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Abstract

Endocannabinoids are part of a bioactive lipid signaling system, not only in the central nervous
system but also in various peripheral organs. Accumulating evidence implicates dysregulation of the
endocannabinoid system (ECS) in the pathogenesis of various cardiovascular diseases, including
hypertension, atherosclerosis, myocardial infarction, hemorrhagic or septic shock, heart failure and
cardiovascular complications of liver cirrhosis. Even though the benefit of chronic cannabinoid 1
(CB1) receptor blockade with the currently available compounds may not outweigh the risks in
chronic conditions such as obesity, modulation of the ECS may hold great therapeutic promise in
various cardiovascular conditions/disorders.

In this review we will discuss recent advances in understanding the role of CB receptors and
endocannabinoids in the regulation of cardiac function in cirrhotic cardiomyopathy and in
doxorubicin-induced heart failure.
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Introduction

Endogenous cannabinoids may exert a wide range of biological effects in a variety of
physiological and pathological conditions (1,2). Initially identified in the brain, these bioactive
lipids are part of a novel signaling system along with their G-protein coupled receptors and the
enzymes involved in their biosynthesis and degradation. The growing availability of
pharmacological tools and knockout mouse strains has been crucial in uncovering the
biological functions that are modulated by the endocannabinoid system (ECS) under normal
and pathological conditions (1,3). Arachidonoyl ethanolamine or anandamide (AEA) and 2-
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arachidonoylglycerol (2-AG), are the two most studied endocannabinoids with well
characterized cardiovascular effects. In contrast, the cardiovascular effects of other putative
endocannabinoid ligands, such as the 2-arachidonyl-glyceryl ether (noladin ether), O-
arachidonoylethanolamide (virhodamine) and N-arachidonyl-dopamine are lesser known (1).
AEA and 2-AG are generated from membrane glycerophospholipids by distinct biosynthetic
pathways in response to a rise in intracellular calcium and/or stimulation of metabotropic
receptors (4). AEA is metabolized predominantly by fatty acid amide hydrolase (FAAH) and
2-AG is preferentially degraded by monoglyceride lipase (MGL). Endocannabinoids share the
pharmacology of THC, the psychoactive ingredient of marijuana (cannabis), and produce
similar biological effects. Two types of cannabinoid receptors, CB; and CB5, have been
identified in mammalian tissues. However, based on pharmacological evidence, several other
receptors as well as non-receptor mediated pathways have also been implicated in the effects
of endocannabinoids (1,5,6). CB1 is the most abundant G-protein coupled receptor in the brain
but it has been identified at lower, yet functionally relevant levels in various peripheral tissues
(e.g. adipose tissue (7,8), liver (9,10), myocardium (11-14), and the vascular endothelium and
smooth muscle cells (15-17). CB5 receptors are expressed primarily in cells of immune and
hematopoietic origin, but their presence has recently been also confirmed in the brain (18),
liver (9), myocardium (13,19), vascular endothelial and smooth muscle cells (16). Both
receptors are coupled to Gjjo, inhibiting adenylate cyclase, but they can also signal through
other pathways (e.g. cyclooxygenase-2, mitogen-activated protein kinases and protein kinases
A and C, just to mention a few (1,20). Therapeutic modulation of the ECS may be beneficial
in various cardiovascular disorders, including hypertension, myocardial infarction, circulatory
shock, cirrhotic cardiomyopathy and heart failure, which have been covered in recent
overviews (21,22). In this review we will focus on recent advances in understanding the role
of the CB1 receptor and endocannabinoids in the regulation of cardiac function with special
emphasis on the potential benefits of CB4 antagonism in cirrhotic cardiomyopathy and in
doxorubicin-induced heart failure.

