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With increasing decompensation, hyperdynamic circulatory disturbance occurs in liver cirrhosis despite activation of vasoconstrictors. Here, the concept of a therapy with non-selective beta-blockers was established decades ago. They lower elevated portal pressure, protect against variceal hemorrhage, and may also have pleiotropic immunomodulatory effects. Recently, the beneficial effect of carvedilol, which blocks alpha and beta receptors, has been highlighted. Carvedilol leads to “biased-signaling” via recruitment of beta-arrestin. This effect and its consequences have not been sufficiently investigated in patients with liver cirrhosis. Also, a number of questions remain open regarding the expression of beta-receptors and its intracellular signaling and the respective consequences in the intra- and extrahepatic tissue compartments. Despite the undisputed role of non-selective beta-blockers in the treatment of liver cirrhosis, we still can improve the knowledge as to when and how beta-blockers should be used in which patients.
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Prologue

In liver cirrhosis there is a significant change in hemodynamics in different vascular compartments, depending on the degree of decompensation (1–3). This is a major cause of organ dysfunction, concerning not only the liver but also the kidney (4), the lungs (5), the heart (6) or the intestine (7). Regardless of the etiology of cirrhosis, vasodilatation of the splanchnic vessels occurs early, followed by peripheral vasodilatation with decreased intrathoracic blood volume, resulting in hormonal counter regulation and hyperdynamic circulatory disturbance (2, 8, 9). Within the liver–in addition to the remodeling of the organ architecture and contrary to the extrahepatic situation–vasoconstriction dominates (2).

One force driving toward decompensation of liver cirrhosis is portal hypertension, often alongside a chronic inflammatory status. Such inflammation is caused and maintained on the one hand by etiological factors such as viruses, which directly damage the liver, and on the other hand by potential stimuli derived from the bowel. Based on these pathophysiological mechanisms, the treatment of liver cirrhosis primarily aims at the interruption of etiology and in advanced stages of liver disease additionally at reduction of portal hypertension and its sequels–a main cause of complications–either by drugs or placement of a trans-jugular intrahepatic portosystemic shunt (TIPS).

In this context, administration of a non-selective ß-blocker (NSBB) has been firmly established for almost four decades. The therapy was introduced by Lebrec and coworkers under the hypothesis that a non-selective ß-blocker reduces tributary blood flow into the portal vein (10), thereby diminishing the risk of bleeding from varices. This hypothesis passed the test of a clinical trial followed by many others (11). In Germany, the admission rate for variceal bleeding decreased significantly between 2005 and 2018, possibly due to the widespread use of ß-blockers in liver cirrhosis (12).

Non-selective ß-blockers have been used for primary and secondary prophylaxis of variceal hemorrhage (13, 14), and there is much evidence that NSBBs reduce the risk of first and recurrent bleeding from esophageal varices. Less certain is to which degree and whether this also has an effect on survival. Furthermore, there is still uncertainty as to which patients respond to the administration of a NSBB. Also, there is now a body of evidence pointing to beneficial pleiotropic effects of NSBBs beyond their effect of lowering blood flow and blood pressure in the portal vein and its collaterals.



Hemodynamic changes in liver cirrhosis, catecholamines, their respective receptors and signaling

More than 60 years ago, it was observed that patients with liver cirrhosis have hyperdynamic circulation disorder, characterized by an increased cardiac index (CI) and a decreased systemic peripheral resistance (15–17). This disturbance increases with the extent of decompensation of liver cirrhosis. It is less dependent on the etiology. Especially in the abdomen, vasodilation occurs early as a result of portal hypertension, causing a shift of blood from the intrathoracic compartment into the splanchnic vasculature. Mediators for this phenomenon are vasodilators that act systemically and paracrine, especially nitric oxide (NO), but also other molecules such as carbon monoxide (CO), prostacyclines (PGl2) or glucagon (1, 16, 18). One stimulus for formation of these molecules is believed to be vascular shear stress (19) in the splanchnic area (especially at onset of portal hypertension). Another is a subclinical chronic inflammation, of which it is increasingly discussed that a disturbed intestinal barrier and translation of pathogen-associated molecular patterns (PAMPs) from the gut into the body are the cause, together with an intestinal dysbiosis (20). The inhibitory effect of certain bile acids on vascular smooth muscle cell (VSMC) contraction may also play a role (21). The process is additionally maintained by an impaired VSMC response to vasoconstrictors, especially in decompensated cirrhosis (1, 22–24).


Adrenergic stimulation in liver cirrhosis

Around 40 years ago, the research group of Robert Schrier showed that plasma norepinephrine (NE) levels are significantly elevated in patients with decompensated liver cirrhosis as compared to controls (25). This is associated with water retention. By elegant investigations (head-out water immersion) they could show that it is mainly a reaction to a reduced arterial blood volume, i.e., vascular underfilling where intrathoracic baroreceptors react. The high plasma NE levels correlate significantly with vasopressin levels (26) and in cirrhosis with ascites they are associated with high plasma renin and aldosterone levels, as a consequence of an activated renin-angiotensin-aldosterone-system. Furthermore, high plasma vasoconstrictors correlate positively with the degree of portal hypertension (27). These plasma levels reflect a sympathetic overactivity induced by baroreceptor-stimulation, but may be also due to an overflow of local organ NE formation, such as in the kidney, liver, and heart. Furthermore, the central nervous system is involved. The contribution of the different organ compartments to the systematic plasma concentrations is difficult to differentiate. However, the activation of the baroreceptors is an essential source (28).



Adrenergic receptors

Catecholamines like norepinephrine and epinephrine, which–as stated above–increase with decreased liver function in cirrhosis, mediate their effect via adrenergic receptors which are G protein-coupled (GPCR). The effect of the sympathetic system depends on the expression of different receptors on the various cells and organs. They are categorized into two main groups: α and β receptors with nine subtypes (α1 and α2, with three subtypes each, as well as the ß1, ß2, and ß3 receptors). All three ß-adrenergic receptors (ß-AR) are coupled on their cytoplasmic side to Gs proteins, and in the case of ß2- and ß3-AR also to Gi proteins. Comparing the potency of norepinephrine and epinephrine, epinephrine has a stronger effect on ß2- and norepinephrine has a stronger effect on ß1-AR. Both have about the same effect on α1 receptors (29–31).

Although cardiac myocytes predominantly express ß1-AR and peripheral vasculature or the bronchial system predominantly express ß2-AR, most organs have a heterogeneous composition of ß-receptors. For instance, ß1-AR of the kidney are involved in renin secretion, whereas ß2-AR directly influence sodium concentration in the tubular system via ion channels/transporters (32). ß3-AR are expressed in a variety of human tissues such as skeletal muscle, atrium, heart, adipose tissue, brain or–to a great extent–in the urinary bladder (33–35). We found an up-regulated expression of ß3-AR in arteries and the liver in the condition of liver cirrhosis (36).

Thus, with respect to the cardiovascular and intestinal systems, activation of ß1-AR causes an increase in the frequency and contraction of the heart, whereas activation of ß2-AR causes vasodilation. The motility of the intestine and gallbladder is decreased by ß2-agonists.

While we know that the sympathetic system is activated in cirrhosis, we have little insight beyond systemic levels into the extent of activation at the cellular and organ levels across stages of cirrhosis. Even less is known about how the expression of the various adrenergic receptors change at the cellular level in the different organs during liver cirrhosis.



Signaling and ß-receptors

The contraction and relaxation of smooth muscle cells depends largely on the phosphorylation and dephosphorylation of myosin light chains (MLC), essential contractile proteins. Here, calcium homeostasis, regulated by its trans-membrane influx against efflux of potassium plays an important role. Thus, vascular smooth muscle contraction by activation of vasoconstrictor receptors, including α1-AR or receptors for angiotensin-II result in contraction by promotion of MLC phosphorylation caused by three prototypical intracellular signaling pathways, shared by all contractile receptors (1).

Vascular ß-AR are coupled to G protein alpha subunit (Gαs) (see Figure 1; 37). Activation of Gαs by ß-adrenergic receptors causes intracellular adenylyl cyclase activation, subsequent cAMP production, and cAMP-dependent relaxation in smooth muscle cells or contraction in cardiomyocytes, by various mechanisms (34, 37). One major mechanism in smooth muscle cells is activation of protein kinase A (PKA) by cAMP, resulting in relaxation by decreasing cytosolic calcium concentrations and calcium sensitivity (see Figure 1; 38, 39). ß3-AR mediate their effects probably mainly via Gαs in smooth muscle cells, but also via Gi and eNOS, at least in endothelial cells and cardiomyocytes (34). The latter leads to formation of cGMP and vasodilatation (34). Their vasodilatory effect may also be further induced via inhibition of Rho-kinase (36).


[image: image]

FIGURE 1
Mechanisms of ß-adrenergic vasorelaxation and α1-adrenergic vasocontraction (simplified). Phosphorylation of myosin light chains (MLC) in smooth muscle cells is essential for contraction and is increased by MLC kinase (MLCK) and decreased by MLC phosphatase (MLCP), both being adversely regulated by α1- and ß-adrenoceptors. Activation of α1-adrenoceptors causes activation of phospholipase C (PLC), resulting in inositol-1,4,5-trisphosphate (IP3) formation, leading to increases in cytosolic calcium concentrations and finally to contraction by calcium-dependent MLCK activation. In parallel, MLC phosphorylation is promoted by deactivation of MLCP, caused by its inactivation by protein kinase C (PKC) activation by PLC-derived diacylglycerol (DAG), and in parallel by RhoA/Rho kinase. Activation of ß-adrenoceptors (predominantly ß2-AR) causes activation of adenylyl cyclase (AC), subsequent cyclic adenosine monophosphate (cAMP) formation, and activation of the cAMP-dependent protein kinase A (PKA). PKA activates several potassium channels, resulting in hyperpolarization and finally in decreases of cytosolic calcium concentrations by closure of voltage-dependent calcium channels. In parallel, PKA-mediated decreases in cytosolic calcium are imparted by relocation of calcium from the cytosol to intracellular stores, resulting from PKA-mediated sarco/endoplasmatic Ca2+-ATPase (SERCA) activation. Finally, PKA activates MLCP, leading to reduced MLC phosphorylation and relaxation, in addition to PKA-mediated decreases in cytosolic calcium. In endothelial cells, ß3-adrenoceptors may activate endothelial nitric oxide synthase (eNOS), resulting in production of the vasodilator nitric oxide (NO), and NO-mediated vasorelaxation.


However, a number of other responses of smooth muscle cells may occur after activation of ß-AR by recruiting other G-proteins or non-G protein interaction partners, altering the membrane localization of the receptor. As a result, other intracellular signaling proteins are activated (40). Here, the phenomenon of ß-arrestin recruitment to activated GPCR is of clinical relevance with a transduction of signaling toward other pathways (41)–besides the receptor desensitization effect of ß-arrestin. Principles of this phenomenon have been described, especially for activation of ß2-AR and angiotensin II receptors (1, 42). Evidence that ß-arrestin-mediated receptor regulation also applies to splanchnic vessels in liver cirrhosis is available, at least for angiotensin II receptors (24, 43, 44).




The different ß-AR blockers

About 60 years ago, ß-blockers were introduced for the treatment of systemic hypertension (45). Although all ß-blockers have an antihypertensive effect they differ in pharmacokinetics and pharmacodynamics, depending on their molecular structure (29). ß-AR blockers can be broadly divided into water-soluble and lipid-soluble agents, as well as into ß1 selective and non-selective substances.

At high concentrations, the selective ß1-effect is partially lost. Some ß-blockers have an additional agonistic effect on the ß-AR (intrinsic sympathomimetic activity, e.g., pindolol), whereas carvedilol has an additional antagonistic effect on α-receptors. Nebivolol also promotes NO formation (39; Table 1). Conventional NSBB or ß1-AR blockers have only a minimal effect on ß3-AR (34).


TABLE 1    Non-selective ß-blockers used for therapy of portal hypertension.
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Propranolol and metoprolol are lipophilic. They are almost completely absorbed via the intestine and largely metabolized by the liver. Thus, their bioavailability is quite variable. They also have a short plasma half-life. Nevertheless, mainly due to the receptor binding, a dosage twice daily or–in other galenic forms–even once daily is sufficient.

Most of the trials in patients with liver cirrhosis have been performed with non-selective ß-blockers (NSBBs) propranolol, nadolol, timolol or carvedilol (Table 1).

