressin,
from the pituitary gland, causing reabsorption of water into the kidneys, and stimulates release of
the hormone aldosterone from the zona glomerulosa of the adrenal cortex which causes tubules
in the kidneys to increase reabsorption of water and sodium into the blood (Yee et al., 2010;
Marieb and Hoehn, 2012). Thereby, extracellular fluid and blood pressure are increased. In
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exchange for the reabsorbed sodium, potassium is secreted into the tubules in the kidneys and
excreted in the urine (Yee et al., 2010; Marieb and Hoehn, 2012). The effects of aldosterone are
opposed by atrial natriuretic peptide which is released by atrial cardiomyocytes in response to
high blood volume in order to reduce blood pressure (Potter et al., 2009). The RAAS is also
locally-expressed in some systems, possibly including in the heart, where it, or local effects of
the global RAAS, may be involved with inotropy, hypertrophy, mechanical stretch, remodeling,
and apoptosis (Paul et al., 2006).
The increase in fluid caused by the RAAS results in increased venous return to the heart
which in turn increases ventricular end-diastolic pressure and volume, thus increasing preload
(the amount of stretching of left ventricular cardiomyocytes at the end of diastole) (Klabunde,
2011). Increased preload results in increased demand on the heart to produce energy (Dumitru
and Baker, 2016). In addition to the functions above, angiotensin II also facilitates the release of
norepinephrine from sympathetic nerves and inhibits the re-uptake of norepinephrine, resulting
in heightened sympathetic adrenergic function, primarily through β 1-adrenergic receptors, in
order to increase cardiac output by increasing heart rate as well as myocardial contractility and
relaxation (Figure 3) (Klabunde, 2011; Dumitru and Baker, 2016). Alpha-adrenergic receptor
stimulation also alters cardiac output by increasing peripheral vascular tone, which results in
increased aortic pressure that the left ventricle must overcome in order to eject blood (afterload)
to provide optimal cardiac output to the vital organs (Floras, 2009).
Beta-Adrenergic Receptors
Beta-adrenergic receptors (β-ARs) are G protein-coupled receptors (GPCRs), a family of
cell-surface seven-transmembrane domain protein receptors that enable cells to sense and
16

Figure 3 - Beta1-AR pathway. Diagram showing the basic components of the β-AR pathway
from the receptor through the heterotrimeric G protein to adenylyl cyclase (AC), generation of
cyclic AMP (cAMP), to activation of protein kinase A (PKA). PKA phosphorylates L-type Ca 2+
channels (LTCC), phospholamban (PLN), titin, and other regulatory thin filament proteins which
influence contractile activation. Ca2+ causes a conformational change in inhibitory troponin
(TnI) that causes tropomyosin to move away from myosin-binding sites on actin, allowing
myosin to bind actin, resulting in contraction. Adapted from Sharma and Kass, 2014.
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respond to outside signals (Figure 4) (Lipshultz and Wilkinson, 2014). Stimulation of β-ARs in
the heart allows for normal function of the heart and for the body to prepare for a stressful or
fight-or-flight situation which requires increased cardiac performance due to the imminent
possibility of increased demand of the body for oxygenated blood (Szentmiklosi et al., 2015).
Activation of β2-adrenergic receptors on SNTs and of β1- (primarily), β2-, and β3-adrenergic
signaling pathways in cardiomyocytes by catecholamines produced by the sympathetic nervous
system controls contraction (inotropic), heart rate (chronotropic), and relaxation (lusitropic)
responses (Kulandavelu and Hare, 2012). Activation of β 3-adrenergic receptors on PNTs by
catecholamines produced by the sympathetic nervous system opposes the responses above
through the production of the neurotransmitter acetylcholine and its activation of M2 muscarinic
receptors on cardiomyocytes (Table 1, Figure 5). The ratio of β 1- to β2- to β3-ARs in the healthy
heart is about 38:11:1 (Bristow et al., 1986). Studies in pigs and lambs indicate that the total
number of β-ARs in the heart decreases with age (Teitel et al., 1985; Wittnich et al., 2006).
Heterotrimeric G proteins, or guanine nucleotide-binding proteins, which bind GTP, are a
family of proteins that regulate many enzymes and ion channels in order to transmit signals from
stimuli outside a cell to its interior (Neer, 1995). These enzymes and ion channels are called
effectors because a change in their activity can result in a change in ionic composition or second
messenger levels in the cell, leading to a cellular response (Neer, 1995). Second messengers
relay signals to molecules in the cytoplasm or nucleus, or amplify the strength of signals, from
cell surface receptors (Alberts et al., 2002).
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Figure 4 - Primary structure of the human β3-AR. It is a cell-surface seven-transmembrane
domain protein receptor with 22–28 amino acids in each transmembrane domain. It has three
extracellular and three intracellular loops. The N-terminus is extracellular and glycosylated and
the C-terminus is intracellular. The third, fourth, fifth, and sixth transmembrane domains and the
disulfide bond between Cys110 in the second and Cys189 in the third extracellular loops are
necessary for ligand binding (Rozec and Gauthier, 2006). The β 3-AR lacks a PKA
phosphorylation site and has fewer serine and threonine residues in the C-terminus tail than do
β1- and β2-ARs. The dark circles represent amino acids identical in the three cardiac β-AR
subtypes. Adapted from Rozec and Gauthier, 2006.
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Table 1 - Beta-AR subtype characteristics. From Zaugg and Schaub, 2008.
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Figure 5 - Sympathetic and parasympathetic signaling pathways in cardiomyocytes. In β1and β2-AR signaling (red arrows) PKA coordinates contractile force by facilitating an increase in
Ca2+ in cardiomyocytes through phosphorylation of L-type Ca2+ channels, SERCA2, RYR2, and
phospholamban (PLN) (Zaugg and Schaub, 2008). PKA coordinates relaxation by facilitating
removal of Ca2+ from the cell through phosphorylation of the Na+-Ca2+ exchanger and TnI
(Zaugg and Schaub, 2008). PKA coordinates negative adrenergic feedback by phosphorylating
ligand-bound β1-ARs or by phosphorylating G protein-coupled receptor kinases (GRKs) (Zaugg
and Schaub, 2008). Βeta3-AR signaling (blue arrows) counters the β 1 and β2-AR path via Gi
which stimulates nitric oxide (NO) production. Βeta 3-ARs on parasympathetic nerve terminals
(PNT) also counter the β1 and β2-AR path by stimulating production of acetylcholine (AcC)
which activates muscarinic acetylcholine receptors (M2) on cardiomyocytes which also signal
through Gi (Zaugg and Schaub, 2008). From Zaugg and Schaub, 2008.
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Beta1-Adrenergic Receptor
Beta1-AR signaling is classically mediated through binding of a catecholamine agonist
like norepinephrine and its subsequent coupling to the heterotrimeric cardiostimulatory G protein
complex, Gs, followed by exchange of the GDP bound to the G protein (protein “off”) for GTP
(protein “on”) (Madamanchi, 2007). This causes the G protein to dissociate into G αs and Gβγ
subunits (Figures 3 and 6) (Madamanchi, 2007). G αs activates the enzyme adenylyl cyclase
(AC), which synthesizes cyclic adenosine monophosphate (cAMP) from adenosine triphosphate
(ATP) thus increasing cAMP levels inside the cardiomyocyte (Madamanchi, 2007; Fajardo et al.,
2013). Increased cAMP levels activate PKA (Figures 3 and 6) (Madamanchi, 2007; Fajardo et
al., 2013). Gαs can activate L-type Ca2+ channels directly and through phosphorylation of the
channel by PKA, allowing Ca2+ to enter the cardiomyocytes (Yatani et al., 1988; Madamanchi,
2007; Fajardo et al., 2013). PKA is a key regulator in the heart as it has several functions
(Figures 3, 5, and 6). It mediates:


positive contractile force by increasing Ca2+ within cardiomyocytes via phosphorylation
of regulators of excitation-contraction coupling, specifically L-type Ca2+ channels,
SERCA2, and RYR2 (Zaugg and Schaub, 2008). SERCA2 is a Ca 2+ transporter/pump
and RYR2 is a Ca2+ release channel also located at the sarcoplasmic reticulum. PKA
phosphorylates SERCA2 directly and also phosphorylates phospholamban which



removes its inhibition of SERCA2 (Figure 5) (Zaugg and Schaub, 2008).
positive relaxation of the myocardium by facilitating the removal of Ca 2+ from the cell by
phosphorylating the Na+-Ca2+ exchanger and by phosphorylating TnI which decreases the
affinity of Ca2+ for TnC (Figure 5) (Zaugg and Schaub, 2008).
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negative adrenergic feedback by directly phosphorylating ligand-bound β 1-ARs or by
phosphorylating GRKs (also known as β-AR kinases - βARK) which can phosphorylate
β1-ARs in a ligand-independent manner (Figure 5) (Zaugg and Schaub, 2008). Both of



these mechanisms result in the desensitization of β 1-ARs.
increased production of ATP in the mitochondria as a result of increased mitochondrial
Ca2+ resulting from increased cytoplasmic Ca2+ (see the first bullet) (Figure 5) (Zaugg and
Schaub, 2008).

