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Details on mechanisms of actions of inotropes and vasopressors
Catecholamines (e.g., epinephrine, norepinephrine, dobutamine) exerts their effect through stimulation of adrenergic receptors [1–4]. The main cardiovascular adrenergic receptors subtypes include α-, β1-, and β2-adrenergic receptors: β1-receptors stimulation produces and increase in ino- and chronotropism, while stimulation of β2- and α-receptors produces vasodilation and vasoconstriction, respectively. The hemodynamic effect of the different catecholamines depends on the relative affinity for each receptor, and is summarized in Supplementary Table 1 (Ref. [3]).
Supplementary Table 1. Affinity of the different catecholamines for different adrenergic receptors. Adapted from Fellahi et al. [3].
	Agonists
	Receptors

	
	α1
	β1
	β2
	DA1

	Inoconstrictors
	
	
	
	

	 Norepinephrine
	+++
	+
	0
	0

	 Epinephrine
	+++
	+++
	++
	0

	 Dopamine*
	++
	++
	+
	++

	Inodilators
	
	
	
	

	 Dobutamine
	+
	+++
	++
	0

	 Dopexamine
	0
	+
	+++
	+

	 Isoproterenol
	0
	+++
	+++
	0


*The affinity of dopamine for different receptors is considered to be dose-dependent: dopaminergic effect for dose 2–5 μg/kg/min; β-agonist effect for dose 5–10 μg/kg/min; α-adrenergic effect for dose >10 μg/kg/min.


The mechanism of actions of catecholamines is presented in Supplementary Fig. 1 (Ref. [2]).
[image: Immagine che contiene testo, schermata, diagramma, Carattere

Il contenuto generato dall'IA potrebbe non essere corretto.]
Supplementary Fig. 1. Mechanism of action of catecholamines. (A) β-adrenergic receptor signaling pathway. (B) α-adrenergic receptor signaling pathway. cAMP: cyclic adenosine monophosphate; DAG: diacylglycerol; PiP2: phosphatidil-inositol-4,5-biphosphate; SR: sarcoplasmic reticulum. Adapted from Overgaard et al. [2].

Of note, catecholamines have well-known side effects on cardiovascular and other organ systems that include increased myocardial oxygen consumption, development of arrhythmias, induction of cardiomyocytes apoptosis [5], immunosuppressive and pro-thrombotic effects [6–8]. The main advantages of catecholamines are the short half-life that allows for rapid titration of the drugs to clinical effects, the longstanding experience in their clinical use, and the low costs. Indeed, catecholamines remain the most frequently administered vasoactives in critically ill patients, and the first-line drugs vasoactives drugs for patients with circulatory shock as recommended by several professional societies guidelines [9–15].
Phosphdiesterase-3 (PDE-3) inhibitors are the other major class of inotropes and generally the second most frequently administered in cardiac surgery patients. Differently from catecholamines, PDE-3 inhibitors do not have a specific receptor but act on the adrenergic system by blocking cyclic adenosine monophosphate degradation (cAMP), one of the key secondary messengers of the adrenergic receptor signaling pathway. Phosphdiesterase-3 inhibitors are characterized by an inodilatory effect (that may result in profound hypotension, especially in hypovolemic patients), a vasodilating effect on pulmonary circulation, a relatively long half-life, and possibility to produce cardiovascular effect even in case of beta-blockers on board or adrenergic receptor desensitization [8]. Similar to catecholamines, PDE-3 inhibitors increase myocardial oxygen consumption, can be pro-arrhythmogenic, and may induce myocyte apoptosis. Mechanism of action of PDE-3 is presented in Supplementary Fig. 2 (Ref. [2]). Notably, some laboratory studies suggest that PDE-3 inhibitors does not have direct inotropic activity and their hemodynamic effects are all due to modulation of pre- and afterload [16].
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Supplementary Fig. 2. Mechanism of action of PDE-3 inhibitors. ATP: adenosine triphosphate; AMP: adenosine monophosphate; cAMP: cyclic adenosine monophosphate; Gs-GTP: Guanosine-stimulatory subunit- Guanosine triphosphate; PDE-3: Phosphodiestrerase-3. Adapted from Overgaard et al. [2].