Among the different ß-blockers, carvedilol shows a unique pharmacological profile, which is, as mentioned above, first reflected by antagonism of α1-AR in addition to blockade of ß-AR (Figure 2). Antagonism of α1-AR by ß-adrenergic ligands is not uncommon, but often requires unphysiologically high concentrations (46, 47). However, binding of carvedilol to ß- and α1-AR occurs with similar affinities, and within ranges of plasma concentrations (see Figure 2; 48, 49). Plasma levels with daily doses of 12.5 and 25 mg range from 115 to 131 nM in healthy patients, and from 256 to 315 nM in patients with chronic renal insufficiency (50). Thus, antagonism of α1-adrenoceptors by carvedilol occurs in vivo, especially in kidney dysfunction, even though its clinical relevance has been debated (37). In contrast to most other NSBBs, carvedilol may not only “block” ß-adrenergic receptors, but may even activate ß-arrestin-induced signaling, a behavior allowing classification as a “biased ligand” (37, 51). Functional outcomes of signaling via ß-arrestins are unknown in the context of cirrhosis and with respect to portal hypertension, splanchnic vascular cells or the heart in liver dysfunction. ß-arrestin dependent pathways include non-motoric functions, such as activation of mitogen-activated protein kinases (MAPK) with consequences on proliferation, differentiation, and growth of cells (37). See below!
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FIGURE 2
Presumed actions of ß-AR blockers on vascular smooth muscle cells. (A) Carvedilol is an adrenergic ligand, antagonizing ß- and α1-adrenoceptors, and also inducing biased signaling by ß-arrestin. (B) In portal hypertension, ß-blockers are presumed to reduce splanchnic vasodilatation, and therewith portal tributary blood flow and portal pressure, by antagonism of ß-adrenoceptors. It could be speculated that in liver cirrhosis the biased signaling effect of carvedilol is even more pronounced due to up-regulation ß-arrestin in these patients.


It is evident that NSBBs lower cardiac index via ß1 blockade. But it is poorly studied what effect they have at the different vessel compartments in liver cirrhosis.



Beta-arrestin, biased signaling, and carvedilol

ß-arrestin-1 and -2 are ubiquitously expressed intracellular proteins that modulate the response to stimulation of GPCRs (52). By binding to phosphorylated GPCRs, they desensitize G-protein mediated signaling in the cell, partially through receptor endocytosis (53). In addition to this canonical role of ß-arrestin, current attention is increasingly focused on its function as a scaffold protein, which–internalized with other intracellular proteins–triggers further pathways as a cytoplasmic “signalosome”, or directly by receptor GPCR binding, and thus inducing different patterns of signaling cascades in the cell. This phenomenon has been described particularly for activation of the angiotensin II receptor, but most likely also applies to other adrenergic receptors (1, 52, 54).

Increased ß-arrestin signaling has been associated with profibrotic diseases (55, 56). In liver cirrhosis, increased expression of ß-arrestin 2 was found in liver (57), gastric mucosa (58, 59), and splanchnic vessels (24)–both in humans and animal models. Contrary to this, shortage of ß-arrestin 2 in sinus endothelial cells (SEC) has been described for liver cirrhosis. This may be one explanation for hepatic deficiency of NO together with increased intrahepatic resistance in liver cirrhosis, since ß-arrestin 2 mediates NO formation in SEC (60). As concerns those findings, which describe a significantly increased ß-arrestin 2 in different whole tissue homogenates in liver cirrhosis (24, 57, 58), we lack the exact assignment of which cells are involved and what increased expression of ß-arrestin in these cells causes functionally. Overexpression of ß-arrestin in splanchnic vessels in liver cirrhosis has been implicated as an explanation for the impaired vascular response to vasoconstriction (24).

Interestingly, it was then shown that patients, who respond hemodynamically to acute administration of an NSBB, express increased ß-arrestin in the stomach antrum mucosa (58, 61) and also have higher ß-arrestin serum levels (61). All these results are difficult to interpret in the absence of cell-level findings.

In the context of liver cirrhosis and alteration of ß-arrestin expression, it is interesting that carvedilol–in contrast to other NSBB–shows so-called biased signaling as mentioned above (62, 63). That is, in addition to the inhibitory effect on the G protein-dependent pathway, carvedilol induces an increased recruitment of ß-arrestin 2 by changing the conformation of the cytoplasmic portion of the receptor (64) and subsequent induction of signaling via ß-arrestin (51). Biased signaling has been associated with a cardioprotective effect in the cardiology literature (54, 65). As to liver cirrhosis, it would be very interesting to dissect how this alternative effect of carvedilol plays out on the cardiovascular system and other organs where an increased expression of this protein is already present.

According to the above findings, it could well be that ß-arrestin expression and binding to the ß-AR receptor (independent of carvedilol administration) increases with decompensation of liver disease, at least in the vasculature. This implies that carvedilol then acts differently with respect to a “biased-signaling” compared to individuals without liver disease (Figure 2). Thus, the functional effects of biased signaling induced by carvedilol are completely unclear in patients with liver cirrhosis to date.

ß-Arrestin is also thought to play a cancerogenic role, e.g., through a signal switch toward the wnt/beta-catenin pathway. However, despite the induction of ß-arrestin signaling, carvedilol may be protective against carcinogenesis (52, 66) at least in skin cancers (67). In animal experiments it inhibited nuclear translocation of ERK despite its effect on ERK phosphorylation (68). The effect of NSBB on HCC development is under debate (69, 70). Here, it would be interesting to have more specific data for carvedilol.

In summary, we need more information on carvedilol and its biased signaling effect in liver cirrhosis.



Non selective ß-AR blockers and their influence on pathomechanisms of liver cirrhosis

Two main pathogenic mechanisms are relevant for deterioration and acute decompensation of patients with liver cirrhosis, namely portal hypertension and systemic inflammation (71). There is evidence that gut-barrier dysfunction and changes in the microbiome with subsequent bacterial translocation also contribute to the latter (72). In the following, we address in more detail how NSBB might influence this pathomechanism.


The hemodynamic action of NSBB and portal hypertension

In their first study, published in the Lancet in 1980 (10), Lebrec and coworkers applied oral propranolol to eight patients with liver cirrhosis for 1 month at a dose that reduced heart rate by 25% (40–180 mg twice a day). Since then, this target reduction in heart rate has been used to dose propranolol in many centers. They showed that in all treated patients the gradient between blocked and free hepatic vein pressure (hepatic venous pressure gradient, HVPG), which–at least in alcoholic cirrhosis–correlates very well with portal pressure (73), decreased permanently. At the same time, cardiac index and hepatic blood flow (assessed by ICG method) decreased. From this, they concluded that propranolol acts via a reduction of splanchnic blood flow into the portal vein. None of these parameters changed in patients receiving placebo. Later they showed that there was poor correlation between the reduction in cardiac index (CI) and the decrease in HVPG. Therefore, a direct additional effect on the vessels in the splanchnic compartment was assumed. They postulated a vasoconstriction due “to unopposed alpha-adrenergic activity” as one of the factors reducing portal pressure (74).

However, a blockade of the vasodilatory effect mediated via the ß2-AR in the splanchnic arteries could also play a role.

In Lebrec’s first publication, the HVPG was reduced by 25% on average. Many other studies confirmed the portal pressure lowering effect of propranolol and other NSBB, but to a lesser extent. In the placebo-controlled studies (acute and chronic administration), the inhibitory hemodynamic effect of propranolol caused a reduction of HVPG from baseline between 10% and 22%, with a mean of about 15% (75–78). Carvedilol with its concomitant α1-AR blocking effect decreased HVPG by a mean of 19% (79). For propranolol, there is only a loose correlation between dose or pulse reduction and relative reduction in HVPG (76, 78, 80). For example, we found a similar reduction of HVPG and response rate (HVPG reduction of at least 20% or below 12 mmHg) in two different placebo controlled trials with either a fixed dose of propranolol (20 mg b.i.d) or a dose aimed at reducing basal heart rate by 25% resulting in total daily dosages well beyond 100 mg/day (76, 81). These findings support more recent observations that low-dose administration of NSBB may be more beneficial than high-dose administration according to the previous standard (pulse reduction by 25%) (82). A dose dependency is more likely to be found for carvedilol (78, 83).

It has been shown that for an efficient reduction of the risk of bleeding from esophageal varices, certain thresholds (>20% HVPG reduction or an absolute reduction of HVPG to below 12 mm Hg) should be reached (see paragraph surrogate marker below). Some studies demonstrated that a relative reduction of the HVPG by >10% might have a beneficial effect on survival. But it remains to be seen whether such differences can be measured reproducibly and reliably in all centers. An adequate drop in HVPG is more common in patients with high portal pressures and hyperdynamic circulatory dysfunction as compared to patients with subclinical portal hypertension–at least in compensated cirrhosis (15). However, the correlation is not strong. A later study of the group found a more pronounced effect of NSBB on systemic hemodynamics (mainly cardiac index) in patients with decompensated cirrhosis than in compensated cirrhosis, while the portal pressure decrease was smaller in these latter patients (84).

There are a number of possible explanations for the poor correlation (85) between peripheral hemodynamic criteria (CI, systemic blood pressure, pulse), the propranolol dose and the decrease in portal pressure measured by HVPG: variation in portosystemic shunts, different expression of ß-AR at the different end organs and/or different formation of vasoconstrictors in the respective patients with liver cirrhosis. In this context, it is interesting, that we found no correlation between portal venous blood flow and baseline HVPG in patients with liver cirrhosis (86). We also found that the contraction response of arteria hepatica and the portal vein of patients with liver cirrhosis to α1-adrenergic stimulation is impaired compared with controls. While ß2-stimulation showed differential effects, decreased relaxation of arteries, but increased relaxation of the portal vein in liver cirrhosis (22). One may speculate, that the ß2-blocking effect of NSBBs acts differently in different vascular regions. In addition, it is unclear how other NO-forming stimuli modulate the effect of NSBBs in liver cirrhosis. NO-formation increases with Child-stage (87). To complicate matters further, there is no sound knowledge as to what extent hepatic dysfunction and concomitant chronic inflammation influence expression of adrenergic receptors, cellular signaling, and phenotype, as well as plasticity of their target cells. Due to the high catecholamine levels in liver cirrhosis, down-regulation of adrenoceptors has been discussed. On the other hand, we found an up-regulation of vasopressor receptors on the transcriptional (mRNA) level in human cirrhotic hepatic arteries as compared to controls (88). Also, protein expression of all three ß-AR was up-regulated in splanchnic arteries in cirrhotic animal models and also in human arteries (ß3-AR) of patients with liver cirrhosis. Within the liver ß3-AR (humans and rats) as well as ß2-AR (rats) showed an increased protein expression in liver cirrhosis, but not ß1-AR (36). However, we do not have sufficient information about the expression of these receptors on the different cell types, their membrane localization or the induction of the respective signaling cascades.

Furthermore, different hepatic drug metabolisms, drug interactions or change of protein binding (e.g., to albumin) of the drug have to be considered. Last but not least, the reproducibility of the HVPG determination, especially in less experienced centers, should also be taken into account when interpreting results of NSBBs on hemodynamics. Sex and etiology appear to be of minor importance for the effect of NSBB in liver cirrhosis (89).

Interestingly, propranolol keeps its portal pressure lowering effect after TIPS insertion (90). Addition of irbesartan to propranolol did not further reduce HVPG, but improved natriuresis (81). Adding statins may augment the HVPG lowering effect of NSBB (91, 92), although this was debated for carvedilol (93). Concomitant phosphodiesterase-5-inhibitors further reduce portal pressure and may improve erectile dysfunction at the same time (94).



NSBBs and inflammation

There is strong evidence in the cardiovascular literature that activation and recruitment of inflammatory cells is mediated by the adrenergic system, especially via ß2-receptors (95), and that antihypertensive drugs (96) have a beneficial immunomodulatory effect.

The hemodynamic changes that occur with increasing decompensation in liver cirrhosis are accompanied by an activation of inflammatory cells in the sense of a chronic inflammatory syndrome with concomitant immune dysfunction (3, 97, 98). A translocation of microorganisms and/or associated molecules (PAMPs) from the intestine are blamed, besides stimuli from damaged tissue (DAMPs) (99). Via the activation of toll-like receptors (TLR) and the inflammasome, there is a release of cytokines (100). Direct and indirect evidence suggests that NSBB can favorably influence this situation. Their administration is associated with an improvement of the intestinal barrier, reduction of bacterial translocation and activation of the immune system as measured by plasma Il-6 levels (101). Furthermore, reduction of inflammatory biomarkers in case of NSBB therapy was associated with a longer survival. This, interestingly, showed only a loose non-significant association with HVPG drop (102). Also, the incidence of spontaneous bacterial peritonitis (SBP) decreases under NSBB (103) and NSBB favorably affect at least the short-term prognosis of patients with acute on chronic liver failure (ACLF) (104). This may be explained by effects on the intestinal motility (105), but also by a direct receptor-mediated effect on immune cell signaling (95, 106–109). On the other hand, at least in inflammatory models, ß2-blockade has a proinflammatory effect on the kidney (32, 110). Thus, we still not fully understand how, where and when NSBBs favorably or possibly even unfavorably modulate inflammation in liver cirrhosis.

Regarding the interaction of chronic inflammatory syndrome and administration of NSBBs, it is completely unclear to what extent inflammatory stimuli in liver cirrhosis influence the expression and function of ß-AR in different organs. Corresponding changes would of course have implications for the pharmacological effect of NSBB.



