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Cirrhotic cardiomyopathy is a syndrome of blunted cardiac systolic and diastolic function in patients with cirrhosis.

Since contractility and relaxation depend on cardiomyocyte calcium transients, any factors that impact cardiac

contractile and relaxation functions act eventually through calcium transients. In addition, calcium transients play

an important role in cardiac arrhythmias. 
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1. Introduction

Cardiovascular abnormalities in cirrhosis include hyperdynamic circulation and cirrhotic cardiomyopathy (CCM); the

former is the combination of decreased peripheral vascular resistance and increased cardiac output whereas the

latter is a syndrome of cardiac contractile dysfunction in the absence of a primary cardiac condition . There

are two sets of diagnostic criteria for CCM: the World Congress of Gastroenterology (WCG, 2005) criteria and the

Cirrhotic Cardiomyopathy Consortium (CCC, 2019) criteria. The latter is based on advanced imaging methods.

Whether the new criteria are superior to the old is not yet settled, although the current consensus seems to favor

the new criteria.

The pathophysiology of the cardiovascular system is complex. In cirrhotic patients and animal models, the

abnormal architecture of the liver causes portal venous hypertension, and the congested gut results in increased

intestinal permeability. These pathophysiological changes trigger bacterial overgrowth, translocation, and increased

bacteria-derived products in their circulation, including endotoxins that elevate systemic pro-inflammatory

cytokines, such as tumor necrosis factor alpha (TNFα), interleukin-1β (IL-1β) and interleukin-6 (IL-6). Thus,

patients with cirrhosis and portal hypertension manifest an inflammatory phenotype that leads to increased

vasodilators such as nitric oxide, carbon monoxide, prostaglandins, bile acids, and glucagon. Therefore, the

peripheral vasculature is dilated.

It is well noted that the sympathetic nervous system (SNS) tone is increased in cirrhotic patients (serum

concentration of norepinephrine is increased) . The increased activity of the SNS and elevated serum

concentrations of vasoconstrictive catecholamines are a compensatory reaction to vasodilatation, not its cause. In

cirrhosis, vasodilators predominate over vasoconstrictors, and, therefore, the phenotype of cirrhotic patients and

animal models is systemic vasodilatation. Because of the baseline peripheral vasodilatation of cirrhotic patients,

cardiac dysfunction is subclinical at rest, which results in delayed or missed diagnosis in clinically stable patients
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with cirrhosis. However, when patients face cardiovascular challenges such as liver transplantation, transjugular

intrahepatic portosystemic shunt (TIPS) insertion, hemorrhage, and vasoactive drugs , cardiac dysfunction

manifests overtly.

There are numerous pathogenic mechanisms underlying CCM which broadly comprise two distinct pathways:

factors related to (a) liver dysfunction with synthetic failure/dysregulation of substances such as proteins, lipids,

lectins, hormones, etc., and (b) portal hypertension with gut congestion and induction of the inflammatory

phenotype. 

Uhlig and coworkers  demonstrated that serum TNFα and cardiac inflammatory cells are significantly increased in

cirrhotic rats. Researchers' lab  showed that Fas protein expression and PARP cleavage, which are indices of

apoptosis, are significantly increased in the cirrhotic hearts of rats. Moreover, anti-FasL monoclonal antibody

injection in BDL-mice improved systolic and diastolic dysfunction. Thus, the study implies that apoptosis plays an

important pathogenic role in murine cardiac dysfunction. Another study  on oxidative stress revealed that

oxidative stress-related parameters are increased and antioxidant regulation is decreased in cirrhotic hearts.

Erythropoietin, an antioxidant, significantly downregulated oxidative stress and reversed impaired cardiac function.

Structural changes in cirrhotic rat hearts included alterations in myosin heavy chain (MHC) isoforms, leading to a

dominance of weaker-contracting β-MHC over the more powerful α-MHC  and increased cardiac fibrosis .

Among the ions involved in cardiac dysfunction in cirrhosis, calcium transients play an essential role.

2. Calcium Transport in Cardiac Excitation–Contraction
Coupling

The cardiac action potential is a brief change in voltage across the plasma membrane of cardiac myocytes. In a

normal heart, the action potential of the ventricular myocardium triggers cardiac contraction. There are five phases

in the action potential of the ventricular myocardium. Researchers' previous studies have demonstrated

abnormalities of two ion transients, calcium  and potassium , in rat cirrhotic ventricular myocytes.

Calcium entering the cytoplasm via L-type calcium channels triggers the opening of calcium release channels

(ryanodine receptor), leading to calcium release from the sarcoplasmic reticulum (SR). The released calcium binds

troponin C, which enables the movement of tropomyosin and thus exposes the myosin binding site on the thin

filaments (Figure 1) . A cross-bridge is then formed between the thick and thin filaments which results in cardiac

contraction . After contraction, both voltage-gated calcium channels and calcium release channels are closed,

and the calcium is removed from the cytosol via the sarcoplasmic-endoplasmic reticulum calcium-ATPase

(SERCA) to the SR and via the sodium–calcium exchanger (NCX) outside of the cardiomyocyte . In the steady

state, the amount of calcium entering the cell must be equal to that extruded in each cardiac cycle. If not, the cell

would either gain or lose calcium . Calcium transport is abnormal in cirrhotic cardiomyopathy .
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Figure 1. Calcium transients in cardiomyocytes.