The stable dimeric βγ complex (Gβγ subunit) activates ion channels and mitogen activated protein
kinases (MAPK) and can activate or inhibit AC (Madamanchi, 2007).
Beta2-Adrenergic Receptor
Unlike β1-ARs, which are evenly distributed over the cardiomyocyte membrane and in Ttubules and caveolae, β2-ARs are located only in the cardiomyocyte T-tubules and caveolae until
they become activated, at which time they move out of the caveolae (Fu and Xiang, 2015; Rybin
et al., 2000). Also unlike β1-ARs, β2-ARs don’t only signal through Gs but also through the
cardioinhibitory Gi (Chesley et al., 2000). Gs and Gi are both present in the same
cardiomyocytes and although not much is known about how the quantity and type of G proteins
at the plasma membrane is regulated, it is likely through some combination of alterations in
transcriptional activity, mRNA levels, and protein degradation (Eschenhagen, 1993). The
relative G protein levels in the heart, and whether they are active or inactive, may be determined
by a number of factors, including catecholamine levels, presence of disease, age of the subject,
mechanical stress/exercise, medications/drugs, ethanol, growth factors, hormones, presence of
caveolae, quantities and conformations of β-AR subtypes, whether β-ARs are activated or not,
23

Figure 6 - Beta-AR-mediated cardiomyocyte contractility. Agonist binding stimulates β1ARs and results in coupling with and activation of heterotrimeric G s, which dissociates into Gαs
and Gβγ subunits. Gαs activates AC, which increases intracellular cAMP levels, and
phosphorylates the L-type Ca2+ channel, which allows Ca2+ to enter cardiomyocytes. cAMP
activates PKA, which phosphorylates (P) phospholamban (PLB), L-type Ca 2+ channels, TnI, and
RyR2s resulting in increased contractility and relaxation. In addition to G s, β2-AR can couple, at
the same time as Gs or separately, to the cardioinhibitory G protein complex, Gi, upon agonist
binding. Activated Gi releases the Gαi subunit, which inhibits AC and Giβγ and activates
phospholipase A2 (cPLA2) leading to reduced contractility. cAMP suppresses the β 2-AR/cPLA2
pathway via PKA. Asterisks denote activated proteins. From Madamanchi (2007).
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and G protein βγ dimer-mediated cross-talk between G αi and Gαs. (Longabaugh et al., 1988;
Neumann et al., 1988; Bohm et al., 1993; Eschenhagen, 1993; Rau et al., 2003; Hippe et al.,
2011; Hippe et al., 2013). Hippe and colleagues provided evidence that overexpression of either
Gαi or Gαs in cardiomyocytes leads to a decrease in the other, indicating that the two compete for
a limited number of βγ dimers, which the α subunits must bind with to form heterotrimeric G
proteins at the plasma membrane (2013). Gs and Gi can also dually couple to the same β2-AR
(Figure 7). Unlike β1-AR signaling through Gs, which is global, β2-AR signaling through Gs is
localized to the subsarcolemmal domain (Figure 7) (Kuschel et al., 1999). It is the signaling of
the β2-AR through Gi that mediates this localized signaling (Kuschel et al., 1999). It has been
shown that inhibition of Gi results in β2-AR-Gs signaling that more closely resembles the
classical global signaling of β1-AR-Gs (Kuschel et al., 1999). Once activated, Gi will release its
Gαi subunit, which will inhibit AC and the Gβγ subunit, and it will also activate phospholipase A2
(Madamanchi, 2007). This lessens the increase in contractile force and heart rate caused by β 1AR stimulation and activates signaling pathways that may protect the heart through decreasing
Ca2+ signaling (Figure 6) (Fajardo et al., 2013). This β2-AR/phospholipase A2 pathway can also
be suppressed by β1-AR-induced cAMP via PKA (Figure 6) (Madamanchi, 2007). High
concentrations of catecholamines and phosphorylation of the β 2-AR by PKA can cause the
receptor to switch from signaling through Gs proteins to signaling through Gi proteins which
results in a decrease in cAMP and is thereby another mechanism for counteracting the effects of
over-activated Gs proteins (Daaka et al. 1997; Devic et al., 2001; Fu and Xiang, 2015). Beta 2AR-Gi signaling can also mediate the stimulation of p38 MAPK and activate phosphoinositide 3kinase (PI3K) which are both anti-apoptotic mediators (Chesley, 2000). For the reasons just
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Figure 7 – Gs and Gi dual coupling to β2-ARs in cardiomyocytes. When β2-AR-coupled Gi
proteins are activated, that localizes the cAMP to PKA signaling of β 2-AR-coupled Gs proteins to
the subsarcolemmal domain. Beta2-AR-coupled Gi proteins also produce cell survival signals
through the Gi-Gβγ-PI3K-Akt pathway (Akt = protein kinase B). The dashed arrow from G iα to
global cAMP is showing that β2-AR-coupled Gi functionally localizes the β2-AR-coupled Gsstimulated cAMP signaling. Therefore, the primary contribution of β 2-AR-coupled Gsstimulated cAMP signaling to the receptor-mediated positive contractile response is the local
regulation of the sarcolemmal L-type Ca2+ channel. Beta1-AR couples only to Gs, leading to a
global cAMP signal. Adapted from Xiao, 2001.
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described, β2-ARs were initially thought to have a protective and pro-survival function for
cardiomyocytes, which they do, but only to a certain extent.
Beta3-Adrenergic Receptor
The initial cloning and pharmacologic characterization of human β 3-ARs occurred in the
late 1980s, but between then and their discovery in the heart in 1996, β 3-ARs were mostly
thought of as receptors mediating effects such as lipolysis, energy expenditure, and motility in
adipose, lung, and gastrointestinal tissues (Gauthier et al., 1996; Varghese et al., 2000; Dessy and
Balligand, 2010; Kulandavelu and Hare, 2012). Beta 3-ARs are more abundant in adipose tissue
than in the heart and easier to study there because they are expressed in greater quantities than
either β1 or β2-ARs in adipose tissue (Trappanese et al., 2015). Beta 3-ARs were first found in the
(ventricular) myocardium in 1996, are the least abundant AR subtype in the heart (Table 1), and
require higher concentrations of agonist than β1 and β2-ARs to be activated (Dessy and
Balligand, 2010). The affinity, selectivity, and potency of the many β 3-AR agonists and
antagonists vary significantly between species, likely because β 3-AR amino acid sequences and
levels of expression also vary between species (Rozec and Gauthier, 2006; Dessy and Balligand,
2010). This has also made β3-ARs difficult to study.
In adipose tissue, β3-AR signaling is mediated by Gs, however in the heart, β3-ARs
preferentially signal through a non-classical Gi/NOS pathway, resulting in a negative inotropic
effect that protects the heart against the adverse effects of excess catecholamine stimulation
(Lohse et al., 2003; Dessy and Balligand, 2010). Since β 3-ARs are less sensitive to
catecholamines than β1- and β2-ARs, they become activated only when catecholamines reach
excessive levels. Belge and colleagues showed that mice with cardiomyocyte-specific
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overexpression of human β3-ARs (β3-TG mice) display a phenotype that, under
catecholaminergic stress (two weeks of 50mg/kg/day of the nonselective beta-agonist
isoproterenol), protected them from hypertrophic remodeling (2007). Moens and colleagues
showed that β3-AR knockout mice experience worsened pathologic remodeling and impaired
cardiac functional compensation in response to three weeks of pressure-overload that worsened
over time (2009). This evidence shows that β 3-ARs serve primarily as a protective braking
mechanism – a negative regulator of contraction force in the heart – by offsetting any excessive
stimulation of cAMP responses by β1-ARs in response to over-stimulation by the sympathetic
nervous system (Belge et al., 2007; Moens et al., 2009; Kulandavelu and Hare, 2012; Niu et al.,
2012).
While certainly this is relevant to pathologic over-stimulation by the sympathetic nervous
system, β3-ARs also affect physiologic responses in the healthy heart. During the fight-or-flight
response, stimulation of the heart by the sympathetic nervous system is significantly increased.
Beta3-ARs on cardiomyocytes and on parasympathetic nerve terminals (PNTs) in the heart act as
a braking mechanism to prevent negative effects of this stimulation and to return the processes of
the heart to homeostasis. Heightened catecholamine levels from a sympathetic response activate
β3-ARs on cardiomyocytes which signal through Gi to inhibit adenylyl cyclase and therefore its
downstream cardiostimulatory effects. Heightened catecholamine levels from a sympathetic
response also activate β3-ARs on parasympathetic nerve terminals in the heart. This leads to the
release of acetylcholine which binds to the muscarinic acetylcholine receptor (M2) on
cardiomyocytes which also signals through Gi (Figure 5). Once the cardiostimulatory effects of
adenylyl cyclase are mitigated in this manner, the processes of the heart return to homeostasis,
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increased catecholamine release to support increased cardiac stimulation is no longer needed,
and therefore catecholamine levels drop below the level necessary to stimulate β 3-ARs.