NSBBs, gut motility, and inflammation

In vitro studies on human colonic muscle strips could show that ß-AR are functionally expressed at the colon and that ß1- and (less) ß2-agonists lead to intestinal dilatation (111). In healthy subjects, ß-adrenergic agonists (isoprenaline as ß2-agonist) delayed orocoecal transit and ß-blockers (ß1-blocker and propranolol) accelerated it (112). Thus, one might conclude that activation of the adrenergic system in liver cirrhosis promotes constipation. The authors are not aware of adequate clinical studies on the question as to what extent intestinal motility changes with increasing decompensation of liver cirrhosis. Such trials are presumably difficult to perform due to so many other influencing factors. Nevertheless, there is some evidence of impaired intestinal motility in liver cirrhosis (113). This provides the rationale for administration of NSBBs to alter intestinal dysmotility, presumably induced by adrenergic stimulation, with the aim to influence the bacterial translocation. On the other hand, there is increasing evidence that resident macrophages in the gut favorably influence inflammation via ß2-mediated signaling (114, 115) and we do not know how intestinal dysbiosis, which has been demonstrated especially in alcoholic cirrhosis (116), affects neuroinflammatory processes in the intestine and whether NSBBs have a favorable or unfavorable effect on this.




Indications for NSBBs, results from randomized trials

After the use of NSBBs for prophylaxis of first variceal hemorrhage and prevention of recurrent hemorrhage was established, further studies were conducted on the administration of NSBB to prevent further decompensation of compensated cirrhosis. In the following, we review the studies on these three indications (prevention of decompensation, as well as prevention of first and recurrent hemorrhage) in terms of (a) hemorrhage and (b) survival.


Prevention of cirrhosis decompensation by NSBBs

It has long been an unanswered question whether starting the administration of NSSBs early in the course of liver cirrhosis can prevent later decompensation. Several years ago, Groszman and coworkers initiated a controlled trial to test the hypothesis, that application of NSBB in an early stage of liver cirrhosis (213 pts, over 90% Child A, around 60% hepatitis C, one fourth alcoholics, all patients without gastroesophageal varices) might prevent development of varices, bleeding or ascites, i.e., whether NSBBs can prevent signs of further decompensation (117). Timolol, a NSBB, was used. The average baseline HVPG was around 12 mmHg. Timolol dropped the heart rate by 17% and also HVPG, but non-significantly as compared to placebo. With respect to the primary endpoint (development of esophageal varices or hemorrhage from the collaterals) there was no distinction between groups (39% vs. 40%) during a median follow-up of more than 50 months. Furthermore, development of ascites and or encephalopathy (around 12% each) did not differ, nor did death rate (9% timolol group vs. 14% placebo).

Post-hoc analysis showed that patients with baseline HVPG < 10 mmHg, a decrease of HVPG > 10% or an increase < 10% developed significantly fewer primary endpoints irrespective of the trial group. Following these findings some centers consider a 10% drop (not 20%) in HVPG as an important prognostic threshold. See below!

In 2019, Spanish working groups again addressed the question of the extent to which NSBBs can prevent the decompensation of liver cirrhosis (118). 201 patients (one third of screened) were randomly assigned to NSBBs (propranolol, carvedilol) or placebo. Contrary to the first trial, only patients (somewhat more than 60% hepatitis C) with an HVPG > 10 mmHg were included. Response to standardized intravenous propranolol was tested at inclusion. Patients who did not show a drop in HVPG of >10% received carvedilol. The target dose was based on the reduction in heart rate (mean daily dose 95 mg for propranolol and 19 mg for carvedilol). The drop in HVPG from baseline at 1 year was higher with carvedilol (16%) than with propranolol (10%), although carvedilol was only given to iv propranolol non-responders. After a median follow-up of 37 months the composite endpoint (death, ascites, bleeding or overt encephalopathy) occurred in 16% of the ß-blocker group and 27% of the placebo group, mainly due to a reduction of ascites formation. The occurrence of decompensation correlated with a lack of drop in HVPG after 1 year. It is not entirely clear to what extent antiviral therapy for HCV-associated cirrhosis affected the outcome in the final stage of the trial, and overall there is little knowledge about the comedication in the groups. In the NSBB group 8% died, as did 11% of the placebo patients.

The results of these two studies suggest that patients with significant portal hypertension (HVPG > 10 mmHg) but not yet decompensated cirrhosis benefit–mainly regarding the formation of ascites–from treatment with NSBB, preferably carvedilol, provided there is a decrease of HVPG > 10%. It remains to be seen whether this applies to alcoholic cirrhosis, which is the major cause of cirrhosis, at least in Western countries.



Prevention of esophageal bleeding


First bleeding

One main indication for application of NSBB is prevention of first bleeding from varices. In the largest placebo-controlled trial (meta-analysis of individual data from 589 patients) it has been shown that the two-year bleeding rate is reduced from 35% (controls) to 22% in the propranolol/nadolol group (119). Thus, the number of patients needed to treat (NNT) is around eight to prevent one bleeding event.

According to a recently published Cochrane review (network meta-analysis of 60 controlled trials, 6,212 patients using NSBB, nitrates, sclerotherapy or ligation of varices) on primary prophylaxis of variceal bleeding in liver cirrhosis patients with varices, NSBBs significantly reduced occurrence of any variceal bleeding compared to no active intervention in patients with varices. NSBBs or ligation (9 RCTs) were almost equal. An additional positive effect was observed by adding ligation of varices (only one trial), but there were more serious adverse events in the banding groups as compared to monotherapy with NSBB. The evidence for these findings are classified as uncertain, mainly because of low number of cases in the individual trials and the quality of the studies (120).

A very recent time to event analysis with individual patient data from 11 RCTs comprising 1,400 patients found no difference in the first bleeding rate between NSBBs (with or without ligation) and ligation only, but a lower risk to develop ascites in patients receiving NSBBs (121).




Rebleeding

Since the first RCT (11) demonstrating the potential of NSBBs to prevent rebleeding from esophageal varices, NSBBs have become an inherent part for prophylaxis of rebleeding. Compared to placebo they reduce the rebleeding risk from 60–70% to 30–40% and combined with ligation to 25% (122). This is less than shunt procedures (5–10% rebleeding after TIPS), but does not carry the risk to augment or induce hepatic encephalopathy, an adverse event consistently shown after TIPS placement, at least in the elective situation (76, 123).

Non selective ß-AR blockers and ligation carry not only the disadvantage of a higher risk of further hemorrhage as compared to TIPS, but also the drawback not to influence the pathophysiology of salt and water retention leading to ascites, whereas TIPS–by shifting blood into the central compartment–decreases renin-angiotensin-aldosterone system (RAAS) activation and kidney salt reabsorption (124). At least one fifth of patients receiving NSBBs and ligation for prevention of rebleeding in the end was transferred to TIPS for refractory ascites (76, 123). In a recent meta-analysis, using individual patient data analysis in nearly 4,000 patients, TIPS proved superior to standard of care for rebleeding–which is in most patients ligation and NSBBs–and also with respect to further decompensation and even survival, the latter mainly due to the cohorts receiving pre-emptive TIPS after a variceal bleeding episode (125).

Most patients, who fail to respond adequately with HVPG to the administration of propranolol, respond to carvedilol. By this–compared to ligation–the primary bleeding rate can be significantly reduced (77). However, a Cochrane review (126) analyzed the randomized trials (10 RCT, 810 patients) comparing carvedilol with conventional NSBBs and found no difference with regard to primary and secondary bleeding rates and side effects, while a very recent meta-analysis (127) based on individual data showed improved survival compared to controls (ligation or placebo).

In summary, the combination of a NSBB along with ligation of varices remains the standard therapy to prevent recurrent variceal bleeding (128), although there is debate as to whether narrow-lumen TIPS, used directly in conjunction with the acute bleeding event might be the optimal recurrent bleeding prophylaxis independent from degree of decompensation and severity of bleeding, at least in patients beyond seven Child-Pugh points, mainly to protect patients from early rebleeding, which exerts an increased risk for death (129).



Effect of NSBBs on survival of patients with liver cirrhosis

In several more recent studies, bleeding has been found to be only a minor contributor to mortality. This may explain the rather low impact of NSBBs on mortality, despite their unquestioned beneficial effect on bleeding risk. Nevertheless, the question of other pleiotropic effects of NSBBs (besides the influence on variceal hemorrhage) arises, especially for those studies that show a prolongation of survival under NSBBs as compared to alternative approaches (see above).



Prevention of cirrhosis decompensation

Both studies investigating the effect of NSBB on decompensation of liver cirrhosis found no effect of NSBB on overall survival compared with the placebo group (117, 118).



Prevention of first bleeding

In the first meta-analysis (119) of individual patient data (589 pts from 4 RCT) 2-year-survival was similar (68% placebo vs. 71% NSBBs). A significant beneficial effect on survival in the setting of primary bleeding prophylaxis as compared to no active intervention was described in a very recent network-meta-analysis on 6,653 patients, however with only marginal differences when NSBBs were compared to variceal ligation with and without additional NSBBs (120). A competing risk meta-analysis of 11 RCT trials comprising individual data of 1,400 patients in the setting of prevention of bleeding from high risk varices showed that NSBBs alone or in combination with ligation achieved a better survival than ligation alone in patients with compensated cirrhosis, but not in patients with decompensated cirrhosis (121).



Prevention of rebleeding

The very first meta-analysis (130) on the value of the use of NSBBs in recurrent bleeding prophylaxis of variceal hemorrhage already showed that NSBBs as compared to no active intervention not only significantly decreased the risk of bleeding during the observation period of about 2 years (mean improvement 20%), but also prolonged survival to a minor degree (increase in survival rate during a follow-up of around 2 years from 67 to 75%). There was no difference in mortality between ligation alone and ligation plus NSBBs for prevention of rebleeding. It is difficult to deduce from a recent network meta-analysis (3,526 participants, 48 randomized trials) the effect of NSBBs on survival when compared to other active treatments (131). It does not appear that there is a major difference. Interestingly, the potential beneficial effect on survival might be independent of hemorrhage protection (132).

A beneficial effect on mortality in the situation of rebleeding prophylaxis has been shown to be predominantly limited to patients in whom NSBBs (propranolol or carvedilol) reaches a drop in HVPG of at least 10% (133–135). In this respect it is noteworthy that insertion of a covered TIPS, which achieves the most effective drop of portal pressure has a higher impact on survival than standard of care (ligation and NSBBs). However, this was mainly due to TIPS placement in early temporal relationship to bleeding (125), while elective TIPS does not improve survival compared to drugs (76, 123). It remains an open question in this setting, whether hemodynamic non-responders (HVPG) profit from continuation of NSBBs treatment with respect to survival (136).





NSBBs in cirrhosis: Controversies


NSBBs in decompensated liver cirrhosis with ascites

It has been shown that early administration of NSBBs can prevent ascites formation in some patients with compensated cirrhosis (118, 121, 137). But the question was raised by the Paris working group whether it is useful to give NSBBs to patients with refractory ascites (138). In a prospective case-only study, they found that patients receiving propranolol had a significantly shorter survival as compared to those without NSBBs. The vast majority of patients without NSBBs–otherwise comparable–had no esophageal varices in this study, a fact that later became a matter of debate. There is now a number of reviews that carefully analyze the existing literature, as to whether NSBBs are appropriate in severely decompensated liver cirrhosis (14, 139). Some evidence suggests that ß-blockers can/should also be given in patients with ascites and decompensated liver cirrhosis (140–142) under strict control of pulse, blood pressure and renal function using an adjusted lower dosage (143). Further reduction of the cardiac index (CI) in the presence of primarily already reduced cardiac function in the sense of cirrhotic cardiomyopathy is certainly unfavorable (144, 145). Systolic blood pressure <90 mmHg, elevated creatinine levels above >1.5 mg/dl (better > 1.3 mg/dl?) or an increase in creatinine value are contraindications to starting or continuing the administration of NSBBs (14). Some authors regard application of carvedilol with its more pronounced effect on visceral and systemic hemodynamics as being contraindicated in patients with marked ascites (146). In any case, NSBBs should be dosed carefully in patients with reduced CI.



Contraindications, side effects, duration of therapy, and adherence

In our own experience (76), nearly 10% of patients with cirrhosis had contraindications to NSBBs (such as refractory ascites, non-compliance, hepatic vein thrombosis, severe heart failure, or HRS type 1). In another randomized trial (147), 5% of eligible patients with liver cirrhosis had contraindications for propranolol. Complaints such as symptomatic hypotension, dizziness, impotence, and Raynaud symptoms occurred in nearly 70% of patients receiving propranolol, requiring withdrawal in 16% of the patients (of these 80% hypotension). In a controlled trial on early treatment of liver cirrhosis with NSBBs, 5 % of the screened patients had contraindications against NSBBs. Eight percent of patients discontinued NSBBs for side effects, as did 6% of the placebo patients (118). In another controlled trial on pre-primary variceal bleeding prophylaxis 18% of the patients had serious adverse events probably related to study medication (placebo 6%) such as bradycardia, fatigue, wheezing, claudication, and impotence (117). In a meta-analysis of eight RCT comprising 311 NSBB-patients in the setting of prophylaxis of first bleeding, side effects of NSBBs (mainly hypotension and breathlessness) required stopping treatment in 15% of the patients (148).

