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Abstract

:

The autonomic nervous system plays a key role in maintaining body hemostasis through both the sympathetic and parasympathetic nervous systems. Sympathetic overstimulation as a reflex to multiple pathologies, such as septic shock, brain injury, cardiogenic shock, and cardiac arrest, could be harmful and lead to autonomic and immunologic dysfunction. The continuous stimulation of the beta receptors on immune cells has an inhibitory effect on these cells and may lead to immunologic dysfunction through enhancing the production of anti-inflammatory cytokines, such as interleukin-10 (IL-10), and inhibiting the production of pro-inflammatory factors, such as interleukin-1B IL-1B and tissue necrotizing factor-alpha (TNF-alpha). Sympathetic overstimulation-induced autonomic dysfunction may also happen due to adrenergic receptor insensitivity or downregulation. Administering anti-adrenergic medication, such as beta-blockers, is a promising treatment to compensate against the undesired effects of adrenergic surge. Despite many misconceptions about beta-blockers, beta-blockers have shown a promising effect in decreasing mortality in patients with critical illness. In this review, we summarize the recently published articles that have discussed using beta-blockers as a promising treatment to decrease mortality in critically ill patients, such as patients with septic shock, traumatic brain injury, cardiogenic shock, acute decompensated heart failure, and electrical storm. We also discuss the potential pathophysiology of beta-blockers in various types of critical illness. More clinical trials are encouraged to evaluate the safety and effectiveness of beta-blockers in improving mortality among critically ill patients.
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1. Introduction


The autonomic nervous system (ANS) maintains unconscious control of body hemostasis in both physiologic and pathologic conditions. ANS is considered a part of the central nervous system (CNS) with central regulation by the hypothalamus and two efferent branches, including the parasympathetic (PNS) and sympathetic nervous (SNS) systems. Both PNS and SNS have preganglionic and postganglionic neurons. Additionally, both have acetylcholine-medicated nicotinic receptors in the ganglion between the preganglionic and postganglionic neurons [1,2,3,4,5].



Postganglionic nerves in the PNS are cholinergic and formed of several nerves, such as the pelvic splanchnic, vagus, and glossopharyngeal nerves. Moreover, their effect is achieved by activating the muscarinic receptors on the target organs. In contrast, SNS is characterized by the presence of adrenergic receptors on the target organs to mediate its sympathetic effects [3,4,5,6]. Adrenergic receptors include alpha receptors and beta receptors. From a cardiovascular standpoint, alpha-1 receptors are mainly located on the blood vessels and responsible for vasoconstriction. Presynaptic alpha-2 receptor activation inhibits norepinephrine release and has sympatholytic effects, while alpha-2 receptors located in the smooth muscle cells of peripheral arteries have the same effect as alpha-1 receptors. On the other hand, beta-1 and beta-2 receptors are mainly located on the myocardium where their activation causes positive chronotropic, dromotropic, and inotropic effects. Beta-2 receptors are also located on blood vessels and their activation causes vasodilation [5,6,7,8,9,10,11,12].



Many receptors expressed in blood vessels can affect blood pressure, preload, and afterload through vasoconstriction or vasodilatation. Those receptors include alpha-1, alpha-2, beta-2, muscarinic receptor-3 (M-3), vasopressin-1a (V1a), endothelin-1 (ET1), and angiotensin-II (AT-II). Moreover, V1a and ET-1 have been found to be the most common receptors in both coronary arteries and pulmonary artery, while beta receptors have the lowest expression levels in these arteries [11,12,13,14]. Interestingly, alpha-2 receptors have higher expression in the coronary artery compared to other arteries. As a result, Liu et al. suggest that agents blocking alpha-2 receptors can present a novel therapy for ischemic cardiomyopathy [12]. In summary, receptors expressed in arterial blood vessels can be classified into the following: (1) receptors causing vasoconstriction, such as alpha-1, alpha-2, AT-II, and V-I, and (2) receptors causing vasodilation, such as M3 and beta-2. Figure 1 demonstrates the important receptors expressed in the blood vessels and their primary function.



Overstimulation of the sympathetic nervous system as a compensating mechanism in many pathologies can lead to autonomic and immunologic dysfunction. This may result in increased mortality. [15,16,17]. The idea of beta-blocker administration in patients with these pathologies to offset the adverse effects of the adrenergic surge and decrease mortality is a new trend in the literature. A balance between the benefits of compensating sympathetic stimulation and the disadvantages of sympathetic overstimulation, which could be minimized by beta-blockers, should be sought. Herein, we demonstrate the pathophysiology of autonomic and immunologic dysfunction due to high extrinsic or intrinsic catecholamine levels. Moreover, we discuss using beta-blockers as a promising treatment to decrease mortality in septic shock, electrical storm, cardiogenic shock (CS), acute decompensated heart failure (ADHF), and traumatic brain injury (TBI).




2. Discussion


2.1. Effect of Beta-Blockers in Patients with Septic Shock


Sepsis is defined as life-threatening organ dysfunction resulting from a dysregulated reaction to an infection. Beginning with the first published guidelines in 2004, the definition of sepsis and the guidelines of its treatment have been revisited over the last two decades. The second guidelines were published in 2008 and the third guidelines appeared in 2013, while the last revised guidelines were published in 2021 [18,19,20,21,22]. This highlights the importance of and the need for the continuous revision of sepsis treatment.