At phase 2 of the action potential, calcium enters the cytosol through L-type calcium channels which activate

ryanodine receptors (calcium-induced calcium release channels). Activation of ryanodine receptors triggers the

release of calcium from the sarcoplasmic reticulum. Calcium released mainly from the sarcoplasmic reticulum

combines with the troponin complex and triggers actin–myosin cross-bridge linking, and thus cell contraction. This

process is called excitation–contraction coupling.

3. Abnormal Membrane L-Type Calcium Channels in Cirrhotic
Cardiomyopathy

Calcium is an essential second messenger in all living organisms. From Caenorhabditis elegans to mammals,

calcium is mandatory for body functions, locomotion, and neural activities . In the late nineteenth century, Sidney

Ringer published his observation which demonstrated that calcium is essential for cardiac contraction: the removal

of calcium from the perfusion buffer of the frog heart halted cardiac contraction . The force of cardiac contractility

is calcium concentration-dependent . This experiment implied that external calcium is required for cardiac

systole. L-type calcium channels are the channels through which calcium outside the cell enters the cytosol. L-type

calcium channels are essential for the initiation and regulation of excitation–contraction (EC) coupling in

cardiomyocytes. The rapid entry of calcium via these channels triggers the release of intracellular calcium from

ryanodine receptors embedded on the surface of the SR. The released calcium activates the myofilaments and

finally triggers the contraction of cardiomyocytes . Any abnormality of L-type calcium channels impacts the

amount of cytosolic calcium prior to the contraction and therefore affects contractility.

The abundance and current of L-type calcium channels are decreased following the development of cardiac

dysfunction. Mukherjee et al.  studied pacing-induced chronic heart failure in pigs. They reported that two weeks
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after pacing (240 bpm), the content of L-type calcium channels was significantly decreased compared to controls

(Bmax. 149 ± 16 vs. 180 ± 12 fmol/mg, p < 0.03) as was the current of L-type calcium channels (2.47 ± 0.10 vs.

3.63 ± 0.25 pA/pF, p < 0.02). Researchers' study  on cirrhotic cardiomyopathy in rats showed a similar pattern to

the Mukherjee study. In Sprague Dawley rats, a model of cirrhotic cardiomyopathy was created by bile duct ligation

(BDL). Researchers demonstrated that the protein expression of L-type calcium channels in cirrhotic hearts is

significantly reduced compared with controls, and the peak inward calcium current was significantly reduced (−4.9

± 0.3 pA/pF vs. −7.3 ± 0.9 pA/pF, p < 0.0001) . At all membrane potentials examined, the current densities of

calcium influx entering via L-type calcium channels were consistently lower in cardiomyocytes measured from

cirrhotic animals than that from sham controls.

The response of peak inward calcium current to maximal isoproterenol stimulation was also significantly lower.

Protein expression and messenger RNA transcription for RyR2, SERCA2, and calsequestrin were quantitatively

unchanged .

4. Abnormal Intracellular Calcium Handling System

It is now clear that the density and function of L-type calcium channels are reduced in cardiomyocytes from

cirrhotic rats. This abnormality impacts the calcium transients in the intracellular calcium handling system, mainly

ryanodine receptors (RyRs). RyR is a homotetrameric intracellular calcium release channel that is composed of

four 565-kDa protomers and is located on the SR in cardiomyocytes and other cell types . The name derives

from its ability to bind ryanodine, a component of the Ryania speciosa plant used by South American Indigenous

people in blow darts to paralyze prey. When ryanodine binds RyR channels, they induce an open state which

results in an uncontrolled release of calcium from the SR, leading to muscle tetany. The flux of cytosolic calcium

transients, calcium influx, and efflux should be balanced to maintain normal contractile function. RyR dysfunction is

associated with a variety of conditions such as cardiac arrhythmias and heart failure. Although there are no

structural changes in the intracellular calcium handling system in cirrhotic cardiomyopathy , the intracellular

calcium handling system is disorganized by phenomena such as dispersion.

The functional unit (calcium release unit) is composed of the L-type calcium channel and ryanodine receptor

clusters (RyR clusters) which play an essential role in regulating calcium transients. In an in vivo study, Kolstad and

co-workers  showed that RyR clusters are abnormal in structure and function in cardiomyocytes from heart

failure. They isolated and tested the RyR status in cardiomyocytes from rats with infarction-derived heart failure.

Using super-resolution imaging, they observed that RyR clusters in failing cardiomyocytes showed dispersion,

which resulted in more numerous, smaller clusters. Compared with sham controls, RyR clusters from heart failure

produced weaker calcium sparks, calcium uptake was decreased, releasable SR calcium content was reduced,

and leakage was increased. All these changes resulted in slow calcium kinetics leading to a weakened cardiac

contraction in heart failure. This group further tested the role of the over-stimulation of beta-adrenergic receptors in

the dispersion of RyRs . They used isoproterenol to stimulate ventricular cardiomyocytes isolated from rats.