There is evidence that discontinuation of NSBB in patients with cirrhosis is associated with a high risk of rebleeding and that these patients may even have an increased mortality (147, 149, 150). Therefore, patients must be carefully selected for NSBBs, since it is aimed as life-long therapy.

Long-term drug application also concerns the assessment of compliance and adherence. Poor medication adherence is an important cause of inadequate treatment of long-term diseases (151). It is believed that 30–70% of hospital admissions in the US are due to non-adherence (152). The proportion of non-adherence to medications against hypertension, dyslipidemia, or diabetes is around 30% in the US (153).

With respect to liver disease, in one study, 23% of patients showed poor adherence to NSBB intake for bleeding prophylaxis from esophageal varices (154). Other small intervention studies showed that 25% of patients with cirrhosis have poor medication adherence and just under 50% showed good adherence (155). Under the conditions of a randomized trial 9% were non-compliant within a period of 2 years (147). Analysis of a large US database found around 60% of patients with variceal bleeding and decompensated cirrhosis receiving NSBBs. Of those, only 8% showed consistent use (156). Targeted care to improve medication adherence can reduce the rate of emergency hospital admissions in cirrhotic patients (157, 158).



Prognostic markers and surrogates for endpoints

In the 1980s, it was shown that certain endoscopically definable criteria of varices (e.g., size or the so-called red color sign) are associated with higher blood pressure in the varices and their risk of bleeding (159–161). These endoscopic appearances have been used for decades to select patients, especially in primary prophylaxis of variceal hemorrhage with NSBB (162). As early as the 1960s, the Child classification was introduced and more or less modified over the years (163). Parameters from the Child classification were then combined with renal function (164). These systems are–with modifications–undisputed for the prediction of survival and also for selection for liver transplantation (128, 165). Their prognostic accuracy can be slightly improved by adding inflammatory parameters (166–168). To what extent these scores should be brought into the decision process for application of NSBBs is still in debate.

It is to the credit of Lebrec and his group (169), and later mainly Spanish and also Austrian working groups, to have introduced in a very consistent and careful way over the years the role of portal hypertension, measured as HVPG, for the prognosis of patients with liver cirrhosis, supported by many clinical studies (170, 171). Patients with an HVPG below 10 mmHg have a low risk of developing hepatic decompensation or death at least during the following 3–5 years. Patients with a HVPG > 20 mmHg have not only a high risk of early recurrent hemorrhage in case of variceal bleeding, but also a high risk of death (134, 172, 173). They benefit from the early enrollment for a TIPS in case of bleeding (173, 174). The decrease of HVPG > 20 % or to a value below 12 mm Hg, is a good criterion for protection against variceal hemorrhage, even ascites, and possibly for better survival (133, 134, 172, 175–178). According to some of these studies, the drop in HVPG of 10% is sufficient for the prognosis of prolonged survival. However, the value of this hemodynamic parameter as a surrogate for clinical end points in trials remains controversial. Among other reasons, because the measurement of HVPG is only performed by a limited number of centers in routine practice and because it is unclear how exactly other groups can measure HVPG (variability of measurement, but also intraindividual variability). More and more the measurement of liver or spleen stiffness is used for evaluation of portal hypertension (179), but its value to measure the response of portal pressure to NSBBs or to define clear thresholds is probably not sufficient.

Determination of pharmacokinetic parameters, including change of stereoselective metabolism in liver cirrhosis (180), are probably not of prognostic value for hemodynamic response to NSBBs. Studies on pharmacogenetics with respect to ß-AR gene polymorphisms and the action of NSBBs are sparse and inconclusive for patients with liver cirrhosis (181, 182).




Epilogue: Pragmatism or perfection?

Although NSBBs have been used for the prophylaxis of variceal bleeding for four decades, a number of questions remain unanswered, as we have explained above. This concerns the choice of NSSB or the question of whether and how the expression of ß-AR in the different organs changes in liver cirrhosis. It remains also completely unexplored, how ß-AR-dependent intracellular signaling cascades change in a cell-specific manner with decreasing liver function. While we have focused a lot on the cardiovascular system in terms of NSBBs, we know very little about how they act in the diseased liver, especially with respect to liver resistance to portal flow. It is unclear to what extent biased signaling via ß-arrestin, in the event of carvedilol administration, exerts on the liver or on the heart in patients with liver cirrhosis. NSBBs may also have a double-edged effect on the immune system in liver cirrhosis. The question as to whether it is best to use NSBBs in a HVPG response-controlled manner remains open, and we do not know, whether patients who do not respond adequately with a drop in HVPG, will benefit at all from further administration of NSBBs. Also, we do not know to any great extent how the degree of liver cirrhosis or a change in albumin metabolism influence the effect of NSBBs. Last but not least, the standards for the optimal dose range of NSBBs in liver cirrhosis are also under discussion. Thus, there is much no man’s land in questions about pharmacokinetics and pharmacodynamics and the use of NSBBs in patients with liver cirrhosis.

Are NSBBs a good long-term therapy in routine clinical practice, given that about 10% of patients have primary contraindications to NSBBs, almost 20% have to discontinue NSBBs because of side effects, and given that no more than 50% of this patient group shows adequate drug adherence, although lifelong therapy is necessary? This issue is relevant, considering that in Western countries, most patients now have metabolic cirrhosis (food and/or alcohol). One wonders whether these patients are really compliant for such a therapy. That may be an unfair assumption. Sufficient data is lacking in this regard. There is also insufficient data on quality of life under continuous treatment with NSBBs in patients with liver cirrhosis. More studies on combination therapy–e.g., NSBBs with statins, angiotensin II receptor blockers, phosphordiesterase-5-inhibitors–drugs that might work against chronic inflammation in cirrhosis, or even the combination of NSBBs with a narrow-lumen TIPS are also necessary.

Can we answer these open questions with rigor, through more perfection? By individualizing the choice of NSBB or combined treatment? By regular monitoring of the HVPG? By better informing the patient and controlling drug adherence? By assessing the quality of life of the patients (there are hardly any studies on this)? Certainly not immediately. But some of these questions are worth further clinical research to achieve more perfection in the treatment of patients with liver cirrhosis using NSBBs.

On the other hand, clinical action requires pragmatism, taking into account the evidence, based on the available studies present. Controlled trials (RCTs) provide the best unbiased information about the effect of an intervention in medicine. And there are a lot of RCTs with respect to NSBBs and liver cirrhosis. For the single patient, RCTs show the best possible choice of intervention, but they will never give the answer as to how the individual will respond. Under these circumstances it might be easiest to start NSBBs–preferably carvedilol–very early and at a low dose so that the patient complies with the therapy, with attention to pulse reduction, monitoring renal function and blood pressure at regular intervals, and to choose an alternative therapy in case of intolerance or lack of adherence or deterioration of kidney function (Figure 3). All this must be done in consideration of the other medications the patient needs. This pragmatism should, however, be accompanied by further research, which demands perfection. To this end we suggest further studies (Table 2).


[image: image]

FIGURE 3
Non-selective ß-blocker (NSBB) in liver cirrhosis: The pragmatic approach.



TABLE 2    Proposals for further research–non-selective ß-blocker (NSBBs) and liver cirrhosis.

[image: Table 2]



Author contributions

TS wrote the first draft of the manuscript. MH, JT, and RS corrected and reformulated sections of the manuscript. RS supported editing the references. All authors contributed to the article and approved the submitted version.



Funding

JT and RS received funding by the German Research Foundation (DFG) project ID 403224013–SFB 1382 (A09), by the German Federal Ministry of Education and Research (BMBF) for the DEEP-HCC project and by the Hessian Ministry of Higher Education, Research and the Arts (HMWK) for the ACLF-I cluster project. The MICROB-PREDICT (project ID 825694), DECISION (project ID 847949), GALAXY (project ID 668031), LIVERHOPE (project ID 731875), and IHMCSA (project ID 964590) projects have received funding from the European Union’s Horizon 2020 research and innovation program. The manuscript reflects only the authors’ views, and the European Commission is not responsible for any use that may be made of the information it contains. The funders had no influence on the decision to publish, or preparation of the manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Hennenberg M, Trebicka J, Sauerbruch T, Heller J. Mechanisms of extrahepatic vasodilation in portal hypertension. Gut. (2008) 57:1300–14. doi: 10.1136/gut.2007.144584

2. Iwakiri Y, Groszmann RJ. Vascular endothelial dysfunction in cirrhosis. J Hepatol. (2007) 46:927–34. doi: 10.1016/j.jhep.2007.02.006

3. Bernardi M, Moreau R, Angeli P, Schnabl B, Arroyo V. Mechanisms of decompensation and organ failure in cirrhosis: from peripheral arterial vasodilation to systemic inflammation hypothesis. J Hepatol. (2015) 63:1272–84. doi: 10.1016/j.jhep.2015.07.004

4. Wong F, Reddy KR, Tandon P, O’Leary JG, Garcia-Tsao G, Vargas HE, et al. Progression of stage 2 and 3 acute kidney injury in patients with decompensated cirrhosis and ascites. Clin Gastroenterol Hepatol. (2021) 19:1661–9.e2. doi: 10.1016/j.cgh.2020.08.025

5. Goldberg DS, Fallon MB. The art and science of diagnosing and treating lung and heart disease secondary to liver disease. Clin Gastroenterol Hepatol. (2015) 13:2118–27. doi: 10.1016/j.cgh.2015.04.024

6. Bernardi M. Cirrhotic cardiomyopathy. Clin Liver Dis. (2013) 2:99–101. doi: 10.1002/cld.141

7. Bajaj JS, Reddy KR, O’Leary JG, Vargas HE, Lai JC, Kamath PS, et al. Serum levels of metabolites produced by intestinal microbes and lipid moieties independently associated with acute-on-chronic liver failure and death in patients with cirrhosis. Gastroenterology. (2020) 159:1715–30.e12. doi: 10.1053/j.gastro.2020.07.019

8. Wiest R, Groszmann RJ. The paradox of nitric oxide in cirrhosis and portal hypertension: too much, not enough: the paradox of nitric oxide in cirrhosis and portal hypertension: too much, not enough. Hepatology. (2002) 35:478–91. doi: 10.1053/jhep.2002.31432

9. Iwakiri Y, Trebicka J. Portal hypertension in cirrhosis: pathophysiological mechanisms and therapy. JHEP Rep. (2021) 4:100316.

10. Lebrec D, Nouel O, Corbic M, Benhamou JP. Propranolol–a medical treatment for portal hypertension? Lancet. (1980) 2:180–2.