Specifically, in cardiomyocytes in the healthy heart, β3-AR-Gi exerts its effects through
endothelial NOS (eNOS). Endothelial NOS is bound to caveolin-3 and is normally found at the
sarcolemma (Kulandavelu and Hare, 2012). Neuronal NOS (nNOS) is bound to the RyR and colocalizes with xanthine oxidoreductase in the sarcoplasmic reticulum (Kulandavelu and Hare,
2012). In the sarcoplasmic reticulum, neuronal NOS facilitates the release of Ca 2+ from the
sarcoplasmic reticulum and maintains the ability of the myocardium to contract (Figure 8)
(Kulandavelu and Hare, 2012).
Beta3-AR signaling can also counterbalance the β1 and β2-AR/Gs pathway by enhancing
the vagal tone, the effect produced on the heart when the parasympathetic nerve fibers, carried in
the vagus nerve, control and slow the heart rate (Porges et al., 1994). Βeta 3-ARs located on
PNTs in the heart do this by countering the β1 and β2-AR path by stimulating production of the
neurotransmitter acetylcholine which activates muscarinic acetylcholine receptors (M2), located
on cardiomyocytes, which also signal through Gi (Figure 5) (Zaugg and Schaub, 2008). The
function of M2 is to slow the heart rate in response to parasympathetic nervous system
stimulation and reduce contractile force (Vaseghi and Shivkumar, 2008). This is therefore
another part of the “braking” mechanism limiting cardiac inotropy. In the vascular system, β 3ARs have a vasodilatory effect (Dessy and Balligand, 2010).
Desensitization, Down-Regulation, and Functional Persistence
Once a receptor has been stimulated, desensitization processes serve to prevent
overstimulation, and are therefore negative feedback to the β 1 and β2-AR/Gs pathway
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Figure 8 – Beta-AR and NOS signaling in the healthy heart. In the healthy heart, the
majority of activity is through β1 and β2-ARs, which mediate a positive inotropic effect via the
Gs-cAMP pathway, while stimulation of β3-ARs exerts a negative inotropic effect via the Gi-NO
pathway. Endothelial NOS (eNOS) bound to caveolin-3 (C3) is at the sarcolemma; neuronal
NOS (nNOS) bound to the RyR and xanthine oxidoreductase (XOR) are within the sarcoplasmic
reticulum. Adapted from Kulandavelu and Hare, 2012.
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(Madamanchi, 2007). Soon after a G protein dissociates into its subunits, conformational
changes cause it to reform to the inactive G protein, resulting in termination of the signal, thus
maintaining the dose-dependent nature of the β 1 and β2-AR/Gs pathway and allowing the protein
to be used again in future signaling (Madamanchi, 2007). The short term cycling of the G
protein signal between active and inactive can be overwhelmed by sustained catecholamine
stimulation, resulting in additional negative feedback of the β 1 and β2-AR/Gs pathway, including
receptor desensitization (Madamanchi, 2007). There are two types of receptor desensitization.
In homologous desensitization, the activated G protein’s Gβγ subunit binds with an active GRK
which is then transported to and phosphorylates an agonist-occupied β-AR at its C-terminus and
targets the receptor for functional uncoupling from the G-protein which will be induced by βarrestin (Freedman and Lefkowitz, 2004). In heterologous desensitization, PKA phosphorylates
the β-AR regardless of whether it is bound to G protein (stimulated) or not so when β-arrestin
binds to the β-AR it interferes with future G protein binding to the receptor (functional
uncoupling) and increases the affinity of the receptor for adaptor protein-2 and clathrin (Perry
and Lefkowitz, 2002; Claing et al., 2002). This is followed by internalization of the receptor
(Figure 9) via a clathrin-coated vesicle which transports the receptor to an endosome (Claing et
al., 2002). Then the receptor will be recycled back to the plasma membrane where it will
function normally again (Claing et al., 2002). However, under chronic catecholamine
stimulation, the endosome transports the receptor to the lysosome, where it is degraded. This
decreases the number of receptors in the cell in order to mitigate the chronic catecholamine
stimulation, and is therefore called down-regulation and not desensitization (Figure 9)
(Madamanchi, 2007).
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Figure 9 – Beta-AR desensitization, down-regulation, and endosome signaling. Agonist
stimulation promotes β-AR endocytosis, and the receptor undergoes subsequent sorting for either
recycling (desensitization) or degradation (down-regulation). Even after agonist-induced
endocytosis, β-ARs can signal to G proteins at the endosome. Beta 1-ARs can also signal through
β-arrestin mediated pathways. From Fu and Xiang, 2015.
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Beta-ARs can also initiate G-protein-dependent signaling at the endosome surface after
endocytosis (Fu and Xiang, 2015). Lohse and Calebiro provided both photographic and video
evidence pointing to these two types of β2-AR signaling through Gs, first at the plasma
membrane before the receptor is internalized and then from the endosome after endocytosis is
induced by ligand binding, both of which led to the accumulation of cAMP (2013). Not only
would this serve to prolong the cellular response to agonist stimulation, but it has also been
found, based on gene expression changes in response to β2-AR activation, that endocytosis is
actually required for the complete range of downstream cAMP-dependent transcriptional control
(Tsvetanova and von Zastrow, 2014). Tsvetanova and von Zastrow used a chemical inhibitor of
dynamin, called Dyngo®, to block isoproterenol-induced endocytosis of β 2-ARs (2014). This
significantly reduced the amount of cytoplasmic cAMP accumulation, indicating that β 2-ARs in
endosomes contribute to the total cytoplasmic cAMP signal (Tsvetanova and von Zastrow,
2014). They corroborated this evidence that endocytosis of β 2-AR is required for its full amount
of transcriptional signaling by knocking down clathrin which inhibits β 2-AR internalization
(Tsvetanova and von Zastrow, 2014). They used expression of the most robust cAMP-dependent
target, PCK1 RNA, to test for the β2-AR-dependent transcriptional response (Tsvetanova and
von Zastrow, 2014). They found that clathrin knockdown resulted in almost completely
nonexistent β2-AR-mediated induction of PCK1 at 1 μM and at 10 nM isoproterenol (Tsvetanova
and von Zastrow, 2014).
Unlike β1 and β2-ARs, the β3-AR maintains functional persistence by resisting agonist
(catecholamine)-induced desensitization due to a lack of PKA phosphorylation sites and a lack of
many serine and threonine residues in its C-terminus (Figure 4) (Dessy and Balligand, 2010).
Rouget and colleagues also demonstrated functional persistence of the response to prolonged
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agonist stimulation of β3-ARs in the human myometrium, which is the middle later of the uterine
wall, consisting primarily of uterine muscle cells and responsible for uterine contraction (2004).
Desensitization of β3-ARs did not occur. This indicates that this is a receptor-specific, not a
tissue-specific, mechanism.
Heterodimerization
Beta2-ARs can form heterodimers with β1-ARs that likely enhance cardiac contractility
through preventing coupling of β2-ARs to Gi because the heterodimer couples only to Gs (Figure
10) (Zhu et al., 2005a). Unlike β1- and β2-ARs individually, internalization of β1-β2-AR
heterodimers is inhibited (Lavoie et al., 2002). Beta2-ARs also form heterodimers with β3-ARs.
Beta2-β3-AR heterodimers have different properties than either β 2- or β3-ARs have alone. Unlike
the endocytosis of the β2-AR that occurs upon agonist binding, the β 2-β3-AR heterodimer has
been shown to resist internalization when stimulated with agonist (Breit et al., 2004). This
suggests that it is the functionally persistent, desensitization-resistant phenotype of the β 3-AR
that is expressed in the heterodimer. However, the heterodimer is not internalized even when the
β3 portion is inactive (Breit et al., 2004). Because there was no difference in the ligand-binding
ability between the homodimeric and heterodimeric receptors, and the heterodimeric receptors
also couple normally with AC, the desensitization-resistant quality of the heterodimer is likely
due to diminished recruitment of β-arrestin (Breit et al., 2004). The affinity of the β 2-AR for βarrestin is increased by phosphorylation of the β2-AR mediated by GRK (Breit et al., 2004).