In septic shock, ANS responds to restore hemostasis by activating SNS and increasing the level of circulating catecholamines. The response of SNS can be classified into short-term reflexes that happen in seconds to minutes to maintain blood flow to the vital organs by increasing the sympathetic outflow to peripheral vessels and the heart, and long-term reflexes to maintain vascular tone and blood volume through the renin–angiotensin–aldosterone system [5,6,15,23].



Short-term reflexes are mediated by baroreceptors located in the aortic arch, carotid sinuses, cardiac atria and ventricles, large systemic veins, and pulmonary arteries. Short term-reflexes may also include increasing tidal volume and respiratory rate in response to hypoxia detected by peripheral chemoreceptors in the aortic arch and carotid bodies, or hypercapnia detected by central chemoreceptors in medulla [23,24,25,26,27]. Although ANS has a significant role as a compensating mechanism in septic shock and ANS dysfunction has a undesired effect in increasing mortality, recent guidelines of sepsis management do not include the role of ANS dysfunction manipulation [19].



The first-line treatment of septic shock is fluid administration to counteract hypotension. Moreover, vasopressors are fundamental therapy in septic shock to reverse sepsis-induced vasodilatation to improve organ perfusion [20,28]. Many controversies still exist about the management of sepsis, such as whether early use of norepinephrine may improve mortality and morbidity compared to late use, whether novel treatments such as angiotensin II should be used, whether using a beta-blocker is beneficial in those patients, and whether different MAP values should be targeted [20,29,30]. More research effort should be directed to discuss these controversies.



2.1.1. Vasopressors and Adrenergic Stimulation as a Treatment of the Septic Shock


The first-line vasopressor in the management of septic shock is norepinephrine which is considered the most commonly used vasopressor. It causes strong alpha 1-induced vasoconstriction and beta 1-induced chronotropy and inotropy. Vasopressin is considered the second-line vasopressor in septic shock [19,20]. Vasopressin does not work on alpha or beta receptors, but rather stimulates V receptors, resulting in increased venous and arterial tone (by activating V1a receptor) and water retention (by activating V2 receptor). However, vasopressin can induce corticotropic axis stimulation (by activating V1b receptor), insulin secretion (by activating V1b receptor), and release of coagulation factors (by activating V2 receptor) that may lead to major side effects [28,31]. Of interest, V1a is the most expressed receptor in the coronary, renal, mesenteric, and peripheral arteries [12].



In the VASST trial, vasopressin was found to be more effective than norepinephrine in less severe septic shock [31]. In a recent meta-analysis, there was no difference found between norepinephrine and vasopressin as a treatment of septic shock regarding adverse effects, mortality, and duration of hospitalization. Of interest, vasopressin was found to have lower chances of requiring renal replacement therapy [32]. Adding vasopressin to norepinephrine decreases norepinephrine dosage; subsequently, it decreases the consequences of excessive adrenergic load. For these reasons, adding vasopressin to epinephrine before reaching the maximum dose of epinephrine is appealing. According to 2021 guidelines, adding vasopressin is recommended in patients with septic shock on norepinephrine who did not achieve adequate MAP. This is preferred over escalating the dose of norepinephrine. Vasopressin is usually started when the norepinephrine dose ranges from 0.25 to 0.5 mg/kg/min [19,31,32].



Terlipressin is another vasopressor that has a stronger effect on V1 receptors compared to V2 receptors. In a large randomized clinical trial, there was no difference in mortality between terlipressin and norepinephrine. However, terlipressin was associated with more side effects [33]. According to the 2021 guidelines, terlipressin is not suggested in septic shock [19]. Another selective vasopressin agonist is selepressin which works on V1a receptors. In the SEPSIS-ACT trial, adding selepressin to norepinephrine did not show any improvement in vasopressor-free days or ventilator-free days within 30 days compared to adding placebo [34].



Epinephrine is derived from the Greek words, “epi”, which means on, and “nephros”, which means kidney, while adrenaline is derived from the Latin words, “ad”, which means near, and “renes”, which means kidney. It is considered another second-line vasopressor. According to the 2021 guidelines, epinephrine addition is recommended for patients who are on both norepinephrine and vasopressin but have inadequate MAP [19]. Epinephrine works on alpha-1, beta-1, and beta-2 receptors. Its beta-2 effect makes it suitable for patients who need bronchodilatation. Epinephrine has been used in the treatment of anaphylactic shock, severe croup, and cardiac arrest [35,36]. Per the 2021 guidelines, dobutamine can be added to norepinephrine to treat patients with septic shock and cardiac dysfunction who have persistent hypoperfusion despite adequate blood pressure and volume status. Of interest, epinephrine has the effect of both dobutamine and norepinephrine combined and can be used alone in patients with septic shock and cardiac dysfunction [19,28]. The concept of epinephrine having the same effect of dobutamine plus norepinephrine was backed up by a recent meta-analysis of 12 randomized clinical trials [37]. However, using epinephrine is associated with worse outcomes and increased mortality, compared to using norepinephrine and dobutamine combined. As a result, the combination of norepinephrine plus dobutamine is preferred over epinephrine alone [35].




2.1.2. Catecholamine-Induced Immunologic Dysfunction in Septic Shock


Overstimulation of adrenergic receptors is associated with increased mortality and morbidity in critically ill patients [15]. Worse outcomes are found to be associated with higher levels of endogenous or exogenous catecholamine exposure [37,38,39,40]. This undesirable effect of excessive adrenergic effect could be due to catecholamine-induced immunologic and autonomic dysfunction [15,41,42].