11. Lebrec D, Poynard T, Hillon P, Benhamou J-P. Propranolol for prevention of recurrent gastrointestinal bleeding in patients with cirrhosis: a controlled study. N Engl J Med. (1981) 305:1371–4. doi: 10.1056/NEJM198112033052302

12. Gu W, Hortlik H, Erasmus H-P, Schaaf L, Zeleke Y, Uschner FE, et al. Trends and the course of liver cirrhosis and its complications in Germany: Nationwide population-based study (2005 to 2018). Lancet Regional Health Eur. (2023) 12:100240. doi: 10.1016/j.lanepe.2021.100240

13. Mandorfer M, Reiberger T. Beta blockers and cirrhosis, 2016. Dig Liver Dis. (2017) 49:3–10. doi: 10.1016/j.dld.2016.09.013

14. Reiberger T, Mandorfer M. Beta adrenergic blockade and decompensated cirrhosis. J Hepatol. (2017) 66:849–59. doi: 10.1016/j.jhep.2016.11.001

15. Villanueva C, Albillos A, Genescà J, Abraldes JG, Calleja JL, Aracil C, et al. Development of hyperdynamic circulation and response to β-blockers in compensated cirrhosis with portal hypertension. Hepatology. (2016) 63:197–206. doi: 10.1002/hep.28264

16. Møller S, Bendtsen F. The pathophysiology of arterial vasodilatation and hyperdynamic circulation in cirrhosis. Liver Int. (2017) 38:570–80. doi: 10.1111/liv.13589

17. Murray JF, Dawson AM, Sherlock S. Circulatory changes in chronic liver disease. Am J Med. (1958) 24:358–67. doi: 10.1016/0002-9343(58)90322-X

18. Di Pascoli M, Sacerdoti D, Pontisso P, Angeli P, Bolognesi M. Molecular mechanisms leading to splanchnic vasodilation in liver cirrhosis. J Vasc Res. (2017) 54:92–9. doi: 10.1159/000462974

19. Wiest R, Shah V, Sessa WC, Groszmann RJ. NO overproduction by eNOS precedes hyperdynamic splanchnic circulation in portal hypertensive rats. Am J Physiol. (1999) 276:G1043–51. doi: 10.1152/ajpgi.1999.276.4.G1043

20. Tranah TH, Edwards LA, Schnabl B, Shawcross DL. Targeting the gut-liver-immune axis to treat cirrhosis. Gut. (2021) 70:982–94. doi: 10.1136/gutjnl-2020-320786

21. Sauerbruch T, Hennenberg M, Trebicka J, Beuers U. Bile acids, liver cirrhosis, and extrahepatic vascular dysfunction. Front Physiol. (2021) 12:718783. doi: 10.3389/fphys.2021.718783

22. Heller J, Schepke M, Gehnen N, Molderings GJ, Müller A, Erhard J, et al. Altered adrenergic responsiveness of endothelium-denuded hepatic arteries and portal veins in patients with cirrhosis. Gastroenterology. (1999) 116:387–93. doi: 10.1016/S0016-5085(99)70136-8

23. Schepke M, Heller J, Paschke S, Thomas J, Wolff M, Neef M, et al. Contractile hyporesponsiveness of hepatic arteries in humans with cirrhosis: evidence for a receptor-specific mechanism. Hepatology. (2001) 34:884–8. doi: 10.1053/jhep.2001.28794

24. Hennenberg M, Trebicka J, Biecker E, Schepke M, Sauerbruch T, Heller J. Vascular dysfunction in human and rat cirrhosis: role of receptor-desensitizing and calcium-sensitizing proteins. Hepatology. (2007) 45:495–506. doi: 10.1002/hep.21502

25. Nicholls KM, Shapiro MD, Van Putten VJ, Kluge R, Chung HM, Bichet DG, et al. Elevated plasma norepinephrine concentrations in decompensated cirrhosis. Association with increased secretion rates, normal clearance rates, and suppressibility by central blood volume expansion. Circ Res. (1985) 56:457–61. doi: 10.1161/01.res.56.3.457

26. Bichet DG, Van Putten VJ, Schrier RW. Potential role of increased sympathetic activity in impaired sodium and water excretion in cirrhosis. N Engl J Med. (1982) 307:1552–7. doi: 10.1056/NEJM198212163072504

27. Henriksen JH, Møller S, Ring-Larsen H, Christensen NJ. The sympathetic nervous system in liver disease. J Hepatol. (1998) 29:328–41. doi: 10.1016/s0168-8278(98)80022-6

28. Schrier RW, Arroyo V, Bernardi M, Epstein M, Henriksen JH, Rodés J. Peripheral arterial vasodilation hypothesis: a proposal for the initiation of renal sodium and water retention in cirrhosis. Hepatology. (1988) 8:1151–7. doi: 10.1002/hep.1840080532

29. Frishman WH. Beta-adrenergic receptor blockers in hypertension: alive and well. Prog Cardiovasc Dis. (2016) 59:247–52. doi: 10.1016/j.pcad.2016.10.005

30. Granier S, Kobilka B. A new era of GPCR structural and chemical biology. Nat Chem Biol. (2012) 8:670–3. doi: 10.1038/nchembio.1025

31. Lefkowitz RJA. Serendipitous scientist. Annu Rev Pharmacol Toxicol. (2018) 58:17–32. doi: 10.1146/annurev-pharmtox-010617-053149

32. Kamiar A, Yousefi K, Dunkley JC, Webster KA, Shehadeh LA. β2-Adrenergic receptor agonism as a therapeutic strategy for kidney disease. Am J Physiol Regul Integr Comp Physiol. (2021) 320:R575–87. doi: 10.1152/ajpregu.00287.2020

33. Chamberlain PD, Jennings KH, Paul F, Cordell J, Berry A, Holmes SD, et al. The tissue distribution of the human beta3-adrenoceptor studied using a monoclonal antibody: direct evidence of the beta3-adrenoceptor in human adipose tissue, atrium and skeletal muscle. Int J Obes Relat Metab Disord. (1999) 23:1057–65. doi: 10.1038/sj.ijo.0801039

34. Gauthier C, Langin D, Balligand JL. Beta3-adrenoceptors in the cardiovascular system. Trends Pharmacol Sci. (2000) 21:426–31. doi: 10.1016/s0165-6147(00)01562-5

35. Krhut J, Skugarevská B, Míka D, Lund L, Zvara P. Clinical utility of β3-adrenoreceptor agonists for the treatment of overactive bladder: a review of the evidence and current recommendations. Res Rep Urol. (2022) 14:167–75. doi: 10.2147/RRU.S309144

36. Trebicka J, Hennenberg M, Schulze Pröbsting A, Laleman W, Klein S, Granzow M, et al. Role of beta3-adrenoceptors for intrahepatic resistance and portal hypertension in liver cirrhosis. Hepatology. (2009) 50:1924–35. doi: 10.1002/hep.23222

37. Alexander SP, Christopoulos A, Davenport AP, Kelly E, Mathie A, Peters JA, et al. The concise guide to pharmacology 2021/22: G protein-coupled receptors. Br J Pharmacol. (2021) 178(Suppl 1):S27–156. doi: 10.1111/bph.15538

38. Gao Y editor. Cyclic AMP signaling. In: Biology of Vascular Smooth Muscle: Vasoconstriction and Dilatation. Singapore: Springer Singapore (2017). p. 169–80. doi: 10.1007/978-981-10-4810-4_13

39. Gao YS, Nagao T, Bond RA, Janssens WJ, Vanhoutte PM. Nebivolol induces endothelium-dependent relaxations of canine coronary arteries. J Cardiovasc Pharmacol. (1991) 17:964–9. doi: 10.1097/00005344-199106000-00016

40. Lohse MJ, Benovic JL, Codina J, Caron MG, Lefkowitz RJ. β-Arrestin: a protein that regulates β-adrenergic receptor function. Science. (1990) 248:1547–50. doi: 10.1126/science.2163110

41. Wingler LM, Lefkowitz RJ. Conformational basis of G protein-coupled receptor signaling versatility. Trends Cell Biol. (2020) 30:736–47. doi: 10.1016/j.tcb.2020.06.002

42. Nash CA, Nelson CP, Mistry R, Moeller-Olsen C, Christofidou E, Challiss RAJ, et al. Differential regulation of β2-adrenoceptor and adenosine A2B receptor signalling by GRK and arrestin proteins in arterial smooth muscle. Cell Signal. (2018) 51:86–98. doi: 10.1016/j.cellsig.2018.07.013

43. Hennenberg M, Trebicka J, Kohistani AZ, Heller J, Sauerbruch T. Vascular hyporesponsiveness to angiotensin II in rats with CCl(4)-induced liver cirrhosis. Eur J Clin Invest. (2009) 39:906–13. doi: 10.1111/j.1365-2362.2009.02181.x

44. Hennenberg M, Trebicka J, Buecher D, Heller J, Sauerbruch T. Lack of effect of norfloxacin on hyperdynamic circulation in bile duct-ligated rats despite reduction of endothelial nitric oxide synthase function: result of unchanged vascular Rho-kinase? Liver Int. (2009) 29:933–41. doi: 10.1111/j.1478-3231.2009.02010.x

45. Prichard BNC. Hypotensive action of pronethalol. BMJ. (1964) 1:1227–8. doi: 10.1136/bmj.1.5392.1227

46. Michel MC. α1-adrenoceptor activity of β-adrenoceptor ligands - an expected drug property with limited clinical relevance. Eur J Pharmacol. (2020) 889:173632. doi: 10.1016/j.ejphar.2020.173632

47. Huang R, Tamalunas A, Waidelich R, Strittmatter F, Stief CG, Hennenberg M. Antagonism of α1-adrenoceptors by β3-adrenergic agonists: structure-function relations of different agonists in prostate smooth muscle contraction. Biochem Pharmacol. (2022) 202:115148. doi: 10.1016/j.bcp.2022.115148

48. Koshimizu T-A, Tsujimoto G, Hirasawa A, Kitagawa Y, Tanoue A. Carvedilol selectively inhibits oscillatory intracellular calcium changes evoked by human alpha1D- and alpha1B-adrenergic receptors. Cardiovasc Res. (2004) 63:662–72. doi: 10.1016/j.cardiores.2004.05.014

49. Baker JG. The selectivity of beta-adrenoceptor antagonists at the human beta1, beta2 and beta3 adrenoceptors. Br J Pharmacol. (2005) 144:317–22. doi: 10.1038/sj.bjp.0706048

50. Gehr TW, Tenero DM, Boyle DA, Qian Y, Sica DA, Shusterman NH. The pharmacokinetics of carvedilol and its metabolites after single and multiple dose oral administration in patients with hypertension and renal insufficiency. Eur J Clin Pharmacol. (1999) 55:269–77. doi: 10.1007/s002280050628

51. Wisler JW, DeWire SM, Whalen EJ, Violin JD, Drake MT, Ahn S, et al. A unique mechanism of beta-blocker action: carvedilol stimulates beta-arrestin signaling. Proc Natl Acad Sci USA. (2007) 104:16657–62. doi: 10.1073/pnas.0707936104

52. Bond RA, Lucero Garcia-Rojas EY, Hegde A, Walker JKL. Therapeutic potential of targeting ß-arrestin. Front Pharmacol. (2019) 10:124. doi: 10.3389/fphar.2019.00124

53. Lefkowitz RJ, Shenoy SK. Transduction of receptor signals by beta-arrestins. Science. (2005) 308:512–7. doi: 10.1126/science.1109237

54. Carr R, Schilling J, Song J, Carter RL, Du Y, Yoo SM, et al. β-arrestin-biased signaling through the β2-adrenergic receptor promotes cardiomyocyte contraction. Proc Natl Acad Sci USA. (2016) 113:E4107–16. doi: 10.1073/pnas.1606267113

55. Lovgren AK, Kovacs JJ, Xie T, Potts EN, Li Y, Foster WM, et al. β-arrestin deficiency protects against pulmonary fibrosis in mice and prevents fibroblast invasion of extracellular matrix. Sci Transl Med. (2011) 3:74ra23. doi: 10.1126/scitranslmed.3001564

56. Gu Y, Sun W, Zhang S, Wu J, Wei W. The emerging roles of β-arrestins in fibrotic diseases. Acta Pharmacol Sin. (2015) 36:1277–87. doi: 10.1038/aps.2015.74

57. Schierwagen R, Dietrich P, Klein S, Uschner FE, Ortiz C, Tyc O, et al. β-Arrestin2 is increased in liver fibrosis in humans and rodents. Proc Natl Acad Sci USA. (2020) 117:27082–4. doi: 10.1073/pnas.2014337117

58. Trebicka J, von Heydebrand M, Lehmann J, Tofteng F, Busk T, Jensen HL, et al. Assessment of response to beta-blockers by expression of βArr2 and RhoA/ROCK2 in antrum mucosa in cirrhotic patients. J Hepatol. (2016) 64:1265–73. doi: 10.1016/j.jhep.2016.01.022

59. Trebicka J, Wix C, von Heydebrand M, Hittatiya K, Reiberger T, Klein S, et al. Expression of vasoactive proteins in gastric antral mucosa reflects vascular dysfunction in patients with cirrhosis and portal hypertension. Liver Int. (2015) 35:1393–402. doi: 10.1111/liv.12613

60. Liu S, Luttrell LM, Premont RT, Rockey DC. β-Arrestin2 is a critical component of the GPCR–eNOS signalosome. PNAS. (2020) 117:11483–92. doi: 10.1073/pnas.1922608117

61. Lashen SA, Shamseya MM, Madkour MA, Abdel Salam RM, Mostafa SS. β-arrestin-2 predicts the clinical response to β-blockers in cirrhotic portal hypertension patients: a prospective study. World J Hepatol. (2022) 14:429–41. doi: 10.4254/wjh.v14.i2.429

62. Kim I-M, Tilley DG, Chen J, Salazar NC, Whalen EJ, Violin JD, et al. Beta-blockers alprenolol and carvedilol stimulate beta-arrestin-mediated EGFR transactivation. Proc Natl Acad Sci USA. (2008) 105:14555–60. doi: 10.1073/pnas.0804745105

63. Güven B, Kara Z, Onay-Beşikci A. Metabolic effects of carvedilol through β-arrestin proteins: investigations in a streptozotocin-induced diabetes rat model and in C2C12 myoblasts. Br J Pharmacol. (2020) 177:5580–94. doi: 10.1111/bph.15269

64. Liu JJ, Horst R, Katritch V, Stevens RC, Wüthrich K. Biased signaling pathways in β2-adrenergic receptor characterized by 19F-NMR. Science. (2012) 335:1106–10. doi: 10.1126/science.1215802