Therefore, it is possible that GRK-mediated phosphorylation, and thus recruitment of β-arrestin,
is inhibited in the heterodimer (Breit et al., 2004). The heterodimer differs from the β 3-AR in
that it can still undergo agonist-promoted desensitization through β-arrestin-independent
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processes (Breit et al., 2004). Although the exact mechanism for this β-arrestin-independent
desensitization is unknown, cAMP-dependent protein kinase-mediated receptor phosphorylation
and endocytosis-independent receptor degradation have been suggested (Bouvier et al., 1988;
Freedman and Lefkowitz, 1996; Jockers et al., 1999). As with β 1-β2-AR heterodimers, β2-β3-AR
heterodimers only bind and signal through Gs and not through Gi, even though both β2- and β3ARs individually can signal through Gi (Breit et al., 2004). It is also the case for both β 1-β2-AR
heterodimers and β2-β3-AR heterodimers that heterodimers are equally as likely to form and
signal as each receptor is to signal alone (Breit et al., 2004). In the normal heart, the lack of
signaling through Gi and lack of receptor internalization due to heterodimerization could lead to
greater contractility through sustained activation of AC.
The Failing Heart
Epidemiology
Heart failure is the state in which the heart’s output of blood is unable to meet the needs
of the body due to structural or functional impairment of the heart (Yancy et al., 2013).
According to the Centers for Disease Control and Prevention, heart disease is the leading cause
of death in the United States as of 2014 with 614,348 deaths attributed to the disease in that year
(2016). The World Health Organization reports heart disease as the leading cause of death
worldwide as of 2012 with 7.4 million deaths attributed to the disease in that year (2014). Heart
failure is responsible for nearly half of these deaths and both the incidence and prevalence of
heart failure are increasing (Roger, 2013). The increased prevalence of heart failure is due in
part to improved survival of those with heart failure and an aging population, while the rise in
incidence is due in part to fewer deaths resulting from myocardial infarctions (Roger, 2013). In
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Figure 10 – Multifaceted β2-AR signaling. Beta2-AR-Gi signaling can protect cardiomyocytes
from β1-AR-mediated hypertrophy, apoptosis, and the resulting maladaptive remodeling by
inhibiting stimulation of L-Type Ca2+ channels and Ca2+/calmodulin-dependent protein kinase II
(CaMKII). Beta2-ARs can form heterodimers with β1-ARs that likely enhance cardiac
contractility through preventing coupling of β2-ARs to Gi because the heterodimer couples only
to Gs. Beta2-ARs also dually couple to Gs and Gi, unlike β1-ARs which couple only to Gs.
Adapted from Zhu et al., 2005b.
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the United States, nearly 6 million people have heart failure, which is responsible for over one
million annual hospital admissions and $30 billion in annual management costs (Roger, 2013;
Braunwald, 2015). This population is sustained by an incidence of over 550,000 new cases per
year (Roger, 2013).
Diagnostic Criteria
Diagnosis of heart failure is generally based on patient history and examination and not
on a diagnostic test, although several tests may be administered as part of evaluating a patient
with suspected heart failure (Figure 11). (Yancy et al., 2013). There is no universally accepted
standard or set of criteria used for the diagnosis of heart failure. The three most commonly used
criteria sets are the Framingham criteria, Boston criteria, and Duke criteria, each of which has
distinct sensitivity and specificity. The Framingham criteria have 63% sensitivity and
specificity, the Boston criteria have 50% sensitivity and 78% specificity, and the Duke criteria
have 73% sensitivity and 54% specificity (Marantz et al., 1988). This means that a different set
of criteria might be more appropriate for use than the others based on the goal of the study or the
clinical situation. For example, if one wanted to rule out disease, the Boston criteria may be the
best choice. Also, the Framingham and Duke criteria are designed to predict that patients either
have heart failure or don’t, whereas the Boston criteria uses a point scale to predict that it is
definite, possible, or unlikely that patients have heart failure (Marantz et al., 1988). The
Framingham and Boston criteria are in Figure 12. Once diagnosed, the New York Heart
Association and the American College of Cardiology/American Heart Association staging
systems may be used to describe the progression of heart failure (Figure 13). Despite these
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Figure 11 – Tests for evaluation for heart failure. Adapted from Dumitru and Baker, 2016.
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Figure 12 – Framingham and Boston criteria for the diagnosis of heart failure. For the
Framingham criteria, two major, or one major and two minor, criteria have to be present at the
same time to establish a diagnosis of heart failure (Marantz et al., 1988). For the Boston criteria,
a maximum of four points are allowed from each category, and therefore the maximum possible
is twelve points (Marantz et al., 1988). Heart failure diagnosis is classified “definite” between
eight and twelve points, “possible” between five and seven points, and “unlikely” for scores of 4
points or less (Marantz et al., 1988). Adapted from Marantz et al., 1988.
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Figure 13 - NYHA and ACC/AHA heart failure staging systems. The New York Heart
Association classification is the most frequently cited (Gopal and Karnath, 2009). It is based on
symptoms obtained only by patient experience and is also used to predict mortality (Gopal and
Karnath, 2009). According to a study by Muntwyler and colleagues, estimated 1-year mortality
among patients with heart failure classes II, III, and IV was 7%, 15%, and 28%, respectively
(2002). Unlike the New York Heart Association’s stages, the American College of
Cardiology/American Heart Association stages consider objective measures, risk factors, and
subjective symptoms (Gopal and Karnath, 2009). Adapted from Gopal and Karnath, 2009.
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criteria, Rovai and colleagues, who evaluated clinical examinations, report that 77% of heart
failure cases were diagnosed by history alone (2007).
Etiology/Pathophysiology
Types of Heart Failure
The type of heart failure a patient has dictates disease pathophysiology, progression, and
treatment. Type of heart failure is based on which function of the heart or which side of the heart
is most affected. Heart failure may predominately affect the left ventricle (left-sided heart
failure) or the right ventricle (right-sided heart failure). Left-sided heart failure may primarily
manifest as systolic dysfunction (the heart can’t pump out enough of its volume of blood) or
diastolic dysfunction (the heart can’t fill with enough blood). Heart failure with systolic
dysfunction is also called heart failure with reduced ejection fraction and heart failure with
diastolic dysfunction is also called heart failure with preserved ejection fraction. Ejection
fraction is the amount of blood ejected by the left ventricle in one contraction (stroke volume)
divided by the amount of blood in the left ventricle at end of filling in diastole just before systole
(end-diastolic volume) (Toger, 2012).
Left-sided heart failure can be caused by ischemic heart disease, high blood pressure,
diseases of the mitral or aortic valves, or diseases of the myocardium (Schoen and Mitchell,
2015). The consequences of left-sided heart failure are the result of the accumulation of blood in
the circulation of the lungs and in the chambers of the left side of the heart and of inadequate
supply of blood to the tissues of the body, which leads to problems, such as edema, in other
organs (Schoen and Mitchell, 2015). Symptoms include coughing, breathlessness, atrial
fibrillation, edema, and eventually kidney and brain damage as a result of the lack of perfusion of
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blood and therefore of the oxygen that comes with it (Schoen and Mitchell, 2015). Progressive
breathlessness is a hallmark symptom of left-sided heart failure due to edema in the lungs
(Dumitru and Baker, 2016).
In heart failure with reduced ejection fraction, characterized primarily by systolic
dysfunction, dilated ventricles fill with a greater quantity of blood than normal but only pump
out approximately 40-50% of that volume as compared to approximately 60% in a healthy heart,
making it unable to meet the demands of the body (Yancy et al., 2013; Mann, 2015). It can be
caused by anything that damages the ability of the left ventricle to contract (Schoen and Mitchell,
2015). The number of heart failure patients presenting with heart failure with preserved ejection
fraction is approximately equal to the number of heart failure patients presenting with heart
failure with reduced ejection fraction. In heart failure with preserved ejection fraction,
characterized primarily by diastolic dysfunction, the heart pumps out the same percentage of the
blood in it as a normal heart but, due to thickened and stiff ventricles that prevent normal
relaxation, fills with and pumps out a smaller amount of blood than a normal heart, making it
unable to meet the demands of the body (Yancy et al., 2013). Although diastolic dysfunction
may be less noticeable during rest, as the metabolic demands of the body increase, as during
exercise, the heart is unable to increase its output to meet those demands (Schoen and Mitchell,
2015). Pulmonary edema may also result from increased filling pressure being transferred to the
lungs because the left ventricle can’t relax enough to accept an increased volume of blood
(Schoen and Mitchell, 2015). Diastolic dysfunction can be caused by high blood pressure,
diabetes, obesity, bilateral renal artery stenosis, myocardial fibrosis as occurs with
cardiomyopathies and ischemic heart disease, infiltrative disorders such as cardiac amyloidosis
that occur with restrictive cardiomyopathies, or as an extreme case of the normal heart stiffening
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that occurs with aging (Schoen and Mitchell, 2015). Most heart failure patients have some
degree of both systolic and diastolic dysfunction, regardless of ejection fraction (Yancy et al.,
2013). Heart failure patients are often classified according to their ejection fraction because
classifying them based on any other criteria would be challenging or unreliable due to
differences in demographics, comorbidities, prognosis, and responses to therapy (Yancy et al.,
2013). Most clinical trials also select and categorize patients based on ejection fraction. (Yancy
et al., 2013).