Theoretically, catecholamines can have a negative effect on immune system because beta receptors exist on innate immune cells, such as neutrophils and macrophages, and adaptive immune cells, such as T-lymphocytes, B-lymphocytes, and natural killer cells. These beta receptors have an inhibitory effect on the immune cells. Continuous stimulation of these receptors may result in immunologic dysfunction [16,41,43,44,45]. In previous in vitro and in vivo studies, norepinephrine was reported to have an inhibitory effect on the production of pro-inflammatory cytokines and a stimulating effect on the production of anti-inflammatory cytokines, such as interleukin-10 (IL-10) [46,47].



In a recent study by Stolk et al., the effects of norepinephrine and vasopressin on leukocytes were evaluated using in vitro models, animal samples, and human samples. In their in vitro models, they used lipopolysaccharides (LPS) to stimulate leukocytes in the presence of norepinephrine or vasopressin. They found that norepinephrine stimulated the anti-inflammatory effect of immune cells by decreasing the production of proinflammatory cytokines, such as interleukin-1B (IL-1B) and tissue-necrotizing factor-alpha (TNF-alpha) and augmenting the anti-inflammatory response of IL-10. On testing both the isolated monocytes sample and the whole blood sample, they found the same results. Of interest, vasopressin was not associated with these immunologic changes. They also found that reactive oxygen species (ROS) production was inhibited in samples with norepinephrine, while vasopressin did not affect ROS production [16]. Next, the beta-blocker propranolol was added to these samples. Interestingly, propranolol successfully offset the effects of norepinephrine on the production of the inflammatory cytokines and TNF-alpha. In contrast, the alpha-1 blocker prazosin and the alpha-2 blocker yohimbine did not have a statistically significant effect on the epinephrine-induced effect on TNF-alpha. However, yohimbine reversed the effects of epinephrine on IL-10. In mice, LPS-challenged healthy humans, and patients with septic shock, results similar to the in vitro experiment were found [16]. These findings suggest that epinephrine-induced immune dysfunction is mainly modulated by stimulating beta receptors.



Stolk et al. also found that blocking beta-2 receptors has an effective and protective role against epinephrine-induced immune dysfunction, while blocking beta-1 receptors does not have a significant role in reversing epinephrine-induced immune dysfunction [16]. These findings are consistent with earlier studies showing that immune dysfunction may be induced by beta-2 receptor stimulation. In a previous study by Agac, norepinephrine was found to suppress TNF-alpha. This effect was successfully reversed by the non-selective beta-blocker nadolol. However, the non-selective alpha-blocker phentolamine could not suppress norepinephrine-induced TNF-alpha suppression. They also found that a beta-2 antagonist successfully reversed norepinephrine-induced TNF-alpha suppression, while the beta-1 antagonist atenolol could not reverse this effect [48]. This autonomic dysfunction was also noticed with other agents that stimulate beta-2 receptors, such as epinephrine, zilpaterol, and clenbuterol [47,49,50]. In contrast, catecholamines, such as dobutamine, that primarily affect beta-1 were not found to affect the innate immune system [51]. This demonstrates the potential protective role of beta-2 blockers to offset epinephrine-induced autonomic dysfunction. Catecholamine-induced immunologic dysfunction may explain why patients who require extrinsic catecholamines, such as norepinephrine and epinephrine, develop higher mortality and morbidity compared to patients not taking extrinsic catecholamines.



Beta-2 receptors are coupled to G protein alpha s-subunit (Gαs). Norepinephrine binds to beta-2 receptors, leading to guanosine diphosphate (GDP) exchange with guanosine triphosphate (GTP), and Gαs and G protein beta/gamma subunit (Gβγ) uncoupling. The GTP–Gαs complex activates adenyl cyclase (AC) which stimulates adenosine triphosphate (ATP) conversion to cyclic adenosine monophosphate (cAMP), which then activates protein kinase A (PKA). Subsequently, PKA regulates gene transcription, resulting in enhanced production of anti-inflammatory cytokines, such as IL-10, and inhibiting the production of pro-inflammatory factors, such as IL-1B and TNF-alpha (Figure 2) [16,52,53,54].




2.1.3. Catecholamine-Induced Autonomic Dysfunction in Septic Shock


Excessive adrenergic effects may also result in SNS dysfunction. Overstimulation of adrenergic receptors in septic shock is thought to lead to desensitization and downregulation of adrenergic receptors. Overproduction of nitric oxide and cytokine release may also lead to the same effect. Subsequently, the body will lose the compensatory role of SNS, leading to deterioration of the blood pressure despite the presence of high levels of catecholamines in the blood [15,17,55,56,57,58,59]. Theoretically, decatecholaminisation by administering beta-blockers may reverse this effect by inducing adrenergic receptor upregulation and enhancing receptor sensitivity [22,24,25,26,27,28].



The first mechanism of catecholamine-induced autonomic dysfunction is adrenergic receptor insensitivity or downregulation. In animal studies, beta and alpha receptors were found to undergo a biphasic expression during sepsis. Compared to the early stage of sepsis, increased adrenergic effect increases transcription of the Gαi-2 protein that stimulates the sympatholytic effect of alpha-2 receptors at the late stage of sepsis, while there was no change noticed between early sepsis and late sepsis phases in the expression of Gαs and Gβ proteins. This may augment the sympatholytic effect of alpha-2 receptors. Of interest, AC activity in rat hearts did not change during the early sepsis, but it did decrease during late sepsis [10,60]. The steady expression of Gαs and Gβ proteins, along with decreased AC activity in late sepsis, could be explained by developing decreased sensitivity in beta receptors after prolonged exposure to high levels of catecholamines. Interestingly, isoproterenol-stimulated AC activity does not change during early sepsis, while it decreases during the late phase of sepsis. This indicates that the effect of the alpha and beta subunits decreases during the late phase of sepsis [10,60]. In a clinical study by Bernardin et al., patients with septic shock or severe sepsis were found to have post-receptor defects of the beta receptor signal transduction [57]. This is consistent with the same findings in the aforementioned animal study.