65. Ryba DM, Li J, Cowan CL, Russell B, Wolska BM, Solaro RJ. Long-term biased β-arrestin signaling improves cardiac structure and function in dilated cardiomyopathy. Circulation. (2017) 135:1056–70. doi: 10.1161/CIRCULATIONAHA.116.024482

66. Lin C-S, Lin W-S, Lin C-L, Kao C-H. Carvedilol use is associated with reduced cancer risk: a nationwide population-based cohort study. Int J Cardiol. (2015) 184:9–13. doi: 10.1016/j.ijcard.2015.02.015

67. Huang KM, Liang S, Yeung S, Oiyemhonlan E, Cleveland KH, Parsa C, et al. Topically applied carvedilol attenuates solar ultraviolet radiation induced skin carcinogenesis. Cancer Prev Res. (2017) 10:598–606. doi: 10.1158/1940-6207.CAPR-17-0132

68. Cleveland KH, Yeung S, Huang KM, Liang S, Andresen BT, Huang Y. Phosphoproteome profiling provides insight into the mechanism of action for carvedilol-mediated cancer prevention. Mol Carcinog. (2018) 57:997–1007. doi: 10.1002/mc.22820

69. Cheng H-Y, Lin HC, Lin HL, Uang YS, Keller JJ, Wang LH. Association between nonselective beta-blocker use and hepatocellular carcinoma in patients with chronic hepatitis b without cirrhosis and decompensation. Front Pharmacol. (2021) 12:805318. doi: 10.3389/fphar.2021.805318

70. Chang P-Y, Chung C-H, Chang W-C, Lin C-S, Lin H-H, Dai M-S, et al. The effect of propranolol on the prognosis of hepatocellular carcinoma: a nationwide population-based study. PLoS One. (2019) 14:e0216828. doi: 10.1371/journal.pone.0216828

71. Trebicka J, Fernandez J, Papp M, Caraceni P, Laleman W, Gambino C, et al. The PREDICT study uncovers three clinical courses of acutely decompensated cirrhosis that have distinct pathophysiology. J Hepatol. (2020) 73:842–54. doi: 10.1016/j.jhep.2020.06.013

72. Trebicka J, Bork P, Krag A, Arumugam M. Utilizing the gut microbiome in decompensated cirrhosis and acute-on-chronic liver failure. Nat Rev Gastroenterol Hepatol. (2021) 18:167–80. doi: 10.1038/s41575-020-00376-3

73. Boyer TD. Changing clinical practice with measurements of portal pressure. Hepatology. (2004) 39:283–5. doi: 10.1002/hep.20037

74. Lebrec D, Hillon P, Muńoz C, Goldfarb G, Nouel O, Benhamou JP. The effect of propranolol on portal hypertension in patients with cirrhosis: a hemodynamic study. Hepatology. (1982) 2:523–7. doi: 10.1002/hep.1840020502

75. Sinagra E, Perricone G, D’Amico M, Tinè F, D’Amico G. Systematic review with meta-analysis: the haemodynamic effects of carvedilol compared with propranolol for portal hypertension in cirrhosis. Aliment Pharmacol Ther. (2014) 39:557–68. doi: 10.1111/apt.12634

76. Sauerbruch T, Mengel M, Dollinger M, Zipprich A, Rössle M, Panther E, et al. Prevention of rebleeding from esophageal varices in patients with cirrhosis receiving small-diameter stents versus hemodynamically controlled medical therapy. Gastroenterology. (2015) 149:660–8.e1. doi: 10.1053/j.gastro.2015.05.011

77. Jachs M, Hartl L, Simbrunner B, Bauer D, Paternostro R, Balcar L, et al. Carvedilol achieves higher hemodynamic response and lower rebleeding rates than propranolol in secondary prophylaxis. Clin Gastroenterol Hepatol. (2022) [Online ahead of print]. doi: 10.1016/j.cgh.2022.06.007.

78. Reiberger T, Ulbrich G, Ferlitsch A, Payer BA, Schwabl P, Pinter M, et al. Carvedilol for primary prophylaxis of variceal bleeding in cirrhotic patients with haemodynamic non-response to propranolol. Gut. (2013) 62:1634–41. doi: 10.1136/gutjnl-2012-304038

79. Bañares R, Moitinho E, Matilla A, García-Pagán JC, Lampreave JL, Piera C, et al. Randomized comparison of long-term carvedilol and propranolol administration in the treatment of portal hypertension in cirrhosis. Hepatology. (2002) 36:1367–73. doi: 10.1053/jhep.2002.36947

80. Zhang F, Xu H, Chen M, Zhang M, Xiao J, Wang Y, et al. Dose-dependent effect of propranolol on the hemodynamic response in cirrhotic patients with gastroesophageal varices. Eur J Gastroenterol Hepatol. (2019) 31:368–74. doi: 10.1097/MEG.0000000000001293

81. Schepke M, Wiest R, Flacke S, Heller J, Stoffel-Wagner B, Herold T, et al. Irbesartan plus low-dose propranolol versus low-dose propranolol alone in cirrhosis: a placebo-controlled, double-blind study. Am J Gastroenterol. (2008) 103:1152–8. doi: 10.1111/j.1572-0241.2007.01759.x

82. Kang SH, Lee M, Kim MY, Lee JH, Jun BG, Kim TS, et al. The longitudinal outcomes of applying non-selective beta-blockers in portal hypertension: real-world multicenter study. Hepatol Int. (2021) 15:424–36. doi: 10.1007/s12072-021-10160-3

83. Schwarzer R, Kivaranovic D, Paternostro R, Mandorfer M, Reiberger T, Trauner M, et al. Carvedilol for reducing portal pressure in primary prophylaxis of variceal bleeding: a dose-response study. Aliment Pharmacol Ther. (2018) 47:1162–9. doi: 10.1111/apt.14576

84. Alvarado-Tapias E, Ardevol A, Garcia-Guix M, Montañés R, Pavel O, Cuyas B, et al. Short-term hemodynamic effects of β-blockers influence survival of patients with decompensated cirrhosis. J Hepatol. (2020) 73:829–41. doi: 10.1016/j.jhep.2020.03.048

85. Hillon P, Lebrec D, Muńoz C, Jungers M, Goldfarb G, Benhamou JP. Comparison of the effects of a cardioselective and a nonselective beta-blocker on portal hypertension in patients with cirrhosis. Hepatology. (1982) 2:528–31. doi: 10.1002/hep.1840020503

86. Schiedermaier P, Koch L, Mojón A, Hermida R, Layer G, Sauerbruch T. Circadian rhythm of fasting and postprandial portal blood flow in cirrhosis. Scand J Gastroenterol. (2006) 41:826–32. doi: 10.1080/00365520500463290

87. Heller J, Kristeleit H, Brensing KA, Woitas RP, Spengler U, Sauerbruch T. Nitrite and nitrate levels in patients with cirrhosis of the liver: influence of kidney function and fasting state. Scand J Gastroenterol. (1999) 34:297–302. doi: 10.1080/00365529950173726

88. Neef M, Biecker E, Heller J, Schepke M, Nischalke HD, Wolff M, et al. Portal hypertension is associated with increased mRNA levels of vasopressor G-protein-coupled receptors in human hepatic arteries. Eur J Clin Invest. (2003) 33:249–55. doi: 10.1046/j.1365-2362.2003.01131.x

89. Burza MA, Marschall H-U, Napoleone L, Molinaro A. The 35-year odyssey of beta blockers in cirrhosis: any gender difference in sight? Pharmacol Res. (2017) 119:20–6. doi: 10.1016/j.phrs.2017.01.015

90. Brensing KA, Hörsch M, Textor J, Schiedermaier P, Raab P, Schepke M, et al. Hemodynamic effects of propranolol and nitrates in cirrhotics with transjugular intrahepatic portosystemic stent-shunt. Scand J Gastroenterol. (2002) 37:1070–6. doi: 10.1080/003655202320378284

91. Alvarado-Tapias E, Montañés R, Brujats A, Cuyas B, Guix MG, Pujol C, et al. Carvedilol plus Simvastatin modulates systemic inflammation in cirrhosis with portal hypertension and non-response to B-blockers: randomised double-blind study. J Hepatol. (2022) 77:S91. doi: 10.1016/S0168-8278(22)00574-8

92. Abraldes JG, Albillos A, Bañares R, Turnes J, González R, García-Pagán JC, et al. Simvastatin lowers portal pressure in patients with cirrhosis and portal hypertension: a randomized controlled trial. Gastroenterology. (2009) 136:1651–8. doi: 10.1053/j.gastro.2009.01.043

93. Vijayaraghavan R, Jindal A, Arora V, Choudhary A, Kumar G, Sarin SK. Hemodynamic effects of adding simvastatin to carvedilol for primary prophylaxis of variceal bleeding: a randomized controlled trial. Am J Gastroenterol. (2020) 115:729–37. doi: 10.14309/ajg.0000000000000551

94. Uschner FE, Glückert K, Paternostro R, Gnad T, Schierwagen R, Mandorfer M, et al. Combination of phosphodiesterase-5-inhibitors and beta blockers improves experimental portal hypertension and erectile dysfunction. Liver Int. (2020) 40:2228–41. doi: 10.1111/liv.14586

95. Tanner MA, Maitz CA, Grisanti LA. Immune cell β2-adrenergic receptors contribute to the development of heart failure. Am J Physiol Heart Circ Physiol. (2021) 321:H633–49. doi: 10.1152/ajpheart.00243.2021

96. Bryniarski P, Nazimek K, Marcinkiewicz J. Immunomodulatory activity of the most commonly used antihypertensive drugs-angiotensin converting enzyme inhibitors and angiotensin II receptor blockers. Int J Mol Sci. (2022) 23:1772. doi: 10.3390/ijms23031772

97. Trebicka J, Amoros A, Pitarch C, Titos E, Alcaraz-Quiles J, Schierwagen R, et al. Addressing profiles of systemic inflammation across the different clinical phenotypes of acutely decompensated cirrhosis. Front Immunol. (2019) 10:476. doi: 10.3389/fimmu.2019.00476

98. Hasa E, Hartmann P, Schnabl B. Liver cirrhosis and immune dysfunction. Int Immunol. (2022) 34:455–66. doi: 10.1093/intimm/dxac030

99. Albillos A, Lario M, Álvarez-Mon M. Cirrhosis-associated immune dysfunction: distinctive features and clinical relevance. J Hepatol. (2014) 61:1385–96. doi: 10.1016/j.jhep.2014.08.010

100. Praktiknjo M, Schierwagen R, Monteiro S, Ortiz C, Uschner FE, Jansen C, et al. Hepatic inflammasome activation as origin of Interleukin-1α and Interleukin-1β in liver cirrhosis. Gut. (2020) 70:1799–800. doi: 10.1136/gutjnl-2020-322621

101. Reiberger T, Ferlitsch A, Payer BA, Mandorfer M, Heinisch BB, Hayden H, et al. Non-selective betablocker therapy decreases intestinal permeability and serum levels of LBP and IL-6 in patients with cirrhosis. J Hepatol. (2013) 58:911–21. doi: 10.1016/j.jhep.2012.12.011

102. Jachs M, Hartl L, Schaufler D, Desbalmes C, Simbrunner B, Eigenbauer E, et al. Amelioration of systemic inflammation in advanced chronic liver disease upon beta-blocker therapy translates into improved clinical outcomes. Gut. (2021) 70:1758–67. doi: 10.1136/gutjnl-2020-322712

103. Senzolo M, Cholongitas E, Burra P, Leandro G, Thalheimer U, Patch D, et al. Beta-Blockers protect against spontaneous bacterial peritonitis in cirrhotic patients: a meta-analysis. Liver Int. (2009) 29:1189–93. doi: 10.1111/j.1478-3231.2009.02038.x

104. Mookerjee RP, Pavesi M, Thomsen KL, Mehta G, Macnaughtan J, Bendtsen F, et al. Treatment with non-selective beta blockers is associated with reduced severity of systemic inflammation and improved survival of patients with acute-on-chronic liver failure. J Hepatol. (2016) 64:574–82. doi: 10.1016/j.jhep.2015.10.018

105. Pérez-Paramo M, Muñoz J, Albillos A, Freile I, Portero F, Santos M, et al. Effect of propranolol on the factors promoting bacterial translocation in cirrhotic rats with ascites. Hepatology. (2000) 31:43–8. doi: 10.1002/hep.510310109

106. Gimenez P, Garcia-Martinez I, Francés R, Gonzalez-Navajas JM, Mauri M, Alfayate R, et al. Treatment with non-selective beta-blockers affects the systemic inflammatory response to bacterial DNA in patients with cirrhosis. Liver Int. (2018) 38:2219–27. doi: 10.1111/liv.13890

107. Almenara S, Lozano B, Gimenez P, Herrera I, Miralles C, Bellot P, et al. Functionality of beta-adrenergic receptors in patients with cirrhosis treated chronically with non-selective beta-blockers. Hepatol Int. (2020) 14:858–68. doi: 10.1007/s12072-020-10083-5