Right-sided heart failure is most often caused by left-sided heart failure although in rare
cases can be caused by lung disorders that involve pulmonary hypertension, which causes
dilation and hypertrophy in the right side of the heart (Schoen and Mitchell, 2015). Right-sided
heart failure can result in worse kidney and brain damage than in left-sided heart failure and also
worse edema (Schoen and Mitchell, 2015). Most heart failure patients present with symptoms
indicating some degree of both left- and right-sided heart failure (Schoen and Mitchell, 2015).
Causes and Progression of Heart Failure
Heart failure starts as an event that either damages the myocardium, resulting in a
reduction of functioning cardiomyocytes, or that decreases the ability of the myocardium to
create force, which prevents normal contraction of the heart (Mann and Bristow, 2005). This
could be a sudden event, such as a myocardial infarction, a gradual event, such as pressure or
volume overloading, or it could be hereditary, such as a genetic cardiomyopathy (Mann and
Bristow, 2005). Heart failure, sometimes also referred to as congestive heart failure, is
considered an end point of many of the different types of heart disease, including those resulting
from hypertension, myocardial ischemia, disorders of the myocardium, heart valve diseases, and
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congenital heart abnormalities (Schoen and Mitchell, 2015). The term “heart failure” is more
accurate than “congestive heart failure” because the latter implies volume overload specifically,
which is not present in all heart failure cases (Gopal and Karnath, 2009). Heart failure develops
because these abnormalities or heart diseases cause the heart to be unable to pump enough blood
to meet the demands of the body or to only be able to meet those needs under pressure-overload
conditions (Dumitru and Baker, 2016). The 2013 American College of Cardiology
Foundation/American Heart Association Guideline for the Management of Heart Failure explains
that heart failure can result from any impairment in the structural or functional aspects of the
heart’s filling or ejection of blood and thus is a complicated clinical syndrome (Yancy et al.,
2013). These impaired structural or functional aspects that can cause heart failure may include
disorders of any layer of the heart muscle, the heart valves, the heart vessels, or metabolic
abnormalities, however the majority of patients with heart failure have impaired left ventricular
function (Yancy et al., 2013). Impaired left ventricular function can also present in a variety of
ways. Left ventricle size and ejection fraction might be normal or the left ventricle could be
hypertrophic or dilated and ejection fraction could be reduced (Yancy et al., 2013).
To maintain the pumping function of the heart after an acute event or as a result of
disease, mechanisms compensate by increasing the volume of blood, the filling pressure in the
heart, the heart rate, and the muscle mass of the heart (Dumitru and Baker, 2016). Despite these
compensatory effects, the heart gradually loses its ability to contract and relax, progressing
failure of the heart. A heavier or thicker heart is called hypertrophic and enlarged chambers are
called dilated (Schoen and Mitchell, 2015). The state of having an enlarged heart is called
cardiomegaly (Schoen and Mitchell, 2015). Hypertrophy and dilation can be the result of the
heart compensating for heart disease, volume overload, or pressure overload (Schoen and
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Mitchell, 2015). Volume overload is when there is too much blood in one or multiple chambers
of the heart for it to function properly. Pressure overload is when the heart has to contract harder
than normal – due to a dilated left ventricle for example - to overcome aortic pressure in order to
eject blood (Kulandavelu and Hare, 2012). An inadequate supply of oxygenated blood can lead
to ischemia and can compromise heart function. Chamber dilation can lead to dysfunction of the
heart valves because it can prevent them from closing completely. When the ventricles are
dilated too much, they also can’t contract as forcefully, which can lead to heart failure (Schoen
and Mitchell, 2015). Gap junction abnormalities, which can impair the ability of signals to pass
between cardiomyocytes in a coordinated fashion, can also lead to heart failure (Schoen and
Mitchell, 2015).
When the heart has to work harder or its function is compromised, multiple mechanisms
from subcellular to organ system level allow for short-term maintenance of pressure and delivery
of blood to the organs, but can be overcome over time by additional pathologic changes and can
also cause additional pathologic changes when chronically activated. Heart failure results when
these mechanisms are overwhelmed. Some of these compensatory mechanisms are:


the Frank-Starling mechanism, which improves contractility and stroke volume via an
increase in actin-myosin cross-bridges which occurs when the heart dilates as a result of




increased blood volume;
ventricular remodeling, resulting from the apoptosis and regeneration of cardiomyocytes
that became hypertrophic to compensate for increased mechanical work; and
the activation of neurohormonal systems including release of norepinephrine by the
autonomic nervous system to increase heart rate and improve contractility or release of
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atrial natriuretic peptide or activation of the RAAS, both of which regulate filling volume
and pressure (Schoen and Mitchell, 2015; Dumitru and Baker, 2016).
Cardiac remodeling can be changes to the size, shape, and/or function of the ventricles due to
physiological causes (such as exercise or growth, often beneficial) or pathological causes (such
as myocardial infarction, cardiomyopathy, or hypertension) (Sutton and Sharpe, 2000).
Pathological remodeling is a cause of the chronic activation of the systems above which in turn
cause additional damaging remodeling, creating a self-perpetuating cycle of chronic
neurohormonal activation and maladaptive change. The job of the neurohormonal system is to
maintain cardiac output even after events that damage the structure or function of the heart,
however this compensation, when chronic, can result in maladaptive cellular and vascular
changes that contribute to the progression of heart failure (Bristow, 1997; Cohn et al., 2000;
Colucci et al., 2000; Port and Bristow, 2001; Floras, 2009). When the adrenergic system is
overstimulated in heart failure, cAMP levels are increased which activates PKA which
phosphorylates the L type Ca2+ channel which allows an increase in cytosolic Ca2+ entry. This
increases cardiac contractility, impairs cardiac relaxation, and may lead to arrhythmias (Dumitru
and Baker, 2016). A sustained increase in cytosolic Ca 2+ also causes adverse cardiac
remodeling, which can include hypertrophy and apoptosis of cardiomyocytes as well as fibrosis
and proliferation of the extracellular matrix (Figure 14) (Port and Bristow, 2001; Pleger et al.,
2007). Chronic activation of the RAAS leads to excessive salt and water retention, which in turn
leads to increased preload and further increases in the demand on the heart to produce energy
(Dumitru and Baker, 2016).
For these reasons, the adrenergic system and the RAAS have been a recent focus of
significant investigation into the pathophysiology and treatment of heart failure (Patel and
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Figure 14 - Beta-adrenergic signaling pathways in cardiac myocytes. There are many signal
transduction pathways stimulated by β1 and/or β2-ARs. As signaling molecules, βγ subunits
affect several downstream targets including the Ras→Raf→MEK→MAPK pathway. The
complicated signaling pathways in cardiomyocytes activated by β 1 and β2-ARs in response to an
event that damages the myocardium result in increased cytosolic Ca2+ due to compensatory
adrenergic stimulation which then leads to adverse cardiac remodeling including hypertrophy,
apoptosis, fibrosis and extracellular matrix proliferation. This in turn leads to compensatory
adrenergic stimulation becoming chronic which leads to further pathologic remodeling, each of
which perpetuate the other. From Patel and Shaddy, 2010.
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Shaddy, 2010). Although the effects of these systems initially result in increased cardiac output,
when they are chronically activated they can cause the heart to adapt in ways that result in injury
to the myocardium, excessive cardiac remodeling, and/or dysfunction of the ventricles (Bristow,
1997; Cohn et al., 2000; Colucci et al., 2000; Port and Bristow, 2001).
Management/Treatment
The goals of heart failure treatments are to relieve symptoms, prevent complications,
and/or increase survival (Dumitru and Baker, 2016). Pharmacologic and non-pharmacologic
therapies are used in the management of heart failure. Non-pharmacologic options may include
supplemental oxygen, noninvasive positive pressure ventilation, sodium and fluid restriction,
physical activity, weight loss/attention to weight gain, and/or surgery (Dumitru and Baker,
2016). Pharmacologic options may include diuretics, vasodilators, inotropic agents,
anticoagulants, beta blockers, and/or antiarrhythmic and blood pressure support drugs (Dumitru
and Baker, 2016). Diuretics are standardly prescribed to treat the pulmonary congestion and/or
peripheral edema present with heart failure. Drugs that block the renin-angiotensin-aldosterone
system and the beta-adrenergic system are often prescribed as well, indicating that the
neurohormonal changes in heart failure are maladaptive responses to the disease (Schoen and
Mitchell, 2015). Surgical treatment options, some newly developed, might include attempts to
resynchronize the electrical impulses in the heart, re-vascularization, valve replacement/repair,
ventricular restoration, extracorporeal membrane oxygenation, ventricular assist devices, heart
transplantation, or total artificial heart (Dumitru and Baker, 2016). The total artificial heart is a
temporary measure intended as a bridge to donor heart transplantation in patients with end-stage
heart failure.