Continuous stimulation of beta receptors by catecholamines may lead to receptor desensitization and downregulation. Receptor desensitization happens through phosphorylation of beta receptors by PKA, leading to Gαs and Gβγ uncoupling. This allows G protein-coupled kinase-2 (GPK2) to bind to Gβγ. Beta receptor phosphorylation at two different sites by GPK2 and PKA results in conformational changes in beta receptors that allow a scaffolding protein called B-arrestin-1 to bind to the beta receptors. The B-arrestin plus Beta receptor complex leads to conformational changes in beta receptors [61,62,63,64,65,66]. This may result in three consequences. First, the new conformational changes enhance beta receptor coupling to Gi protein and impair Gs binding to the beta receptors. This suppresses AC activity and prevents cAMP production [67,68]. Second, the beta receptor plus B-arrestin complex recruits cyclic nucleotide phosphodiesterase (cnPDE) to attach to this complex, leading to the hydrolyzation of cAMP to 5’-adenosine monophosphate (5’-AMP). This results in degradation of the pre-existing cAMP [69,70,71]. Third, B-arrestin induces beta receptor internalization. The internalized receptors are transported to lysosomes for degradation (Figure 3) [72,73,74,75].



The second mechanism of catecholamine-induced autonomic dysfunction is a decline in baroreceptor sensitivity. Based on the hypothesis that heart rate and blood pressure variability may reflect the functionality of the baroreceptors, many studies have evaluated the effect of catecholamine exposure on baroreceptor functionality. In an animal study, autonomic control of blood vessels and the heart were found to be impaired during late sepsis compared to early sepsis. This autonomic dysfunction might be due to impairment in baroreceptors. [76]. In a clinical study by Pontet et al., heart rate variability was found to be significantly reduced in septic shock patients with multiple-organ dysfunction syndrome compared to those without multiple organ dysfunction syndrome. Reduction in heart rate variability can be a useful marker in identifying septic patients with high risk of developing multiple-organ dysfunction [77]. This can be explained by impaired baroreflex sensitivity that leads to decreased variability in heart rate. This demonstrates that the impaired functionality of baroreceptors is associated with prolonged catecholamine exposure.




2.1.4. Short-Acting Beta-Blockers as a Promising Medication in Patients with Septic Shock


In an animal study by Suzuki et al., Esmolol improved myocardial oxygen utilization and helped preserve myocardial function in rats with peritonitis-induced septic shock. Rats with Esmolol infusion were found to have less lactic acid elevation, less tumor necrosis factor-alpha concentration, and better cardiac output [78]. This pre-clinical study demonstrates the potential protective role of Esmolol via increasing cardiac efficiency and oxygen utilization. Another animal study discussed the effect of Esmolol on renal blood flow in septic sheep. They found that Esmolol reduced renal blood flow by reducing renal perfusion pressure [79]. This raises a concern about using Esmolol in critically ill patients, especially those with renal dysfunction. More clinical research is needed to assess Esmolol’s effect on renal function.



In a meta-analysis of randomized clinical trials in 2022, Zhang et al. found that Esmolol may significantly decrease 28-day mortality in patients with septic shock. Esmolol was also found to be effective in controlling heart rate and having a cardioprotective role. No adverse effects on tissue perfusion, lung injury, or oxygen utilization were observed [80]. This highlights that Esmolol is effective, safe, and protective in patients with septic shock. This may be explained by the beta-blocker effect against catecholamine-induced autonomic and immunologic dysfunction discussed earlier.



In 2023, the Italian Society of Anesthesia, Analgesia, Resuscitation, and Intensive Care (SIAARTI)’s experts stated that beta-blockers have protective effects in critically ill patients with increased heart rate and adrenergic effect to protect against organ dysfunction. They recommended ruling out possible causes of tachycardia first before starting beta-blockers [81]. However, the 2021 guidelines did not discuss the use of beta-blockers or other autonomic dysfunction modulators in septic patients [19]. Beta-blocker use should be discussed in future revisions of sepsis guidelines.



Another short-acting beta-blocker that has been studied is Landilol. Landilol is a very short-acting beta-blocker that is eight times more selective to beta-1 receptors than esmolol. In a randomized controlled trial in Japan, Landilol was used in patients with septic shock who were treated with catecholamines and developed atrial flutter, atrial fibrillation, or sinus tachycardia [82]. They found that Landilol was effective in treating patients with tachyarrhythmias and reducing the risk of developing new episodes of tachyarrhythmia in those patients. Despite assessing the safety and efficacy of Landilol in this clinical trial, the effect on organ damage or overall morality was not assessed [82]. In the STRESS-L clinical trial in 2023, Whitehouse et al. used Landilol in adults with septic shock and tachycardia who were treated with norepinephrine for more than 24 hours. They found that Landilol did not improve organ function, measured by the sequential organ failure assessment score (SOFA score), over 24 days after randomization [83].




2.1.5. Long-Acting Beta-Blockers as a Promising Medication in Patients with Septic Shock


In a recent study in 2023, Ge et al. found that starting long-acting beta-blockers in patients with septic shock was associated with reduced 28-day and 90-day mortality, while using a short-acting beta-blocker (Esmolol) in those patients was not associated with reduced mortality [84]. However, the results of this study are not consistent with the results of the previous meta-analysis by Zhang et al. [80]. This highlights the importance of conducting more large-size clinical studies to assess the significance of Esmolol in septic patients.