108. da Rocha AL, Rovina RL, Pinto AP, Marafon BB, da Silva LECM, Simabuco FM, et al. Interleukin-6 ablation does not alter morphofunctional heart characteristics but modulates physiological and inflammatory markers after strenuous exercise. Cytokine. (2021) 142:155494. doi: 10.1016/j.cyto.2021.155494

109. Morimoto K, Eguchi R, Kitano T, Otsuguro K-I. Alpha and beta adrenoceptors activate interleukin-6 transcription through different pathways in cultured astrocytes from rat spinal cord. Cytokine. (2021) 142:155497. doi: 10.1016/j.cyto.2021.155497

110. Nakamura A, Niimi R, Yanagawa Y. Renal beta(2)-adrenoceptor modulates the lipopolysaccharide transport system in sepsis-induced acute renal failure. Inflammation. (2009) 32:12–9. doi: 10.1007/s10753-008-9097-8

111. Manara L, Croci T, Aureggi G, Guagnini F, Maffrand JP, Le Fur G, et al. Functional assessment of beta adrenoceptor subtypes in human colonic circular and longitudinal (taenia coli) smooth muscle. Gut. (2000) 47:337–42. doi: 10.1136/gut.47.3.337

112. McIntyre AS, Thompson DG, Day S, Burnham WR, Walker ER. Modulation of human upper intestinal nutrient transit by a beta adrenoreceptor mediated pathway. Gut. (1992) 33:1062–70. doi: 10.1136/gut.33.8.1062

113. Theocharidou E, Dhar A, Patch D. Gastrointestinal motility disorders and their clinical implications in cirrhosis. Gastroenterol Res Pract. (2017) 2017:8270310. doi: 10.1155/2017/8270310

114. Pavlov VA, Chavan SS, Tracey KJ. Molecular and functional neuroscience in immunity. Annu Rev Immunol. (2018) 36:783–812. doi: 10.1146/annurev-immunol-042617-053158

115. Matheis F, Muller PA, Graves CL, Gabanyi I, Kerner ZJ, Costa-Borges D, et al. Adrenergic signaling in muscularis macrophages limits infection-induced neuronal loss. Cell. (2020) 180:64–78.e16. doi: 10.1016/j.cell.2019.12.002

116. Trebicka J, Macnaughtan J, Schnabl B, Shawcross DL, Bajaj JS. The microbiota in cirrhosis and its role in hepatic decompensation. J Hepatol. (2021) 75:S67–81. doi: 10.1016/j.jhep.2020.11.013

117. Groszmann RJ, Garcia-Tsao G, Bosch J, Grace ND, Burroughs AK, Planas R, et al. Beta-blockers to prevent gastroesophageal varices in patients with cirrhosis. N Engl J Med. (2005) 353:2254–61. doi: 10.1056/NEJMoa044456

118. Villanueva C, Albillos A, Genescà J, Garcia-Pagan JC, Calleja JL, Aracil C, et al. β blockers to prevent decompensation of cirrhosis in patients with clinically significant portal hypertension (PREDESCI): a randomised, double-blind, placebo-controlled, multicentre trial. Lancet. (2019) 393:1597–608. doi: 10.1016/S0140-6736(18)31875-0

119. Poynard T, Calès P, Pasta L, Ideo G, Pascal JP, Pagliaro L, et al. Beta-adrenergic-antagonist drugs in the prevention of gastrointestinal bleeding in patients with cirrhosis and esophageal varices. An analysis of data and prognostic factors in 589 patients from four randomized clinical trials. Franco-Italian Multicenter Study Group. N Engl J Med. (1991) 324:1532–8. doi: 10.1056/NEJM199105303242202

120. Roccarina D, Best LM, Freeman SC, Roberts D, Cooper NJ, Sutton AJ, et al. Primary prevention of variceal bleeding in people with oesophageal varices due to liver cirrhosis: a network meta-analysis. Cochrane Database Syst Rev. (2021) 4:CD013121. doi: 10.1002/14651858.CD013121.pub2

121. Villanueva C, Sapena V, Lo G-H, Seo YS, Shah HA, Singh V, et al. Stratified efficacy of first -line therapy to prevent first variceal bleeding according to previous decompensation of cirrhosis. A competing-risk meta-analyses of individual participant data. J Hepatol. (2022) 77:S625–6. doi: 10.1016/S0168-8278(22)01568-9

122. Bendtsen F, Møller S, Krag A. Variceal rebleeding: drugs, endoscopy or both. In: de Franchis R, Dell’Era A editors. Variceal Hemorrhage. New York, NY: Springer (2014). p. 213–28. doi: 10.1007/978-1-4939-0002-2_16

123. Holster IL, Tjwa ETTL, Moelker A, Wils A, Hansen BE, Vermeijden JR, et al. Covered transjugular intrahepatic portosystemic shunt versus endoscopic therapy + β-blocker for prevention of variceal rebleeding. Hepatology. (2016) 63:581–9. doi: 10.1002/hep.28318

124. Brensing KA, Textor J, Perz J, Schiedermaier P, Raab P, Strunk H, et al. Long term outcome after transjugular intrahepatic portosystemic stent-shunt in non-transplant cirrhotics with hepatorenal syndrome: a phase II study. Gut. (2000) 47:288–95. doi: 10.1136/gut.47.2.288

125. Larrue H, Olivas P, Lv Y, Han G, Bucsics T, Reiberger T, et al. Covered TIPS reduces the risk of further decompensation: results from an individual patient data meta-analysis of 3924 patients with cirrhosis. J Hepatol. (2022) 77:S630. doi: 10.1016/S0168-8278(22)01577-X

126. Zacharias AP, Jeyaraj R, Hobolth L, Bendtsen F, Gluud LL, Morgan MY. Carvedilol versus traditional, non-selective beta-blockers for adults with cirrhosis and gastroesophageal varices. Cochrane Database Syst Rev. (2018) 10:CD011510. doi: 10.1002/14651858.CD011510.pub2

127. Villanueva C, Torres F, Sarin SK, Shah HA, Tripathi D, Brujats A, et al. Carvedilol reduces the risk of decompensation and mortality in patients with compensated cirrhosis in a competing-risk meta-analysis. J Hepatol. (2022) 77:1014–25. doi: 10.1016/j.jhep.2022.05.021

128. de Franchis R, Bosch J, Garcia-Tsao G, Reiberger T, Ripoll C, Baveno VII. Faculty. Baveno VII - Renewing consensus in portal hypertension. J Hepatol. (2022) 76:959–74. doi: 10.1016/j.jhep.2021.12.022

129. Ardevol A, Alvarado-Tapias E, Garcia-Guix M, Brujats A, Gonzalez L, Hernández-Gea V, et al. Early rebleeding increases mortality of variecal bleeders on secondary prophylaxis with β-blockers and ligation. Dig Liver Dis. (2020) 52:1017–25. doi: 10.1016/j.dld.2020.06.005

130. Bernard B, Lebrec D, Mathurin P, Opolon P, Poynard T. Beta-adrenergic antagonists in the prevention of gastrointestinal rebleeding in patients with cirrhosis: a meta-analysis. Hepatology. (1997) 25:63–70. doi: 10.1053/jhep.1997.v25.pm0008985266

131. Plaz Torres MC, Best LM, Freeman SC, Roberts D, Cooper NJ, Sutton AJ, et al. Secondary prevention of variceal bleeding in adults with previous oesophageal variceal bleeding due to decompensated liver cirrhosis: a network meta-analysis. Cochrane Database Syst Rev. (2021) 3:CD013122. doi: 10.1002/14651858.CD013122.pub2

132. Lo G-H, Chen W-C, Lin C-K, Tsai W-L, Chan H-H, Chen T-A, et al. Improved survival in patients receiving medical therapy as compared with banding ligation for the prevention of esophageal variceal rebleeding. Hepatology. (2008) 48:580–7. doi: 10.1002/hep.22358

133. Villanueva C, Graupera I, Aracil C, Alvarado E, Miñana J, Puente Á, et al. A randomized trial to assess whether portal pressure guided therapy to prevent variceal rebleeding improves survival in cirrhosis. Hepatology. (2017) 65:1693–707. doi: 10.1002/hep.29056

134. D’Amico G, Garcia-Pagan JC, Luca A, Bosch J. Hepatic vein pressure gradient reduction and prevention of variceal bleeding in cirrhosis: a systematic review. Gastroenterology. (2006) 131:1611–24. doi: 10.1053/j.gastro.2006.09.013

135. Pfisterer N, Dexheimer C, Fuchs E-M, Bucsics T, Schwabl P, Mandorfer M, et al. Betablockers do not increase efficacy of band ligation in primary prophylaxis but they improve survival in secondary prophylaxis of variceal bleeding. Aliment Pharmacol Ther. (2018) 47:966–79. doi: 10.1111/apt.14485

136. Sauerbruch T. Continuation of nonselective beta-blockers for patients with liver cirrhosis and hemodynamic nonresponse? Hepatology. (2017) 66:1362–3. doi: 10.1002/hep.29394

137. Hernández-Gea V, Aracil C, Colomo A, Garupera I, Poca M, Torras X, et al. Development of ascites in compensated cirrhosis with severe portal hypertension treated with β-blockers. Am J Gastroenterol. (2012) 107:418–27. doi: 10.1038/ajg.2011.456

138. Sersté T, Melot C, Francoz C, Durand F, Rautou P-E, Valla D, et al. Deleterious effects of beta-blockers on survival in patients with cirrhosis and refractory ascites. Hepatology. (2010) 52:1017–22. doi: 10.1002/hep.23775

139. Téllez L, Albillos A. Non-selective beta-blockers in patients with ascites: the complex interplay among the liver, kidney and heart. Liver Int. (2022) 42:749–61. doi: 10.1111/liv.15166

140. Leithead JA, Rajoriya N, Tehami N, Hodson J, Gunson BK, Tripathi D, et al. Non-selective β-blockers are associated with improved survival in patients with ascites listed for liver transplantation. Gut. (2015) 64:1111–9. doi: 10.1136/gutjnl-2013-306502

141. Onali S, Kalafateli M, Majumdar A, Westbrook R, O’Beirne J, Leandro G, et al. Non-selective beta-blockers are not associated with increased mortality in cirrhotic patients with ascites. Liver Int. (2017) 37:1334–44. doi: 10.1111/liv.13409

142. Bang UC, Benfield T, Hyldstrup L, Jensen J-EB, Bendtsen F. Effect of propranolol on survival in patients with decompensated cirrhosis: a nationwide study based Danish patient registers. Liver Int. (2016) 36:1304–12. doi: 10.1111/liv.13119

143. Bultas AC, Teshome B, Richter SK, Schafers S, Cooke E, Call WB. Use of nonselective β-blockers in patients with end-stage liver disease and select complications. Ann Pharmacother. (2020) 54:583–93. doi: 10.1177/1060028019893092

144. Ruiz-del-Arbol L, Monescillo A, Arocena C, Valer P, Ginès P, Moreira V, et al. Circulatory function and hepatorenal syndrome in cirrhosis. Hepatology. (2005) 42:439–47. doi: 10.1002/hep.20766

145. Krag A, Bendtsen F, Henriksen JH, Møller S. Low cardiac output predicts development of hepatorenal syndrome and survival in patients with cirrhosis and ascites. Gut. (2010) 59:105–10. doi: 10.1136/gut.2009.180570

146. Njei B, McCarty TR, Garcia-Tsao G. Beta-blockers in patients with cirrhosis and ascites: type of beta-blocker matters. Gut. (2016) 65:1393–4. doi: 10.1136/gutjnl-2016-312129

147. Schepke M, Kleber G, Nürnberg D, Willert J, Koch L, Veltzke-Schlieker W, et al. Ligation versus propranolol for the primary prophylaxis of variceal bleeding in cirrhosis. Hepatology. (2004) 40:65–72. doi: 10.1002/hep.20284

148. Khuroo MS, Khuroo NS, Farahat KLC, Khuroo YS, Sofi AA, Dahab ST. Meta-analysis: endoscopic variceal ligation for primary prophylaxis of oesophageal variceal bleeding. Aliment Pharmacol Ther. (2005) 21:347–61. doi: 10.1111/j.1365-2036.2005.02346.x

149. Abraczinskas DR, Ookubo R, Grace ND, Groszmann RJ, Bosch J, Garcia-Tsao G, et al. Propranolol for the prevention of first esophageal variceal hemorrhage: a lifetime commitment? Hepatology. (2001) 34:1096–102. doi: 10.1053/jhep.2001.29305

150. Poynard T, Lebrec D, Hillon P, Sayegh R, Bernuau J, Naveau S, et al. Propranolol for prevention of recurrent gastrointestinal bleeding in patients with cirrhosis: a prospective study of factors associated with rebleeding. Hepatology. (1987) 7:447–51. doi: 10.1002/hep.1840070306