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Due to the importance of the neurohormonal system, β-blockers are a standard therapy in
early heart failure management in order to counteract adrenergic stimulation which results in the
previously discussed cascade of events that leads to adverse cardiac remodeling and heart failure
progression. The current agents approved for use for heart failure are either “selective” or “nonselective” β-blockers which are designed to counteract chronic adrenergic stimulation in multiple
locations (Patel and Shaddy, 2010). Selective β-blockers act on only one type of β-AR and nonselective β-blockers act on all types of β-ARs. Selective β-blockers are preferred in order to
limit effects in other areas of the body where β-ARs are located and are generally more effective
than non-selective β-blockers because, as discussed, β 1- and β2-ARs have properties opposite
those of β3-ARs. Treatment with β-blockers has two benefits at the molecular level. First, it
improves β-AR function by stopping the downregulation of myocardial β 1 and β2-ARs. Second,
it lessens desensitization of β-ARs by stopping the upregulation of GRK expression that is also a
result of chronic adrenergic system activation (Trappanese et al., 2015). Thereby, β-blocker
therapy aims to recouple β-ARs with G proteins and restore normal β-AR responsiveness
(Trappanese et al., 2015). Some β-blockers have additional properties. Carvedilol, a β 1-, β2-,
and α1-AR blocker, has been shown to have antioxidant, antiapoptotic, vasodilatory, and
myocyte energy utilization effects (Keating and Jarvis, 2003; Okafor et al., 2003; Gielser et al.,
2004; Udelson, 2004; Al-Hesayan et al., 2005).
Pharmacogenomics and pharmacokinetics also play a role in response to treatment. For
example, studies suggest that pediatric patients may need higher or more frequent doses of
therapies than adults due to differences in metabolism (Laer et al., 2002; Greenway and Benson,
2006; Albers et al., 2007). Significant genetic variability has also been found in the CYP2D6
enzyme, which is the main metabolizer of β-blockers (Azuma and Nonen, 2009). Age is not the
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only determinant of differences in heart failure pathophysiology or response to treatment.
Certain treatments have been found not to confer survival benefits to African-American subjects
(Taylor, 2007; Dorn and Liggett, 2009). This suggests that genetic variations in different
subpopulations also lead to differences in the pathophysiology of heart failure and response of
those groups to treatment. Single nucleotide polymorphisms (SNPs), most notably the β 1-AR
Arginine/Glycine 389, the GRK5 Glutamine/Leucine 41, and the β 2-AR Glycine/Arginine 16 and
Threonine/Isoleucine 164, have been shown to result in functional changes in β 1-ARs, β2-ARs,
and GRK5 (Green et al., 1993; Hoit et al., 2000; Dorn and Liggett, 2009). These polymorphisms
also have frequency variation between populations of different races, which may at least partially
explain the altered response to therapy in certain groups such as in African–Americans (Dorn
and Liggett, 2009). Ultimately, patient-specific, even more so than age- or race-specific,
therapies could prove the most effective, although challenging, method to treat heart failure.
Beta1- and β2-Adrenergic Receptors in the Failing Heart
Heart failure causes changes in neurohormonal homeostasis, which in turn causes the
distribution of β-AR subtypes to change, which further promotes the progression of heart failure
(Bristow et al., 1986). Specifically, in the failing adult heart, β 1-ARs are down-regulated,
resulting in a change in the ratio of β1 to β2-ARs from about 2.9:1 to about 1.6:1 (Bristow et al.,
1986). The down-regulation process is part of heart failure pathogenesis due to overstimulation
with catecholamine and the resultant excessive negative feedback regulation of the β 1 and β2AR/Gs pathway (Madamanchi, 2007). Sustained β1-AR signaling has been linked to
cardiomyocyte apoptosis through a PKA–independent increase in intracellular Ca 2+ and
activation of Ca2+/calmodulin-dependent protein kinase II (CaMKII), via stimulation of L-type
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Ca2+ channels and CaMKII by β1-ARs (Zhu et al., 2003). Cardiomyocyte apoptosis has been
linked to the progression of heart failure and this activation of CaMKII links over-stimulation of
β1-ARs to cardiomyocyte apoptosis and thereby to heart failure (Zhu et al., 2003).
The elevated catecholamine levels induced by heart failure cause the cardioinhibitory G i
to be upregulated in heart failure and may possibly cause down-regulation of the
cardiostimulatory Gs (Longabaugh et al., 1988; Neumann et al., 1988; Eschenhagen, 1993; Rau
et al., 2003; Fajardo et al., 2013). Beta2-AR signaling can become detrimental in chronic heart
failure by preferentially signaling through Gi over Gs, as a result of which cardiac contraction
kinetics are excessively slowed (Fajardo et al., 2013). Additionally, in the failing heart, β 2-ARs
move out of cardiomyocyte caveolae and T-tubules, which may cause the loss of the
cardioprotective effects of β2-AR signaling and cause β2-ARs to signal like β1-ARs, thereby
contributing to the progression of heart failure (Nikolaev et al., 2010). The effects of chronic β 2AR activation include cardiac dilation and contractile dysfunction, as well as augmented proinflammatory and profibrotic signaling (Xu et al., 2011). Xu and colleagues showed that
treatment with antioxidants protected the hearts of mice with transgenic β₂-AR overexpression
(β₂-TG mice) from the effects of chronic β2-AR activation, which is consistent with a role for
reactive oxygen species (ROS) production in the detrimental signaling of β 2-ARs (2011). This
makes sense because, once activated, Gi can also signal through a Gi/NOS pathway and ROS and
NOS can act together to damage cells (Figure 5) (Novo and Parola, 2008).
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Beta3-Adrenergic Receptor in the Failing Heart
Beta3-Adrenergic Receptor Response to Heart Failure
Although they are the least abundant β-AR subtype in the heart, the role of β 3-ARs in
heart failure is important to focus on because:





β3-AR levels are elevated in the myocardium in heart failure patients whereas β 1-ARs,
and sometimes β2-ARs, are down-regulated (Moniotte et al., 2001);
β3-AR levels continue to increase over the course of heart failure, reinforcing their
influence relative to the other β-AR subtypes (Dessy and Balligand, 2010);
β3-ARs are more resistant to desensitization and down-regulation than are β 1 and β2ARs (Liggett et al., 1993); and
expression of β3-ARs in heart failure patients increases even further with treatment
with β-blockers (Sharma et al., 2008).

Beta3-ARs may have significant short-term protective effects in terms of preventing harmful
cardiac remodeling. However, in advanced heart failure, upregulation of β 3-ARs could lead to
progressive deterioration of inotropy which negatively affects heart function by mechanisms
different from harmful remodeling via over-stimulation of β 1 and β2-ARs.
In an attempt to compensate for the deteriorating heart, the sympathetic nervous system
responds to heart failure with increased activity, resulting in increased levels of catecholamines
and enhanced stimulation of β1 and β2-ARs which negatively affects heart function in the ways
previously described (Eschenhagen, 2008). However, high levels of intracellular Ca 2+ and
sustained high-level contraction force causes cardiomyocyte hypertrophy and promotes eventual
cardiomyocyte apoptosis (Figure 14) (Port and Bristow, 2001; Pleger et al., 2007). The G βγ
subunit, through the Ras-Raf-MEK-MAPK pathway, can also cause cardiomyocyte hypertrophy
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(Figure 14) (Gutkind, 2000). This hypertrophy and apoptosis resulting from initial
cardiomyopathy leads to further adverse cardiac remodeling and irregular cardiac function,
furthering failure of the heart muscle. The fact that β 3-ARs require higher concentrations of
catecholamines than β1 and β2-ARs to be activated supports the conclusion that they are most
likely to become activated in situations such as chronic heart failure, where excess
catecholamines are present (Rouget et al., 2004). If catecholamine levels remain high, β 3-ARs
will stay activated, as opposed to becoming desensitized or down-regulated like β 1-ARs, due to
the fact that they are less likely to be desensitized than β 1-ARs (Dessy and Balligand, 2010).
Because they offset excessive stimulation of cAMP responses by β 1-ARs, β3-ARs act as
endogenous β1-AR blockers, the difference between β3-ARs and standard β-blocker drug therapy
being that β3-ARs block the downstream effects of the β1-ARs and not the receptors themselves
(Dessy and Balligand, 2010). This negative effect that β 3-ARs have on contractile force is
mediated by the downstream production of NO by endothelial NOS activity (Gauthier et al.,
1998; Varghese et al., 2000).
In the failing heart, β1-ARs are down-regulated or desensitized, endothelial NOS levels
are also down-regulated, and β3-ARs and neuronal NOS levels are up-regulated (Figure 15)
(Kulandavelu and Hare, 2012). Furthermore, in heart failure, neuronal NOS will translocate
from the sarcoplasmic reticulum to the sarcolemma (Figure 15) (Kulandavelu and Hare, 2012).