2.1.6. Continuing Chronic Beta-Blockers in Patients with Acute Septic Shock


If a patient is a long-term beta-blocker user, is it beneficial to continue the beta-blocker after admitting the patient to the ICU for septic shock? Interestingly, continuing beta-blockers was found to be beneficial for patients with or without septic shock after ICU admission, as will be discussed later.



Patients with chronic beta-blocker use were found to have a lower rate of mortality after developing sepsis, compared to patients not taking beta-blockers prior to admission. Christensen et al. found that patients with preadmission chronic use of beta-blockers have a better 30-day mortality following ICU admission compared to beta-blocker non-users [85]. In a systematic review in 2019 by Tan et al., chronic beta-blocker exposure before developing sepsis was found to be associated with less mortality in septic patients [86]. Kuo et al. classified chronic beta-blocker users based on the selectivity of their beta-blockers and they found that chronic use of selective beta-1 is associated with improved mortality in patients with septic shock. In contrast, users of non-selective beta-blockers did not have significant improvement in mortality [87]. This finding supports the protective role of selective beta-blockers in patients with septic shock. These studies highlight the protective effect of chronic pre-admission beta-blockers on patients’ mortality. This was compelling enough to evaluate the effect of continuing beta-blockers after admission. Notably, Fuchs et al. found that continuing chronic beta-blockers is associated with improved 90-day mortality in septic patients, compared to patients with beta-blocker cessation [88].





2.2. Effect of Beta-Blockers in Patients with Electrical Storm


An electrical storm is defined as three or more episodes of ventricular fibrillation (VF), pulseless ventricular tachycardia (pVT), or shocks from an implantable cardioverter defibrillation (ICD) separated by at least 5 minutes within 24 hours [89,90]. Electrical storms can happen in up to 40% of patients with ICDs. Developing an electrical storm is more common in patients with chronic renal failure, low ejection fraction (EF), and prior myocardial infarction. Patients who develop electrical storm have a higher mortality than those with isolated episodes of pVT or VF [90,91,92,93,94,95,96]. Electrical storms are thought to occur secondary to structural heart disease, channelopathies, and re-entry due to scar formation [96]. Those patients with electrical storm have a shockable rhythm. However, a subset of those patients do not respond to regular Advanced Cardiovascular Life Support (ACLS) management, including defibrillation, epinephrine, and antiarrhythmic medications [97]. As a result, there is a new trend in using promising therapies for refractory pVT and VF. These therapies include beta-blockers, double sequential defibrillation, deep sedation, extracorporeal cardiopulmonary resuscitation, and stellate ganglion blockade [94,98,99,100,101,102,103,104,105].



Current European Society of Cardiology class I recommendations for patients with electrical storm include using mild to moderate sedation and a non-selective beta-blocker plus amiodarone. Isoproterenol or transvenous pacing is recommended for patients with QT prolongation and recurrent torsades des pointes despite correcting potential causes and giving magnesium. Catheter ablation is also recommended for electrical storm caused by a monomorphic ventricular tachycardia (MMVT) refractory to anti-arrhythmic medications. Class IIa recommendations for electrical storm that is refractory to medications include deep sedation and intubation. Catheter ablation is also recommended for recurrent polymorphic ventricular tachycardia (PMVT) and VF that are unresponsive to medications or coronary revascularization. Class IIb recommendations include using Quinidine in recurrent PMVT who fail other medications, autonomic modulation, and mechanical circulatory support [96,106]. Autonomic modulation can be achieved by giving beta-blockers or performing stellate ganglion blockade in patients who do not respond to beta-blockers [97,105,106,107,108]. Herein, we highlight the role of beta-blockers as autonomic modulation agents to treat patients with an electrical storm.



Theoretically, adrenergic stimulation may have stimulating effects in triggering electrical storm; subsequently, giving antiadrenergic drugs, such as beta-blockers, is reasonable to break this cycle of frequent adrenergic stimuli. Herein, we highlight the promising role of beta-blockers in treating patients with electrical storms. In a systematic review of experimental animal studies in 2012 discussing the potential role of beta-blockers in pVT/VF, beta-blockers were found to be promising therapies in terminating pVT/VF, improving post-resuscitation myocardial function, decreasing arrhythmia frequency, and improving survival. This effect is thought to be because of the ability of beta-blockers to reduce oxygen requirements and the number of shocks required for return of spontaneous circulation (ROSC) [109]. The first systematic review and meta-analysis of clinical studies in 2019 included three clinical studies discussing beta-blocker effect on electrical storm management [94,97,98,99,110]. Gottlieb et al. found that beta-blockers were associated with improved mortality and morbidity, such as survival-to-discharge, survival with a favorable neurologic outcome, survival-to-admission, and ROSC [97].



2.2.1. Effect of Short-Acting Beta-Blockers in Patients with Electrical Storm


In a recent animal study in 2021, the effect of administering a single dose of Esmolol with epinephrine during cardiac resuscitation of induced VT in pigs was assessed. Ruggeri et al. found that coronary perfusion pressure was higher in the Esmolol group compared to the control group. They also found that pigs treated with Esmolol had less cortical degeneration and necrosis [111]. This demonstrates the potential protective role of Esmolol during resuscitation.