151. Sabaté E, De Geest S. Adherence to long-term therapies management: a call for cardiovascular nursing managers and policymakers. Prog Cardiovasc Nurs. (2004) 19:28–9. doi: 10.1111/j.0889-7204.2004.02896.x

152. Kones R, Rumana U, Morales-Salinas A. Confronting the most challenging risk factor: non-adherence. Lancet. (2019) 393:105–6. doi: 10.1016/S0140-6736(18)33079-4

153. Checchi KD, Huybrechts KF, Avorn J, Kesselheim AS. Electronic medication packaging devices and medication adherence: a systematic review. JAMA. (2014) 312:1237–47. doi: 10.1001/jama.2014.10059

154. An Y, Xu X, Ren T, Tong Z, Romeiro FG, Mancuso A, et al. Adherence to non-selective beta blockers for prevention of variceal bleeding in cirrhotic patients. Int J Gen Med. (2021) 14:6713–24. doi: 10.2147/IJGM.S326192

155. Polis S, Zang L, Mainali B, Pons R, Pavendranathan G, Zekry A, et al. Factors associated with medication adherence in patients living with cirrhosis. J Clin Nurs. (2016) 25:204–12. doi: 10.1111/jocn.13083

156. Thomson MJ, Lok ASF, Tapper EB. Appropriate and potentially inappropriate medication use in decompensated cirrhosis. Hepatology. (2021) 73:2429–40. doi: 10.1002/hep.31548

157. Hayward KL, Patel PJ, Valery PC, Horsfall LU, Li CY, Wright PL, et al. Medication-related problems in outpatients with decompensated cirrhosis: opportunities for harm prevention. Hepatol Commun. (2019) 3:620–31. doi: 10.1002/hep4.1334

158. Hayward KL, Valery PC, Patel PJ, Horsfall LU, Wright PL, Tallis CJ, et al. Effectiveness of patient-oriented education and medication management intervention in people with decompensated cirrhosis. Intern Med J. (2020) 50:1142–6. doi: 10.1111/imj.14986

159. Kleber G, Sauerbruch T, Fischer G, Paumgartner G. Pressure of intraoesophageal varices assessed by fine needle puncture: its relation to endoscopic signs and severity of liver disease in patients with cirrhosis. Gut. (1989) 30:228–32. doi: 10.1136/gut.30.2.228

160. Kleber G, Sauerbruch T, Ansari H, Paumgartner G. Prediction of variceal hemorrhage in cirrhosis: a prospective follow-up study. Gastroenterology. (1991) 100:1332–7.

161. North Italian Endoscopic Club for the Study and Treatment of Esophageal Varices. Prediction of the first variceal hemorrhage in patients with cirrhosis of the liver and esophageal varices. A prospective multicenter study. N Engl J Med. (1988) 319:983–9. doi: 10.1056/NEJM198810133191505

162. Bosch J, Sauerbruch T. Esophageal varices: stage-dependent treatment algorithm. J Hepatol. (2016) 64:746–8. doi: 10.1016/j.jhep.2015.11.039

163. Pugh RN, Murray-Lyon IM, Dawson JL, Pietroni MC, Williams R. Transection of the oesophagus for bleeding oesophageal varices. Br J Surg. (1973) 60:646–9. doi: 10.1002/bjs.1800600817

164. Kamath PS, Wiesner RH, Malinchoc M, Kremers W, Therneau TM, Kosberg CL, et al. A model to predict survival in patients with end-stage liver disease. Hepatology. (2001) 33:464–70. doi: 10.1053/jhep.2001.22172

165. European Association for the Study of the Liver. Electronic address: easloffice@easloffice.eu. EASL clinical practice guidelines: liver transplantation. J Hepatol. (2016) 64:433–85. doi: 10.1016/j.jhep.2015.10.006

166. Grünhage F, Rezori B, Neef M, Lammert F, Sauerbruch T, Spengler U, et al. Elevated soluble tumor necrosis factor receptor 75 concentrations identify patients with liver cirrhosis at risk of death. Clin Gastroenterol Hepatol. (2008) 6:1255–62. doi: 10.1016/j.cgh.2008.06.018

167. Jalan R, Pavesi M, Saliba F, Amorós A, Fernandez J, Holland-Fischer P, et al. The CLIF consortium acute decompensation score (CLIF-C ADs) for prognosis of hospitalised cirrhotic patients without acute-on-chronic liver failure. J Hepatol. (2015) 62:831–40. doi: 10.1016/j.jhep.2014.11.012

168. Trebicka J, Fernandez J, Papp M, Caraceni P, Laleman W, Gambino C, et al. PREDICT identifies precipitating events associated with the clinical course of acutely decompensated cirrhosis. J Hepatol. (2021) 74:1097–108. doi: 10.1016/j.jhep.2020.11.019

169. Sauerbruch T. EASL recognition awardee 2013: Dr. Didier Lebrec. J Hepatol. (2013) 59:405–7. doi: 10.1016/j.jhep.2013.05.009

170. Bosch J, Abraldes JG, Berzigotti A, García-Pagan JC. The clinical use of HVPG measurements in chronic liver disease. Nat Rev Gastroenterol Hepatol. (2009) 6:573–82. doi: 10.1038/nrgastro.2009.149

171. Reiberger T, Schwabl P, Trauner M, Peck-Radosavljevic M, Mandorfer M. Measurement of the hepatic venous pressure gradient and transjugular liver biopsy. J Vis Exp. (2020) 160. doi: 10.3791/58819

172. Vorobioff J, Groszmann RJ, Picabea E, Gamen M, Villavicencio R, Bordato J, et al. Prognostic value of hepatic venous pressure gradient measurements in alcoholic cirrhosis: a 10-year prospective study. Gastroenterology. (1996) 111:701–9. doi: 10.1053/gast.1996.v111.pm8780575

173. Monescillo A, Martínez-Lagares F, Ruiz-del-Arbol L, Sierra A, Guevara C, Jiménez E, et al. Influence of portal hypertension and its early decompression by TIPS placement on the outcome of variceal bleeding. Hepatology. (2004) 40:793–801. doi: 10.1002/hep.20386

174. García-Pagán JC, Caca K, Bureau C, Laleman W, Appenrodt B, Luca A, et al. Early use of TIPS in patients with cirrhosis and variceal bleeding. N Engl J Med. (2010) 362:2370–9. doi: 10.1056/NEJMoa0910102

175. Feu F, García-Pagán JC, Bosch J, Luca A, Terés J, Escorsell A, et al. Relation between portal pressure response to pharmacotherapy and risk of recurrent variceal haemorrhage in patients with cirrhosis. Lancet. (1995) 346:1056–9.

176. La Mura V, Abraldes JG, Raffa S, Retto O, Berzigotti A, García-Pagán JC, et al. Prognostic value of acute hemodynamic response to i.v. propranolol in patients with cirrhosis and portal hypertension. J Hepatol. (2009) 51:279–87. doi: 10.1016/j.jhep.2009.04.015

177. Turco L, Villanueva C, La Mura V, García-Pagán JC, Reiberger T, Genescà J, et al. Lowering portal pressure improves outcomes of patients with cirrhosis, with or without ascites: a meta-analysis. Clin Gastroenterol Hepatol. (2020) 18:313–27.e6. doi: 10.1016/j.cgh.2019.05.050

178. Villanueva C, Aracil C, Colomo A, Hernández-Gea V, López-Balaguer JM, Alvarez-Urturi C, et al. Acute hemodynamic response to beta-blockers and prediction of long-term outcome in primary prophylaxis of variceal bleeding. Gastroenterology. (2009) 137:119–28. doi: 10.1053/j.gastro.2009.03.048

179. Reiberger T. The value of liver and spleen stiffness for evaluation of portal hypertension in compensated cirrhosis. Hepatol Commun. (2022) 6:950–64. doi: 10.1002/hep4.1855

180. Schepke M, Raab P, Hoppe A, Brensing K, Paar D, Potyka U, et al. Propranolol stereoisomer plasma concentrations and portal haemodynamic response in patients with liver cirrhosis. Aliment Pharmacol Ther. (1999) 13:1451–8. doi: 10.1046/j.1365-2036.1999.00622.x

181. Kong D-R, Wang J-G, Sun B, Wang M-Q, Chen C, Yu F-F, et al. β-2 Adrenergic receptor gene polymorphism and response to propranolol in cirrhosis. World J Gastroenterol. (2015) 21:7191–6. doi: 10.3748/wjg.v21.i23.7191

182. Zhang F, Duan X, Zhang M, Li Z, He Q, Wang Y, et al. Influence of CYP2D6 and β2-adrenergic receptor gene polymorphisms on the hemodynamic response to propranolol in Chinese Han patients with cirrhosis. J Gastroenterol Hepatol. (2016) 31:829–34. doi: 10.1111/jgh.13198



OPS/images/fmed-09-1100966-t002.jpg
With respect to pharmacokinetics
- Distribution, metabolism, excretion in decompensated cirrhosis
With respect to pharmacodynamics

- Signaling at different organs and cells, dependent on etiology and stage of

liver cirrhosis
- Pleiotropic effects on intestinal and immune system
- Modulation by genetic background

- Biased signaling effects of carvedilol on intrahepatic resistance and fibrosis

(increase/decrease?)
With respect to individual behavior
- Adherence to NSBBs

With respect to concomitant drugs or interventions
(TIPS, ligation)

- Additive, complementary, or neutralizing effects
With respect to dosage
- Optimal tradeoff between side effects and efficacy

With respect to selection of biomarkers under
NSBBs—prediction of:

- Bleeding
- Ascites
-HCC

- Survival





OPS/images/fmed-09-1100966-t001.jpg
Drug R1—blockade Further Daily oral
potency ratio effects |dosage”
(propranolol = 1)
Carvedilol 10 a blocking | Start with
activity, biased |1 x 6.25 mg (even
signaling via | lower) up to
R-arrestin |2 X 6.25mg
Nadolol 1.0 1 x 20-40 mg up to
1 x 160 mg
Propranolol 1.0 2 x 20 mg up to
2 x 80 mg
Timolol 0.6 1 x 10 mg up to
1 x 80 mg

#Resting heart rate 55-70 beats/min, systolic BP > 90 mm Hg.






OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Beta-blockers in patients with liver cirrhosis: Pragmatism or perfection?



		Prologue



		Hemodynamic changes in liver cirrhosis, catecholamines, their respective receptors and signaling



		Adrenergic stimulation in liver cirrhosis



		Adrenergic receptors



		Signaling and ß-receptors







		The different ß-AR blockers



		Beta-arrestin, biased signaling, and carvedilol



		Non selective ß-AR blockers and their influence on pathomechanisms of liver cirrhosis



		The hemodynamic action of NSBB and portal hypertension



		NSBBs and inflammation



		NSBBs, gut motility, and inflammation







		Indications for NSBBs, results from randomized trials



		Prevention of cirrhosis decompensation by NSBBs



		Prevention of esophageal bleeding



		First bleeding







		Rebleeding



		Effect of NSBBs on survival of patients with liver cirrhosis



		Prevention of cirrhosis decompensation



		Prevention of first bleeding



		Prevention of rebleeding







		NSBBs in cirrhosis: Controversies



		NSBBs in decompensated liver cirrhosis with ascites



		Contraindications, side effects, duration of therapy, and adherence



		Prognostic markers and surrogates for endpoints







		Epilogue: Pragmatism or perfection?



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Medicine












OPS/images/fmed-09-1100966-g003.jpg
I Patient with early-stage liver cirrhosis and esophageal varices ‘

l

‘ Non-selective beta-blockers preferably carvedilolin low dosage ’

l

I Check side effects and adherence and increase or adapt dosage as appropriate ‘

'

Regular follow-up and dose adaptation orinterruption according to clinical situation
(hemodynamics, kidney function, side effects, adherence)







OPS/images/fmed-09-1100966-g002.jpg
B-adrenoceptor

l

Noradrenaline Noradrenaline Carvedilol

}—carvedilol —1 1 a,-adrenoceptor B-adrenoceptor I]]

Cell membrane y

l

s =

Relax.atlc.m, vasocontration MA.PK’
vasodilation non-motoric response
Noradrenaline Carvedilol
B-adrenoceptor }_ B blecker 1 B-adrenoceptor,
a,-adrenoceptor?
Cell membrane LAy / /
l Goaresi

Relaxation, non-motoric
vasodilation response





OPS/images/logo.jpg
¥ frontiers | Frontiers in Medicine







OPS/images/email.jpg





OPS/images/fmed-09-1100966-g001.jpg
ENDOTHELIAL CELL VASCULARSMOOTH MUSCLE CELL

Noradrenaline Noradrenaline Noradrenaline

l l

B;-adrenoceptor B-adrenoceptor a,-adrenoceptor
K+ channel

/ hylperpolanzatlon @
@ CAMP —» E ‘/ l
SERCA Ca-, .

- - @ @r/@ N
. o 1 l

MLC dephosphorylation MLC phosphorylation
Relaxation,

Vasocontration

k vasodilation /