Cardiac glycosides include digoxin and digitoxin. They exert their inotropic effect by inhibiting the Na+/K+ ATPase, leading to relative increase in Na+ concentration in cardiomyocytes cytosol. This, in turn, stimulates the Na+/Ca++ exchanger, that will remove Na+ and introduce Ca++ into the cell, ultimately increasing cytosolic Ca++ concentration. Compared with catecholamines and PDE-3 inhibitors, cardiac glycosides have only a modest inotropic effect, have a narrow therapeutic index with a high risk of malignant arrhythmias, and have a very long half-life (more than 24 h). Therefore, their use is limited in the acute care setting. Of note, they are the only inotrope with a negative chronotropic effect.
Vasopressin and its derivatives (terlipressin, selepressin) are pure vasoconstrictors with little or no inotropic effect. Vasopressin stimulates vasopressinergic receptor-1 on vascular smooth muscle cells, that ultimately leads to increased cytosolic Ca++ concentration and vasoconstriction [17, 18]. Being a pure vasoconstrictor, vasopressin is generally contraindicated in LCOS as it may dangerously increase LV afterload and further reduce CO [19, 20]. Its use is generally limited to cases of cardiogenic shock with profound, refractory hypotension, and always in combination with an inotropic agent.
Angiotensin II is an endogenous peptide with the effect of a pure vasoconstrictor [21]. Although it has been known for decades [21, 22], only recently has been reintroduced in clinical practice [21, 23, 24]. Angiotensin II effectively increases MAP and allows to decrease norepinephrine dose in patients with vasodilatory shock [24], and may improve survival in patients requiring renal-replacement therapy [25] or high plasma renin levels [26]. However, concerns on possible reduction in CO due to afterload increase apply also to angiotensin II. A pilot RCT in cardiac surgery patients suggested feasibility of angiotensin II use as primary vasopressor in cardiac surgery patients [27].
Levosimendan is an inodilatory agent that belongs to the class of calcium sensitizers. The mechanism of action of levosimendan is complex, and has been subject of several dedicated reviews and expert consensus conferences [28, 29].
The main mechanism of action of levosimendan is considered calcium sensibilization. Levosimendan binds to cardiac troponin C (cTnC) and and stabilizes the binding of Ca++ and cTnC. This stabilization prolongs interaction between cTnC and cardiac troponin I (cTnI), ultimately improving strength of cardiomyocyte contraction but without increasing cytosolic Ca++ levels. Therefore, levosimendan has the theoretical advantage of limited increase in myocardial oxygen consumption, as compared with other inotropes.
On vascular smooth muscle cells, opening ATP-sensitive K+ channels on cells membrane induce cellular hyperpolarization and therefore muscle relaxation and vasodilation. Furthermore, levosimendan has also some degree of PDE-3 activity, which further enhances its inodilatory effect.
Levosimendan has actives metabolites with a half-life of 70–80 hours, and a clinical effect that persists for days after a 24 h administration. The major side effects of levosimendan are hypotension and arrhythmias, similarly to PDE-3 inhibitors.
Interestingly, the classical view of levosimendan as a calcium sensitizer has been recently challenged by Ørstavik et al. [30], that showed that the hemodynamic effect of levosimendan are produced by its PDE-3 inhibitory action, with a negligible effect of calcium sensitizing properties.
Final overview of mechanisms of action of different inotropic agents is provided in Supplementary Fig. 3 (Ref. [3]).
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Supplementary Fig. 3. Summary of mechanisms of action on cardiac myocytes of different inotropes. AC: adenylate cyclase; ATP: adenosine triphosphate; cAMP: cyclic adenosine monophosphate; G1: stimulating G protein; G2: inhibitory G protein; PKA: protein kinase A; SERCA: sarcoplasmic reticulum calcium pump. Adapted from Fellahi et al. [3].
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