This translocation can have adaptive as well as detrimental effects. To show the adaptive nature
of this translocation, Niu and colleagues used transverse aortic constriction (TAC) in mice to
create a model of pressure overload-induced cardiac hypertrophy and heart failure (2012). They
showed that after just three weeks of treatment with the β 3-AR agonist BRL-37344 (BRL),
reduced cardiac remodeling and improved cardiac function were observed (Niu et al., 2012).
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They suggest that this was due to restoration of the nitroso-redox balance as a result of a
simultaneous decrease in ROS and a neuronal NOS-dependent increase in NO (Niu et al., 2012).
They also demonstrated that neuronal NOS became the isoform maintaining NO and ROS
balance in the failing heart instead of endothelial NOS (Niu et al., 2012). They made this
conclusion because mice treated with BRL experienced a 2-fold increase in nNOS protein
expression in their hearts compared to mice treated with vehicle (Niu et al., 2012). Additionally,
treatment of mice with the nNOS inhibitor L-VNIO stopped the suppression of the generation of
the free radical superoxide (O2-) by BRL (Niu et al., 2012). They also observed, in BRL treated
TAC mice compared with untreated TAC mice, a 50% decrease in phosphorylation of eNOS
Serine1177, which indicates eNOS activation, and a 100% increase in phosphorylation of eNOS
Serine 114, which indicates eNOS deactivation (Niu et al., 2012). Lastly, in nNOS knockout
TAC mice treated with BRL compared with untreated nNOS knockout TAC mice, cardiac
function was worse (measured by left ventricular fractional shortening) and left ventricle dilation
and mass were greater (Niu et al., 2012). The protective effects of β 3-ARs may not be limited
only to countering the positive inotropic effects of β 1 and β2-ARs. NO downstream of β3-ARs
may also stimulate the activity of the cardiac sodium (Na+)/potassium (K+)-ATPase (also known
as the Na+/K+ pump) (Rasmussen et al., 2009). This could counteract Na + overload in the failing
heart muscle and thereby contribute to anti-arrhythmic as well as anti-remodeling effects
(Rasmussen et al., 2009). This in turn would also help to preserve left ventricular function
(Rasmussen et al., 2009).
Conversely, this translocation could also have detrimental effects in the failing heart
because it can reduce contractility and impair Ca2+ handling if a nitroso-redox imbalance occurs
(Hare and Stamler, 2005). Impaired Ca2+ handling can occur because a decrease in local NO
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production at the sarcoplasmic reticulum can prevent normal regulation of SERCA and RYR2
via S-nitrosylation (Xu et al., 1998). Also, loss of NO derived from neuronal NOS (nNOS) in
the sarcoplasmic reticulum may remove inhibition of xanthine oxidoreductase (XOR) by nNOS,
which leads to a significant increase in the production of O 2–, which has been found to be upregulated in failing hearts (Figure 15) (Khan et al., 2004; Hare and Stamler, 2005). The nitrosoredox imbalance that results from this decrease in NO in the sarcoplasmic reticulum may
increase the risk of constitutively active RYR2s by O 2–, Ca2+ leak during diastole, and reduction
of Ca2+ stores in the sarcoplasmic reticulum (Hare and Stamler, 2005). These effects lead to
insufficient cardiac contractility (Hare and Stamler, 2005).
Increased upregulation of β3-ARs in heart failure also increases cyclic guanosine
monophosphate (cGMP), which is produced subsequent to NO activation of soluble guanylyl
cyclase (Figure 5) (Trappanese et al., 2015). cGMP activates phosphodiesterases (PDEs) which
decrease cAMP and which activate protein kinases that mediate decreases in the amount and
therefore in the effects of Ca2+ (Gauthier et al., 2007). These mechanisms are the body’s attempt
to slow the progression of heart failure by counterbalancing the effects of β 1-AR stimulation
(Gauthier et al., 2007). To counterbalance the effects of β 1-AR stimulation, β3-ARs must also
affect elements of excitation-contraction coupling. One key element affected is L-type Ca 2+
channel activity. NO can regulate L-type Ca2+ channel activity in the following ways:


phosphorylation of the L-type Ca2+ channel α1 subunit by PKA can be inhibited by
cGMP/PKG, preventing entry of Ca2+ via that channel (Massion and Balligand, 2003;
van der Heyden et al., 2006)
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Figure 15 – Beta-AR and NOS signaling in the failing heart. In the failing heart, the two
forms of NOS are different in both quantity and location, and therefore also in functional effects,
than in the healthy heart. In chronic heart failure, β 1 and β2-ARs are down-regulated or
desensitized, endothelial NOS (eNOS) levels are down-regulated, β 3-ARs and neuronal NOS
(nNOS) levels are up-regulated, and nNOS translocates from the sarcoplasmic reticulum to the
sarcolemma (Kulandavelu and Hare, 2012). This is thought to be an adaptive mechanism in the
stressed heart because, when compared with control mice, nNOS knockout mice developed
worse left ventricular remodeling and diminished β-adrenergic reserve after myocardial
infarction (Dawson et al., 2005; Saraiva et al., 2005). Adapted from Kulandavelu and Hare,
2012.
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cGMP can inhibit cAMP activity through PDE2, preventing PKA phosphorylation of
the L-type Ca2+ channel and subsequent Ca2+ entry, and can increase cAMP through
PDE3, allowing PKA phosphorylation of the L-type Ca 2+ channel and subsequent



Ca2+ entry (Massion and Balligand, 2003; van der Heyden et al., 2006)
the L-type Ca2+ channel can be directly S-nitrosylated independent of cGMP,
allowing entry of Ca2+ through the L-type Ca2+ channel (Burger et al., 2009)

Consistent with decreased contractility via some of these mechanisms, β 3-AR agonists have been
shown to primarily inhibit L-type Ca2+ channel currents in ventricular myocytes from rat models
of heart failure (Zhang et al., 2005). The specific phosphodiesterases referred to here are cyclic
nucleotide phosphodiesterases, which are enzymes that regulate levels of the second messengers
cAMP and cGMP by controlling their rates of degradation (Bender and Beavo, 2006).
Potential Role of β3-Adrenergic Receptor in Heart Failure Management
As described above, there are multiple ways in which β 3-AR up-regulation in heart failure
could be both a protective response to β1- and β2-AR over-activity and/or a contributor to the
progression of heart failure. The negative inotropic effects of β 3-AR activation appear to have at
least a short-term cardioprotective nature. These cardioprotective effects have been shown to
extend to mouse models of cardiac pressure overload, rat models of neurohormone-induced
hypertrophy, mouse and pig models of myocardial ischemia/reperfusion injury, and mouse
models of acute myocardial infarction (Aragon et al., 2011; Sorrentino et al., 2011; Niu et al.,
2012; Watts et al., 2013; Garcia-Prieto et al., 2014). These studies offer data that could indicate
the future role of β3-ARs in the management or treatment of heart failure.
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Aragon and colleagues created a mouse model of acute myocardial infarction by
surgically ligating the left carotid artery for 45 minutes (causing myocardial ischemia) followed
by 24 hours of reperfusion (2011). At the start of reperfusion, mice were given the selective β 1AR antagonist Nebivolol, the selective β 3-AR agonist CL 316243, the selective β3-AR agonist
BRL, or vehicle (Aragon et al., 2011). Nebivolol has shown vasodilating effects that are
mediated by nitric oxide that may be the result of β 3-AR stimulation (Aragon et al., 2011). After
24 hours of reperfusion, myocardial at risk area and infarct size were measured (Aragon et al.,
2011). Myocardial tissue and plasma were collected to assess eNOS phosphorylation, nNOS
expression, and nitric oxide and nitrosylated protein levels (Aragon et al., 2011). They found
that treatment with Nebivolol, CL 316243, or BRL (compared to treatment with vehicle)
decreased infarct size by 37%, 39%, and 42%, respectively (Aragon et al., 2011). Nebivolol and
CL 316243 increased eNOS phosphorylation, nitrosylated protein levels, and nNOS expression
(Aragon et al., 2011). Nebivolol did not decrease infarct size in β 3-AR, eNOS, or nNOS
knockout mice (Aragon et al., 2011). These results show that β 3-AR agonists decrease injury
from myocardial ischemia/reperfusion through activation of eNOS and nNOS and increased NO
(Aragon et al., 2011).