Endocannabinoids and the heart

The cardiovascular effects of cannabinoid compounds have been known for a long time. Studies
in humans indicated that chronic use of marijuana causes long lasting decrease in blood pressure
and heart rate, whereas the acute use increases heart rate without affecting blood pressure
(14,23). In anesthetized animals, A%-tetrahydrocannabidiol (THC), its synthetic analog
HU-210, and anandamide decrease blood pressure and cardiac contractility and cause
bradycardia through the activation of CB1 receptors (14). Cardiovascular functions are
regulated by complex central and local mechanisms; the ECS recently emerged as a potent
cardiovascular modulator mechanism that may become particularly relevant under disease
conditions. Cannabinoid receptors, located centrally and on presynaptic autonomic nerve
terminals may inhibit neurotransmitter release, thereby modulating the sympathetic outflow,
which maintains constant control of cardiovascular function (24,25). At the peripheral level,
functional CB1 receptors in the vessel wall appear to be involved in certain tissue- and species-
specific vasodilatory actions of cannabinoids, however these effects may also be mediated by
other receptors (such as TRPV1, GPR55, and yet unidentified ones) (5,14,26,27). Myocardial
CB; receptors mediate negative inotropy in papillary muscles in vitro, in isolated hearts ex
vivo, as well as in anesthetized rodents in vivo (14,28) (Figure 1.). The latter evidence comes
from recent studies in which the hypotensive effect of AEA has been found to be predominantly
mediated by the decrease in cardiac contractility through CB4 receptors (11,29,30). These
effects are less pronounced in conscious cannulated animals (31). In addition to the above-
discussed actions, endocannabinoids are rapidly cleaved in vivo by hydrolysis, and
cycloxygenase-2, lipoxygenases and cytochrom P450-mediated oxidative metabolism. The
rapidly generated bioactive derivatives, such as prostanoids, exert additional cardiovascular
and other biological effects that may be confounding (32-34).
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The available evidence suggests that endocannabinoids play only limited, if any role in the
regulation of the cardiovascular system under normal conditions in healthy individuals.
Administration of CB4 antagonists does not affect blood pressure, heart rate or cardiac function
in normotensive rodents (11,13,35) or in humans. In obese but normotensive patients one-year
treatment with CB, antagonist rimonabant slightly but significantly decreased both systolic
and diastolic blood pressure, presumably as a result of the concomitant body weight loss
(36).

On the other hand, activation of the ECS, which may result from an imbalance between
endocannabinoid biosynthesis and degradation and/or from changes at the level of receptors
and signaling pathways, has been associated with various pathological cardiovascular
conditions associated with decreased myocardial function.

The endocannabinoid system in advanced hepatic cirrhosis

Hepatic cirrhosis, the end stage of chronic liver disease, is associated with impaired hepatic
function, portal hypertension and significant resultant morbidity and mortality. The underlying
pathomechanism is the progressive replacement of the liver tissue by fibrous scar tissue and
by regenerative nodules leading to the disruption of the entire liver architecture. The
transformation of the liver parenchyma results in the reorganization of the intrahepatic
vasculature. The pathological features of cirrhosis may be clinically silent for a long time,
followed by a period of nonspecific signs. In advanced cirrhosis, the symptoms are related to
the progressive development of liver failure and the consequences of portal hypertension. The
prognosis for the patients with cirrhosis depends on several factors, such as the degree of
hepatic injury, presence of complications of advanced liver disease. When complications
cannot further be controlled or the hepatic failure is complete, liver transplantation remains the
only therapeutic option. Cardiovascular complications of cirrhosis include hemodynamic
changes, abnormalities in the central, splanchnic and peripheral circulation and cardiac
dysfunction. Patients with advanced cirrhosis may present characteristic cardiovascular
symptoms such as tachycardia, systemic hypotension, increased baseline cardiac output and
decreased total vascular resistance, the signs of hyperdynamic circulation (37). In addition to
the above-mentioned hemodynamic constellation, cardiac contractile function in patients with
advanced cirrhosis is often impaired; a condition also termed cirrhotic cardiomyopathy (38).
The signs of cirrhotic cardiomyopathy are often subclinical; they are generally masked by the
reduced left ventricular afterload. However, the attenuated ventricular contractile response can
be revealed under conditions of physiological or pharmacological stress. These include
response to inotropic drugs, physical exercise, or therapeutic interventions such as transjugular
intrahepatic portosystemic shunt or liver transplantation. Electrophysiological abnormalities
of the heart, such as prolongation of repolarization (increased QT interval), electromechanical
uncoupling, and cardiac chamber hypertrophy or enlargement (38,39) are often present in
cirrhotic patients. Cirrhotic cardiomyopathy may contribute to poor outcomes following liver
transplantation and may be implicated in the pathogenesis of the hepatorenal syndrome. The
findings that the hypotension, induced by endotoxin (40) or associated with hemorrhagic shock
can be reversed by CB4 antagonist and endocannabinoid levels are elevated in these conditions
(41,42) led to the hypothesis that the ECS might also be involved in the pathogenesis of
cirrhosis. Early studies mainly focused on the peripheral vascular actions of endocannabinoids
in cirrhosis. These studies (43,44) have suggested that an overactivated ECS contributes to the
decreased blood pressure in advanced cirrhosis. A single bolus dose of a selective CB4 receptor
antagonist reversed the systemic hypotension, decreased portal venous pressure, mesenteric
flow (43) and cardiac output; and increased total peripheral resistance and blood pressure in
the cirrhotic animal (44). A more recent study investigated the effect of chronic CB, antagonist
treatment in the carbontetrachloride model of rat cirrhosis and found that it dose-dependently
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improved hemodynamic alterations and resulted in decreased ascites formation in cirrhotic
animals (45).