Driver et al. used Esmolol in patients with refractory pVT and VF who received at least three shocks, 3 mg of epinephrine, and 300 mg of amiodarone. Patients treated with Esmolol were found to have a higher incidence of ROSC compared to those who did not receive Esmolol. The Esmolol group was also found to have higher rates of sustained ROSC, survival to discharge with a favorable neurologic outcome, survival to hospital discharge, and survival to intensive care unit admission [94]. In another clinical study by Lee et al., patients with at least three defibrillation shocks, 3 mg of epinephrine, and 300 mg of amiodarone were given Esmolol. ROSC incidence was higher in the Esmolol group compared to the control group [99]. These two clinical studies are observational retrospective studies; however, there is no randomized clinical trial comparing the usage of Esmolol versus control. Large clinical trials are encouraged to evaluate the effectiveness of Esmolol in refractory VT and VF.



According to the class IIb recommendations of the European Society of Cardiology, autonomic modulation using intravenous beta-blockers, such as Esmolol, is recommended in patients with refractory electrical storm as a late step in resuscitation. The journal of the American College of Cardiology’s recent review recommends using intravenous beta-blockers, such as Esmolol, later in resuscitation as the second step out of a three-step guideline [96,106]. Furthermore, many reported cases showed an effective role of intravenous Esmolol in regaining ROSC when it was used earlier in electrical storm resuscitation [112,113]. In a recent study by Lian et al., Esmolol was given to patients with refractory pVT and VF early and directly after ACLS procedures. They found that the duration from cardiac arrest to Esmolol injection was shorter in the survival group compared to the deceased group [114]. This highlights the importance of giving Esmolol early in patients with electrical storm after applying ACLS procedures.



Landilol is another short-acting beta-blocker that was evaluated as a potential treatment of electrical storm. In a clinical trial by Miwa et al., Landilol was used to treat patients with electrical storm refractory to defibrillation, epinephrine, and amiodarone. Landilol was found to be effective in terminating electrical storm in 80% of patients who were resistant to epinephrine and amiodarone [115]. More clinical trials are encouraged to evaluate the effect of Landilol and compare it to Esmolol.




2.2.2. Effect of Long-Acting Beta-Blockers in Patients with Electrical Storm


The European Society of Cardiology class I recommendations suggest adding a non-selective beta-blocker to amiodarone in treating patients with refractory electrical storm [106]. Chatzidou et al. compared between adding a nonselective beta-blocker (propranolol) versus a beta-1 selective blocker (metoprolol) to amiodarone in treating patients with ICD who have developed an electrical storm. They found that patients treated with propranolol have a lower rate of ventricular arrhythmias compared to patients treated with metoprolol. They also found that propranolol is more effective in terminating electrical storm [116]. This study suggests that amiodarone plus propranolol is more effective in terminating electrical storm in patients with ICD compared to the combination of amiodarone and metoprolol.





2.3. Beta-Blockers in Acute Heart Failure (AHF)


Beta-blockers are known to be the main therapy in the management of patients with heart failure with reduced ejection fraction (HFrEF) [117,118,119]. After developing left ventricular dysfunction, activation of both the renin–angiotensin–aldosterone system (RAS), and the SNS happens as a response to heart failure-induced hypoperfusion. Sustained stimulation of the sympathetic nervous system and high levels of catecholamines result in beta receptor desensitization and downregulation. As a result, this may lead to reduced systolic function, increased risk of developing ventricular arrhythmia, and an accelerated remodeling process. Giving beta-blockers to those patients protects against the adverse consequences of sustained sympathetic stimulation and the continuous activation of beta receptors. Subsequently, beta-blockers help in beta receptor upregulation, increasing the cardiac inotropic reserve, and suppressing the cardiotoxic and modeling effects of RAS and SNS [9,57,120,121,122,123,124,125].



Beta-blockers are considered the first-line treatment in patients with HFrEF according to current guidelines. However, there is an underuse of beta-blockers because of many misconceptions. These misconceptions include the false idea that beta-blockers should only be used in chronic compensated HFrEF and in patients who do not have specific co-morbidities that are thought to be absolute contraindications to beta-blockers. There is also a misconception that all beta-blockers will lead to the deterioration of the hemodynamic status in patients with decompensated heart failure because of their effect in reducing heart rate and blood pressure [126,127,128,129,130,131]. Moreover, there are no current guidelines explaining when and how physicians should stop or continue beta-blockers in patients with ADHF or cardiogenic shock who are already on chronic beta-blockers. Additionally, there are no guidelines discussing starting beta-blockers in decompensated patients treated with inotropes [118,128].



2.3.1. Beta-Blocker Effect on Hemodynamic Status and Cardiac Index


A false belief about beta-blockers is that all beta-blockers have a negative effect on cardiac index and hemodynamic status. This leads to the underuse of beta-blockers in patients with HFrEF. Beta-blockers can be classified into three categories. Each type of beta-blocker has a different effect on hemodynamic status, cardiac index, and blood pressure. First-generation beta-blockers, such as propranolol, are non-selective beta-blockers that affect both beta-1 and beta-2 receptors equally. This type of beta-blocker can cause a negative ionotropic effect through blocking beta-1 receptors and increase systemic vascular resistance (SVR) via the blockage of beta-2 receptors. As a result, they may lead to a significant decrease in cardiac output. None of the beta-blockers in this group is recommended in HFrEF [128,129,130].



Second-generation beta-blockers, such as bisoprolol, metoprolol, and nebivolol, are selective beta-blockers that mainly affect beta-1 receptors. They are preferred in patients with chronic obstructive pulmonary disease or mild asthma. Additionally, nebivolol is preferred in patients with arterial hypertension because it facilitates nitric oxide release. Second-generation beta-blockers have a lesser effect on the cardiac index than first-generation beta-blockers. Both first and second generations have no significant effect on pulmonary capillary wedge pressure (PCWP).