They showed that long time stimulation with isoproterenol caused the dispersion of RyR clusters in the SR. The

dispersion of RyR reduced calcium spark fidelity and magnitude. Furthermore, the dispersion of RyR also
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increased the ‘silent’ calcium leak. These changes resulted in smaller and desynchronized calcium transients,

which are hallmarks of cardiac dysfunction.

It is well known that the sympathetic nervous system is over-activated in patients with cirrhosis. In the early 1960s,

Shaldon et al.  measured the level of catecholamines, an index of sympathetic nervous activity, and showed that

this is increased in portal venous plasma. Many other studies confirmed that the sympathetic nervous system is

overactivated in patients with cirrhosis . The overactivated sympathetic nervous system stimulates beta-

adrenergic receptors which may cause dispersion of RyR, thus leading to contractile dysfunction in the cirrhotic

heart.

The ventricular systolic force depends on the magnitude of the cytosolic calcium transient and the sensitivity of the

contractile proteins to the calcium. Researchers showed that cellular calcium transients are reduced in

cardiomyocytes from BDL-cirrhotic rats, which explains the decreased systolic force in these animals . Another

factor in the decreased sensitivity of myofilament to calcium in cirrhotic cardiomyocytes is the shift from an alpha-

myosin heavy chain (α-MHC) to β-MHC. The α-MHC isoform contracts more vigorously than the β-MHC, albeit at

the cost of utilizing more energy. Furthermore, researchers showed that calcium sensitivity was more attenuated in

β-MHC than in α-MHC containing fibers . Researchers' study revealed that the α-MHC isoform predominates in

myosin heavy chain in sham-control rat hearts (90%), whereas, in comparison, the predominant phenotype is β-

MHC in the BDL-cirrhotic heart . This suggests that the shift from α-MHC to β-MHC in the cirrhotic heart plays an

important role in the suppressed cardiac contractility of the cirrhotic heart .

Titin, a giant muscle protein, is mainly involved in ventricular diastolic function. In effect, its ‘spring-like’ elasticity is

responsible for much of the passive mechanical recoil of early diastole. Kellermayer et al. demonstrated that titin

abnormalities are associated with dilated cardiomyopathy. Researchers' group did not find any direct titin structural

abnormalities in cirrhotic rat hearts. However, researchers showed that a titin modulator, protein kinase A, is

decreased, which may contribute to abnormal titin function and thus reduced diastolic compliance in the cirrhotic

ventricle .

Another abnormality of the intracellular calcium handling system is the calcium leakage from the SR. Calcium

leakage reduces cardiac contractility in heart failure . Researchers examined the root mean square value of

sarcomere length fluctuations (RMS ) to evaluate the amount of spontaneous sarcomere length fluctuation during

diastole and found that RMS  is significantly higher in ventricular trabeculae from cirrhotic rat hearts at all stimulus

rates compared with that from sham-control rats . This implies that the leakage of calcium from the SR in cirrhotic

cardiomyocytes is higher than that from sham controls. Following contraction, the calcium leaks during diastole. In

normal conditions, the random opening of RyR gives rise to calcium sparks and the calcium wave is small.

However, in conditions such as congestive heart failure, the probability of spontaneous diastolic opening of SR

calcium channels is increased, which causes noticeable fluctuations of diastolic sarcomere length and also the

propagation of contractile waves in the myocytes . Researchers' study demonstrated the increased spontaneous

fluctuations of sarcomere length during diastole in BDL trabeculae, which suggests that there are dispersions of

RyR . In addition, Obayashi et al.  reported that the decreased force of cardiac contractility is proportional to
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the amount of spontaneous activity in chronic heart failure in rats. Researchers' data indicate that spontaneous SR-

calcium release contributes to the reduction in inotropism in cirrhotic hearts. In addition, spontaneous random

diastolic calcium release hinders the synchronization of individual sarcomeres, which also decreases the

contractile force of cirrhotic hearts.

In addition to cardiac contractile dysfunction, calcium leakage also results in arrhythmias . Calcium leakage

causes delayed after-depolarizations (DADs) of the cell membrane due to the activity of the sodium–calcium

exchanger. One such arrhythmia is atrial fibrillation . It has been documented that atrial fibrillation is the most

common arrhythmia found in patients with cirrhosis, with a prevalence between 6.6% and 14.2% .

Furthermore, atrial fibrillation is the most common arrhythmia in the perioperative period of both cirrhotic and

noncirrhotic patients undergoing major surgery such as liver transplantation . Atrial fibrillation is related to a

variety of adverse outcomes  such as stroke, acute kidney injury, and in-hospital mortality. Understanding the

role of calcium leakage in atrial fibrillation may eventually lead to new strategies to treat/prevent this arrhythmia in

patients with cirrhosis.
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