Given that bacterial lipopolysaccharide (LPS) represents a major trigger for elevated
endocannabinoid levels, as it has been shown in peripheral lymphocytes (46), monocytes and
platelets (47), hepatocytes (48), and possibly in other cell types, and endotoxemia is common
in advanced cirrhosis due to the leaky gut syndrome, it can be hypothesized that the elevated
circulating levels of LPS stimulate the production or decrease the degradation of anandamide
and possibly other endocannabinoids or endocannabinoid-like substances. Indeed, earlier
preclinical studies demonstrated that isolated monocytes and platelets from cirrhotic animals,
as well as from patients with the condition, had significantly elevated levels of anandamide
(43,44). Furthermore, the injection of these cells into normal recipient animals elicited CB;
receptor sensitive hypotension. Recent studies have established that endocannabinoid levels
are elevated in patients with advanced cirrhosis compared to healthy volunteers (49,50).
However, the clinical significance of these findings remains to be explored.

These studies, however, did not address the question whether the activated ECS has a
differential effect on target organs and vascular beds. One of the first documented peripheral
effects of anandamide was its vasodilator action mediated by CB1, TRPV1, nonCB/CB;
receptors, via endothelium and/or nitric oxide-dependent and/or -independent mechanisms
(14,29,35,51). As already mentioned above, the cellular distribution of CB; receptor is altered
in cirrhosis. A marked increase in CB; receptor expression was found in human cirrhotic liver
endothelial cells (43) and liver fibrogenic stellate cells (52), as well as in mesenteric arteries
from cirrhotic rats (53) and in cirrhotic rat liver samples (54). Experiments using isolated
vessels provided functional evidence that cirrhosis is associated with altered vascular function.
Isolated mesenteric arteries from cirrhotic animals were more sensitive to the vasorelaxant
effects of anandamide than the vessels from control rats. This vasodilator effect was
independent from endothelium and nitric oxide and involved CB; and TRPV receptors, the
latter presumably located in the perivascular sensory nerve terminals of the mesenteric artery
(53).

The initial event in the development of portal hypertension is the increase in intrahepatic
resistance caused by the intrahepatic vascular rearrangement in cirrhosis. As opposed to its
effect in the mesenteric vasculature, anandamide has been found to contribute to the increased
hepatic vasoconstriction in cirrhotic animals (55): CB4 antagonist treatment was able to reverse
the increased intrahepatic resistance and portal venous pressure (54). Since cycloxygenase-2
and 5-lipoxygenase expressions were found to be increased in the cirrhotic liver, this hepatic
“hyperreactivity” to anandamide may be mediated by the increased vasoactive eicosanoid
production. Indeed, there is in vitro and in vivo evidence that cycloxygenase-2 might contribute
to the metabolism and cardiovascular effects of anandamide (34).

Apart from the above-mentioned effects, endocannabinoids may modulate apoptosis in various
cell types (56). Indeed, studies demonstrated that both anandamide and 2-AG can induce dose-
dependent apoptosis in fibrogenic hepatic stellate cells both in vitro and in vivo (57,58). If so,
this effect of the endocannabinoids may have pathogenetic role in cirrhotic fibrogenesis and
liver injury and the resultant impairment of intrahepatic microcirculation, leading to the
development of portal hypertension. Indeed, CB; antagonism attenuates liver fibrosis in
various animal models (52). Taken together, the porto-hepatic ECS appears to play an
important role in the pathogenesis of hemodynamic alterations associated with liver cirrhosis.