Third-generation beta-blockers, such as carvedilol and bucindolol, can be selective or non-selective with vasodilatory effects. This generation has the ability to reduce SVR, potentially increase the cardiac index, and reduce PCWP. Beta-blockers can also be classified into lipophilic and hydrophilic agents. All beta-blockers approved for heart failure are lipophilic and do not require dosage adjustment in patients with reduced renal function [128,129,130].




2.3.2. Continuing Chronic Beta-Blockers in Patients with Acute Decompensated Heart Failure (ADHF)


In a systematic review and meta-analysis discussing the potential outcomes of discontinuing chronic beta-blockers in patients with acute decompensated heart failure (ADHF), one clinical trial and five retrospective studies were included [131]. In the randomized clinical trial, Jondeau et al. compared continuing beta-blockers versus discontinuing them in patients with an EF of below 40% who were previously using beta-blockers and developed ADHF. They found that continuing beta-blockers is not associated with acute deterioration or delay in improvement [129]. Beta-blocker discontinuation in four observational studies was found to be associated with increased risk of mortality and rehospitalization in patients with decompensated heart failure [132,133,134]. In another study by Orso et al., they found that continuing beta-blockers in patients with chronic beta-blocker use before admission and starting beta-blockers in patients who did not take beta-blockers before admission were both associated with a decreased rate of in-hospital mortality [135]. The meta-analysis of these studies shows that continuing beta-blockers in ADHF is associated with decreased mortality and rehospitalization. It recommends continuing beta-blockers in admitted patients with ADHF if it is clinically appropriate [131]. Further clinical trials should be conducted to evaluate the effect of discontinuing chronic beta-blockers in patients with ADHF and define the clinical characteristics that warrant discontinuing beta-blockers in patients with ADHF.




2.3.3. Continuing Chronic Beta-Blockers in ADHF Patients Treated with Inotropes


Gattis et al. found that discontinuing beta-blockers in ADHF patients treated with milrinone is associated with an increased risk of mortality and rehospitalization [134]. Bohm et al. studied the effects of continuing beta-blockers in patients hospitalized with ADHF who have received inotropes. Bohm et al. found that continuing beta-blockers in ADHF patients treated with dobutamine or levosimendan showed a decreased risk of death up to 180 days. However, this reduction in risk of death is not statistically significant [136]. More clinical trials are necessary to evaluate the effect of continuing or discontinuing beta-blockers in patients with ADHF who required inotropes during hospitalization.





2.4. Beta-Blockers in Cardiogenic Shock (CS)


CS is defined as developing inadequate tissue perfusion as a result of decreased cardiac output [137]. Severe ADHF is considered one of the causes of CS. In general, CS is classified based on etiology into two categories, including acute myocardial infarction (AMI)-induced CS as well as non-AMI-induced CS that may result from other etiologies, such as cardiomyopathies, myocarditis, arrhythmias, ADHF, myocardial depression from septic or neurogenic shock, myocardial stunning following cardiac arrest, or congenital defects [138,139,140].



Treatment of CS differs according to etiology. However, the mutual feature in CS is the presence of myocardial dysfunction. Theoretically, treating CS can be achieved by optimizing preload, decreasing afterload, and achieving the optimal contractility of the affected ventricle. There are two goals that should be considered while treating CS. The first goal is achieving adequate tissue perfusion, and the second goal is minimizing cardiac work. There should be a balance between these two goals.



Inotropes are medicines that increase myocardial contractility. They are classified based on their mechanism of action into the following: (1) calcium sensitizers, such as Levosimendan, (2) phosphodiesterase III inhibitors, such as Milrinone, and (3) adrenergic agonists, such as norepinephrine, epinephrine, dobutamine, and dopamine. Inotropes can be also classified into inodilators causing vasodilation, such as Milrinone and dobutamine, and inopressors causing vasoconstriction, such as norepinephrine, epinephrine, and Levosimendan [141,142].



In ADHF-induced CS, an inodilator, ideally dobutamine, is preferred along with a potential vasopressor, ideally norepinephrine, to compensate the vasodilation effect of dobutamine. As we mentioned earlier, the effect of epinephrine alone is equal to the effect of norepinephrine and dobutamine combined. However, using epinephrine is associated with worse outcomes and increased mortality. As a result, dobutamine plus norepinephrine is preferred over epinephrine alone. In contrast to ADHF-induced CS, vasopressors, ideally norepinephrine, are preferred over inotropes in AMI-induced CS as inotropes may cause worsening cardiac ischemia [35,37,118,141,142,143,144,145].



Despite the different management of CS due to the diversity of its etiology, using beta-blockers seems to be unwanted due to their undesirable hemodynamic effects. However, many recent studies report a protective role of beta-blockers in patients with CS. Di Santo et al. evaluated the hemodynamic effects of receiving beta-blockers in the 24 hours before developing CS. They found that beta-blockers were not associated with impaired hemodynamic status in cardiac care unit patients with CS who required inotropic therapy, including dobutamine and milrinone [146]. In another study by Cardelli et al., they found that there was no association between using beta-blockers and increased rate of all-cause mortality in patients with CS due to different causes. Additionally, they found that discontinuing beta-blockers is associated with increased mortality up to one year [127]. This demonstrates the promising role of beta-blockers in patients with CS. In contrast to the previous studies, Ryu et al. found that concurrent usage of beta-blockers with inotropes or vasopressors is not associated with decreased mortality rates in patients with CS [147]. Large randomized clinical trials are needed to evaluate the role of starting or continuing beta-blockers in patients with CS and its effect on mortality and morbidity.