Sorrentino and colleagues created a mouse model of extensive anterior myocardial
infarction by permanently ligating the left anterior descending coronary artery (2011). Twenty
four hours after myocardial infarction, mice were treated with Nebivolol, the selective β 1-AR
antagonist metoprolol-succinate, or vehicle (Sorrentino et al., 2011). Sham-operated mice were
used as a control (Sorrentino et al., 2011). Decrease in heart rate was similar after treatment with
either β1-AR antagonist (Sorrentino et al., 2011). Compared with metoprolol-succinate or
vehicle, vasorelaxation was improved and the number of early endothelial progenitor cells was
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increased four weeks after myocardial infarction in the group treated with Nebivolol (Sorrentino
et al., 2011). Nebivolol, but not metoprolol, also inhibited cardiac NADPH oxidase activation
and cardiomyocyte hypertrophy, improved left ventricular ejection fraction, and was associated
with improved survival four weeks after myocardial infarction (Sorrentino et al., 2011). NADPH
oxidase is an enzyme that catalyzes the production of the inflammatory O 2- that has been shown
to contribute to cardiomyocyte hypertrophy and left ventricular dysfunction after myocardial
infarction (Griendling et al., 2000; Sorrentino et al., 2011). This indicates that, due to its effects
on NO-mediated vasorelaxation, early endothelial progenitor cells, and inhibition of NADPH
oxidase, Nebivolol improves left ventricular ejection fraction and survival after myocardial
infarction beyond the effects of β1-AR blockers (Sorrentino et al., 2011). After myocardial
infarction, eNOS knockout mice treated with Nebivolol, compared to those treated with vehicle,
experienced no improvement in vasodilation, endothelial progenitor cell numbers, left ventricular
hypertrophy, or left ventricular ejection fraction (Sorrentino et al., 2011). This further indicates
that the improved responses after treatment with Nebivolol are dependent on eNOS activation
subsequent to β3-AR stimulation by Nebivolol.
Watts and colleagues created a mouse model of pressure overload via TAC (2013). One
day after TAC, the mice began treatment with BRL (Watts et al., 2013). They also isolated
neonatal rat ventricular cardiomyocytes (NRVCs), which were pretreated with endothelin-1 or
norepinephrine for 48-72 hours to cause hypertrophy, then stimulated with BRL for two hours
(Watts et al., 2013). Treatment with endothelin-1 or norepinephrine resulted in suppressed NOS
activity, increased O2- production, and increased expression of β 3-AR mRNA (Watts et al.,
2013). The addition of BRL significantly reduced the hypertrophy, restored NOS activity, and
decreased O2- production (Watts et al., 2013). BRL had no effects in non-hypertrophied controls
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(Watts et al., 2013). NVRCs treated with norepinephrine and BRL were also treated with the
nNOS inhibitor LV-NIO (Watts et al., 2013). These cells showed a significant reduction in the
NOS activity that was stimulated by BRL (Watts et al., 2013). BRL also increased cGMP levels
via an nNOS dependent mechanism (Watts et al., 2013). To further show that BRL stimulates
nNOS specifically, phosphorylation and dephosphorylation of sites of activation and deactivation
on nNOS and eNOS were examined after BRL treatment (Watts et al., 2013). On nNOS, BRL
caused an increase in phosphorylation at its activation site, Ser1412, and almost complete
dephosphorylation at its deactivation site, Ser847, consistent with increased nNOS activity and
reduced O2- production (Watts et al., 2013). On eNOS, BRL caused an increase in
phosphorylation at its deactivation site, Ser114, and no change at its activation site, Ser1177,
consistent with decreased eNOS activity, opposite the effect of BRL on nNOS (Watts et al.,
2013). Lastly, NRVCs treated with pertussis toxin to block signaling through G i showed a
significant decrease in phosphorylation by BRL of the nNOS activation site and a significant
increase in phosphorylation by BRL of the nNOS deactivation site (Watts et al., 2013). This
likely caused the reduction in BRL-stimulated NOS activity and its antioxidant effects also
observed after treatment with pertussis toxin (Watts et al., 2013). This data indicates the key role
of nNOS in β3-AR-mediated cardioprotective signaling in cardiomyocytes. Specifically,
activation of nNOS by changes in phosphorylation at two regulatory sites is how β 3-AR regulates
myocardial NOS activity and ROS under pathophysiological conditions (Watts et al., 2013).
This study identified a new and significant anti-oxidant and anti-hypertrophic pathway resulting
from post-translational modification of nNOS as a result of β 3-AR stimulation (Watts et al.,
2013).
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Garcia-Prieto and colleagues created a mouse model of ischemia reperfusion injury via
45 minutes of left anterior descending coronary artery occlusion (2014). Mice received either
BRL or vehicle before reperfusion (Garcia-Prieto et al., 2014). Two hours and 24 hours after
reperfusion, infarct size was measured in one group (Garcia-Prieto et al., 2014). In another
group, left ventricular function was examined by echocardiography and cardiac magnetic
resonance (CMR) at 1, 4, and 12 weeks after treatment (Garcia-Prieto et al., 2014). Beta 3-AR
knockout mice underwent the same ischemia reperfusion injury procedure and infarct size was
measured 24 hours after reperfusion (Garcia-Prieto et al., 2014). Isolated mouse cardiomyocytes
underwent simulated ischemia/reperfusion by hypoxia/reoxygenation and cell viability was
observed with and without treatment with BRL (Garcia-Prieto et al., 2014). The cells were also
co-incubated with BRL and the NOS inhibitor L-NAME (Garcia-Prieto et al., 2014). Isolated
cardiomyocytes from eNOS knockout mice also underwent hypoxia/reoxygenation (GarciaPrieto et al., 2014). Garcia-Prieto and colleagues also created a pig model of acute myocardial
infarction via one hour of left anterior descending coronary artery occlusion then reperfusion
(Garcia-Prieto et al., 2014). Pigs received either BRL or vehicle 5 minutes before reperfusion
(Garcia-Prieto et al., 2014). CMR was used at 7 days and at 45 days after myocardial infarction
to measure infarct size and left ventricular function (Garcia-Prieto et al., 2014). In wild-type
mice treated with BRL, infarct size was reduced 2 hours and 24 hours after reperfusion and left
ventricular function was improved at 12 weeks after reperfusion (Garcia-Prieto et al., 2014). No
cardioprotective benefits were observed in β3-AR knockout mice treated with BRL (GarciaPrieto et al., 2014). In isolated mouse cardiomyocytes treated with BRL, cell death was reduced
during hypoxia/reoxygenation (Garcia-Prieto et al., 2014). eNOS knockout cardiomyocytes and
cardiomyocytes co-incubated with BRL and L-NAME experienced no reduction in cell death
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(Garcia-Prieto et al., 2014). This data supports a key role of NO in the cardioprotection resulting
from selective β3-AR stimulation (Garcia-Prieto et al., 2014). In BRL-treated pigs, infarct size
was reduced 7 days after myocardial infarction and left ventricular function was unchanged
(Garcia-Prieto et al., 2014). Left ventricular function was found to be improved at 45 days after
myocardial infarction (Garcia-Prieto et al., 2014). This study was the first to show evidence of
long-term cardioprotective benefits of pre-reperfusion treatment with a selective β 3-AR agonist
and to do so in a clinically relevant large animal model (Garcia-Prieto et al., 2014). These
studies make the β3-AR a target of interest in treating heart failure despite its potential
contributions to the progression of heart failure. Additional studies with large animal models
and human patients are necessary to determine the effectiveness and especially the long term
effects of β3-AR stimulation.
Future Directions
As the numbers of people with heart failure continue to increase, so does the importance
of continued research into its etiologies and potential treatments. Balligand points out that there
have been few studies on the long-term effects of β 3-AR agonists and therefore very little is
known about their impact on left ventricular function in heart failure (2013). Specifically to
target defects in the β-adrenergic system, β-blockers must be “designed” which will have varying
degrees of agonistic and/or antagonistic effects over time and across all three different β-AR
subtypes with the goal of re-establishing a non-failing adrenergic state by reversing and/or
preventing these β-adrenergic defects (Patel and Shaddy, 2010). In order to accomplish this
optimal therapeutic scheme, prospective controlled studies/trials in animal models and in human
patients with different stages and types of heart failure are necessary (Dessy and Balligand,
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2010). For instance, no trials of this type have been conducted to examine whether β3-ARs
should be blocked with antagonist therapies or stimulated with specific agonist therapies to
preserve or improve long-term cardiac function (Dessy and Balligand, 2010).
One of the other biggest challenges going forward will of course be that expression of
and affinity for the different β-ARs varies between species, making the study of the β-ARs and
therapies targeted at them potentially unreliable. Beta 3-ARs present the greatest challenge of the
three subtypes, particularly in studying or making comparisons to their presence in the healthy
heart, as they are the least abundantly expressed cardiac β-AR subtype. The presence of β 3-ARs
in other organs and tissues is relevant to the study of β 3-ARs in the heart and knowledge of their
existence in many other locations pre-dates knowledge of their existence in the heart. Therefore,
therapies targeting β3-ARs in those areas may be more fully developed and therefore
instructional in developing therapies targeting β 3-ARs in the heart. For example, mirabegron, a
selective β3-AR agonist that has been shown to be clinically effective, is currently being used to
treat overactive bladder syndrome (Galougahi et al., 2015). Although it has multiple etiologies
and phenotypes, the most common theme in the cause and progression of heart failure seems to
be the deleterious changes brought about by chronic β-adrenergic signaling, which is ultimately
the body’s way of trying to maintain cardiac function as a response to chronic stress on the heart.
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