Endocannabinoids and the cirrhotic contractile dysfunction

The emergence of in vitro and in vivo studies that demonstrated the negative inotropic effect
of endogenous and exogenous cannabinoids in various experimental models suggested the
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possible pathogenic role of endocannabinoids in contractile dysfunction associated with
advanced hepatic cirrhosis. The firstindication that CB; receptors are involved in some aspects
of abnormal myocardial contractility in liver cirrhosis came from an in vitro study (59) using
isolated left ventricular papillary muscle from bile duct-ligated cirrhotic rats, in which CB;
blockade reversed the decreased p-adrenergic responsiveness (59). A recent study has
characterized in vivo left ventricular pressure-volume relationships in rats with carbon
tetrachloride-induced advanced micronodular cirrhosis and provided additional evidence on
the involvement of the ECS in the pathogenesis of hemodynamic alterations associated with
hepatic cirrhosis (60). The cardiac contractile dysfunction was evident by the marked changes
in both load-dependent and load-independent indices of myocardial contractility (Figure 2.).
Interestingly, cardiac index was increased in cirrhotic, compared with normal rats, and was
unaffected by CB1 blockade with CB; antagonist AM251, in agreement with previous reports
in cirrhotic rats (61). The maximum first derivative of ventricular pressure with respect to time
(+dP/dt), an indicator of left ventricular contractility, was markedly reduced in cirrhosis. Since
the reduced cardiac contractile function in cirrhotic rats was likely offset by increased venous
return and decreased peripheral resistance, load independent parameters of contractile function
were also evaluated, such as the slope of the end systolic pressure-volume ratio (ESPVR),
Emax and preload recruitable stroke work (PRSW), in order to uncover contractile impairment
in advanced cirrhosis. ESPVR and Eax Were markedly decreased in cirrhotic rats and
increased toward control levels following CB; blockade (60). The marked decrease in these
functional indices in cirrhotic rats and their return to near control levels following AM251
treatment clearly demonstrated that endocannabinoids are directly involved in systolic
dysfunction through directly affecting myocardial contractility of the cirrhotic heart.
Parameters of diastolic function, such as the end-diastolic pressure and t were increased and
the maximum first derivative of ventricular pressure with respect to time was decreased in
cirrhosis, which could reflect impaired diastolic relaxation, an active process reflecting
myocardial calcium sequestration. However, end-diastolic pressure may also be influenced by
changes in preload, and its increase may have resulted from increased venous return related to
the low peripheral resistance in cirrhosis. The finding that the load-independent measure of
stiffness, EDPVR, was unaffected in hepatic cirrhosis suggests the absence of significant
myocardial fibrosis, and that the observed diastolic dysfunction is rather related to impaired
inotropy. In addition to such pharmacological evidence, myocardial and liver AEA and/or 2-
AG levels were elevated in cirrhotic animals (60), implicating tissue specific overactivation of
the ECS in the pathogenesis of liver cirrhosis. Taken together, these findings suggest that the
increased activity of the endocannabinoid/CB1-receptor system is largely responsible for the
impaired myocardial contractile function associated with hepatic cirrhosis in experimental
disease models. Importantly, this cardiac dysfunction could be corrected by CB; blockade,
highlighting the therapeutic potential of CB4 antagonists in this disease condition.

Endocannabinoids in myocardial injury and dysfunction

It has already been stated that the ECS is activated in conditions associated with decreased
blood pressure and cardiac function, such as hemorrhagic, septic and cardiogenic shock
(reviewed in (1)) and in advanced liver cirrhosis, as discussed above. In addition to the well
established role of myocardial CB receptors in negative inotropy, and the role of elevated
levels of endocannabinoids in CB; receptor-mediated hypotension and decreased myocardial
contractility, endocannabinoids may also be involved in the pathogenesis of acute myocardial
impairment and the subsequent ventricular dysfunction. In earlier studies, endocannabinoids
appeared to be cardioprotective, limiting myocardial damage and dysfunction through
preconditioning in models of ischemia-reperfusion (62-65). In most of these studies,
endocannabinoid levels were not measured and the conclusion was based mainly on the use of
non-selective pharmacological tools and ex-vivo perfused model systems, which cannot
address the potential important interactions between the ECS and the local and systemic
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inflammatory elements (64). In some of these studies the observed protective effects were CB
receptor dependent, but not in others (64).