2.5. Beta-Blockers in Severe Traumatic Brain Injury (TBI)


TBI includes multiple pathologies to the brain that can result from primary insult or subsequent secondary injury due to increased intracranial pressure (ICP). A new trend in TBI management is finding potential therapies that can decrease the secondary insult by minimizing the undesired effects of high ICP. Increased ICP due to secondary injury may result in decreased cerebral blood perfusion, ischemia, and brain herniation [148,149]. Catecholamine surge after TBI is a stimulus of secondary injury, leading to increased severity of brain injury [150,151]. Theoretically, suppressing this catecholamine or sympathetic surge may decrease the severity of the secondary insult and improve mortality rates in patients with TBI.



Many clinical studies have shown a significant improvement in outcomes and mortality in patients with TBI who were treated with beta-blockers [147,152,153,154,155,156,157,158,159]. Three observational studies showed improved functional outcome measured by Glasgow Outcome Score-Extended (GOS-E) at acute care discharge, while two studies showed improved GOS-E at ≥ 6 months [155,160,161]. Moreover, Asmar et al. found that beta-blockers decrease posttraumatic hyperthermia by reducing the frequency of febrile episodes, decreasing the maximum rise in temperature in patients with TBI. They also found that propranolol is superior to other the beta-blockers they used in reducing the maximum temperature and the number of febrile episodes [162].



In a randomized clinical trial by Schroeppel et al., Glasgow Coma Scale (GCS) at the end of the study was significantly improved in TBI patients treated with propranolol [157]. In another randomized clinical trial, TBI patients who were treated with propranolol were found to have lower mortality than patients who were not treated with propranolol. They also suggested routine administration of oral propranolol in neuro-intensive care units for patients with TBI [160]. In a study by Ley et al., propranolol was found to be superior to other beta-blockers in decreasing mortality in TBI patients [161]. In another study by Schroeppel et al., patients treated with propranolol had a lower rate of mortality compared to patients treated with other beta-blockers, although the propranolol group had lower GCS scores at the time of admission [163]. A recent systematic review and meta-analysis in 2023 by Hart et al. showed that using beta-blockers was associated with lower in-hospital mortality rates and better functional outcomes in patients with TBI [164]. Therefore, we encourage the practice of using propranolol in patients with TBI if clinically appropriate.





3. Conclusions


Sympathetic overstimulation may lead to autonomic dysfunction, adrenergic receptor insensitivity, and deterioration of hemodynamic status. It may also lead to immunologic dysfunction. All these adverse consequences are undesired in critically ill patients, such as those with septic shock, cardiogenic shock, and ADHF. Sympathetic overstimulation may also be the stimulus of ventricular arrhythmias and electrical storms. Suppressing adrenergic overstimulation may be a method to break this electrical storm. Sympathetic overstimulation may also lead to an increase in the severity of secondary injury in TBI.



Beta-blockers have been shown to be a promising therapy in decreasing mortality in many critically ill patients. Their anti-adrenergic effect compensates against the sympathetic surge in many pathologies, including septic shock, electrical storm, cardiogenic shock, heart failure, and TBI. We encourage clinicians to consider using beta-blockers in treating these pathologies when clinically appropriate. More clinical trials are encouraged to evaluate the outcome of using beta-blockers in critically ill patients and define the best way to find a balance between the benefits of sympathetic stimulation and disadvantages of sympathetic overstimulation.
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Figure 1. Receptors in blood vessels that cause vasoconstriction or vasodilatation. Abbreviations: AT-II, angiotensin-II; V1, Vasopressin-1 receptor; ET-I, Endothelin-I receptor; M3, Muscarinic-3 receptor. 
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Figure 2. Norepinephrine-induced activation of beta-2 receptors. Norepinephrine binds to beta-2 receptors (1), which stimulates the exchange of GDP for GTP. As a result, Gαs and Gβγ separate (2). The GTP–Gαs complex activates AC which stimulates cAMP production (3). cAMP activates PKA which regulates gene transcription of both anti-inflammatory and pro-inflammatory cytokines (4). Abbreviations: B2-R, Beta-2 receptor; S, G protein alpha s-subunit; γ, G protein gamma subunit; β, G protein beta subunit; GDP, guanosine diphosphate; GTP, guanosine triphosphate; AC, adenyl cyclase; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A. 
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Figure 3. Pathophysiology of beta receptor insensitivity due to chronic stimulation by norepinephrine. Illustration (A) shows that continuous stimulation of beta receptors results in beta receptor phosphorylation in two different sites by PKA and GPK (1). This leads to conformational changes in the beta receptor that allow the scaffolding protein B-ARR-1 to bind to the beta receptor (2). As a result, more conformational changes happen in the beta receptor, leading to enhanced beta receptor coupling to Gi protein (3) and impaired Gs binding to the beta receptor (4). Subsequently, AC activity will be suppressed and cAMP production decreases. Beta receptor–B-ARR-1 complex induces cnPDE recruitment and attachment to B-ARR-1 (5). The cnPDE hydrolyzes cAMP to 5’-AMP, resulting in degrading the pre-existing cAMP (6). Illustration (B) shows that receptor downregulation and desensitization may also happen through receptor internalization. After phosphorylation of beta receptors by PKA (7), Gαs and Gβγ uncoupling happens (8). This allows GPK2 to bind to Gβγ (9), leading to beta receptor phosphorylation