Earlier in vitro studies provided conflicting results regarding the role of endocannabinoids and
CB; in the pathogenesis of myocardial injury and myocardial remodeling (66,67). Indeed,
chronic CB; antagonist treatment was found to promote cardiac remodeling while cardiac
function, but not the survival, was improved (67). In the same model HU-210, a non-selective
cannabinoid receptor agonist (stronger agonist on CB1), was shown to prevent endothelial
dysfunction, however it increased the left ventricular end-diastolic pressure, which are
conflicting findings. However, the limitations of the above mentioned studies are the
insufficient dose of CB; antagonists used, and the high dose of HU-210, which is known to be
associated with psychotropic effects and centrally mediated hypothermia. In a separate study,
HU-210 decreased the incidence of ventricular arrhythmias (68). Another nonselective CB
receptor agonist, WIN-55212,2 significantly reduced infarct size in an in vivo mouse model
of ischemia, where the protective effect was mediated presumably by CB5 rather than CB;
receptors (69). A recent in vivo study provided further evidence for the protective effect of
CB;, receptor activation against myocardial ischemia/reperfusion injury (19). This is consistent
with the results previously observed in a hepatic model of I/R injury (48).

Based on these studies, it can be concluded that the ECS appears to be activated during
myocardial damage, however its precise role is still elusive (for more detailed review on this
subject see (64,70).

The endocannabinoid system in doxorubicin induced heart failure

Doxorubicin is one of the most effective anticancer drugs available. This anthracycline
antibiotic is frequently used to treat breast cancer, childhood solid tumors, soft tissue sarcomas
and lymphomas (71). Unfortunately, the use of doxorubicin is associated with cardiotoxicity,
limiting its clinical use. Doxorubicin may induce cardiomyopathy that leads to the development
of heart failure (72). The pathomechanism of doxorubicin-induced cardiotoxicity is
multifaceted. Most studies are in agreement that it involves oxidative and nitrosative stress,
increased generation of reactive oxygen and nitrogen species and consequent tissue injury. It
also involves increased nitric oxide production via the activation of the inducible nitric oxide
synthase, and increased peroxynitrite formation through the diffusion-limited reaction of
superoxide and NO (73,74). Peroxynitrite is capable of modifying and inactivating key proteins
involved in various cellular functions (75). Other possible mechanisms include the activation
of various mitogen activated protein kinases and inflammatory pathways, dysregulation of iron
and intracellular calcium homeostasis, alterations in mitochondrial respiratory chain function
and B-adrenergic receptor signaling, eventually leading to cell death by necrosis or apoptosis
(72,73,76-78).

A recent study evaluated the role of the ECS in myocardial injury and subsequent ventricular
dysfunction, induced by doxorubicin (13), using a well-established mouse model of
doxorubicin-induced cardiomyopathy/heart failure (13,73,79). Mice develop severe
cardiomyopathy 5 days after a single intraperitoneal injection of doxorubicin, with
characteristic severe depression of left ventricular systolic pressure, +dP/dt, cardiac output,
stroke work, ejection fraction (Figure 3.). The load-independent parameters of left ventricular
contractile function (ESPVR, PRSW, +dP/dt-end diastolic volume relation) also indicated
severe myocardial contractile impairment. At the cellular level, doxorubicin induced apoptosis
as well as cardiomyocyte necrosis. Injections of the CB; antagonist rimonabant or AM281
significantly attenuated the left ventricular dysfunction caused by doxorubicin (13). Treatment
with CB antagonists also prevented doxorubicin-induced cell death in vivo and in cultured
cardiomyocytes. Indeed, others (80,81) have confirmed the anti-apoptotic properties of the
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selective CB; antagonist rimonabant. In contrast, the CB4 agonist HU-210 by itself induced
cell death in cardiomyocytes (13).

The CB;-selective nature of this effect was further supported by the absence of effects of
CB, agonists/antagonists on doxorubicin-induced cell death in vitro. In addition, doxorubicin
treatment was associated with elevated levels of AEA in the myocardium, indicating an
overactivation of the ECS invivo, likewise in cultured cardiomyocytes in vitro. The myocardial
CB; and CB;, receptor expression remained unchanged in vivo, as well as in cells exposed to
doxorubicin in vitro. These findings indicate that the activated ECS contributes to the
myocardial injury and functional impairment following doxorubicin administration. Further
investigation of the signaling pathways associated with doxorubicin-endocannabinoid
interaction will be required. These findings strongly suggest that CB; blockade may represent
a novel cardioprotective strategy against doxorubicin, or perhaps other cardiac injuries
involving cell death (both apoptotic and necrotic).

Conclusion

The endocannabinoid research field is rapidly moving forward through recognizing clinically
relevant conditions associated with overactivation of the ECS. Such conditions may include
impaired cardiac function in various forms of cardiomyopathies and heart failure. Based on
published studies, there is growing evidence that CB; receptor antagonism may be beneficial
and, therefore can be therapeutically exploited in these conditions. One possible therapeutic
strategy may involve the acute administration of a CB4 antagonist to abrogate the undesirable
hemodynamic and other effects of pathologically overproduced endocannabinoids. Another
intriguing possibility lies in exploiting the tissue protective effects of CB; antagonism in
various forms of acute tissue injury. Despite the setback with the first class of CB1 antagonists,
a better understanding of the role of the ECS in various cardiovascular pathologies, and the
lessons learned from the clinical experience with chronic CB4 blockade should ultimately lead
to the development of better therapeutic approaches (e.g. peripherally acting or neutral CBq
receptor antagonists, devoid of centrally mediated side effects, e.g. anxiety and depression
(82)), to limit myocardial injury and improve cardiac function in a multitude of disparate
cardiovascular diseases.
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Figure 1.
Characteristic changes in rat LV volume (red trace) and pressure (blue trace), +dP/dt and -dP/
dt derived from LV pressure signal (green trace), and arterial pressure (purple trace) before (at
baseline) or after an administration of a drug with known cardiodepressive properties (a
cannabinoid type 1 (CB1) receptor agonist HU210), followed by the recovery after the
administration of the CB4 antagonist SR141716 (drug administrations are indicated by arrows).
Lower panels show characteristic PV loops at baseline and following the drug administrations.
Note that even without any calibrations, the volume traces and PV relationships are very

informative. (Used with permission (28))
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Figure 2.

Effects of AM251 on load-independent contractile parameters. A: Representative pressure-
volume (PV) loops obtained with a P-V conductance catheter system at different preloads.
Note that the slope of the end-systolic P-V relation (ESPVR, dotted lines) is less steep in
cirrhotic compared to control animals, indicating decreased contractile function, and is acutely
increased following treatment of the cirrhotic rats with 3 mg/kg AM251. B: Effect of AM251
on load-independent contractile parameters measured as Epyax, ESPVR, PRSW for systolic and
EDPVR for diastolic function. Control and cirrhotic animals were treated with vehicle (white
or gray columns, respectively) or 3 mg/kg AM251 (black columns). P<0.05 control vs cirrhotic
(*) or vehicle vs. AM251 value (#). N=6-8 rats per group, vertical bars indicate SEM. (Used

with permission (59))
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Figure 3.

Effect of CB; antagonists on DOX-induced depression of load-independent indexes of cardiac
contractility. A) Representative P-V loops obtained with a P-V conductance catheter system
at different preloads following vena cava occlusion, showing differences in the end-systolic
P-V relation (ESPVR) and between mice pretreated with vehicle, rimonabant or AM281 and
treated with vehicle or DOX. The less steep ESPVR in DOX-treated mice indicates decreased
contractile function, which was improved by CB; antagonists. B) Effects CB4 antagonists on
DOX-induced depression of load-independent indexes of cardiac contractility. Results are
mean=SEM of 9 to 18 experiments in each group. *P<0.05 vs vehicle; #P<0.05 vs DOX.
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PRSW: preloadrecruitable stroke work; dP/dt—end diastolic volume (EDV) relation (dP/d —
EDV); ESPVR or Epax: end-systolic pressure—volume relation. (Used with permission (13))

Pharmacol Res. Author manuscript; available in PMC 2010 August 1.



