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Abstract: The management of patients with shock is extremely challenging because of the myriad 
of possible clinical presentations in cardiogenic shock, septic shock and hypovolemic shock and the 
limitations of contemporary therapeutic options. The treatment of shock includes the administration 
of endogenous catecholamines (epinephrine, norepinephrine, and dopamine) as well as various 
vasopressor agents that have shown efficacy in the treatment of the various types of shock. In addi-
tion to the endogenous catecholamines, dobutamine, isoproterenol, phenylephrine, and milrinone 
have served as the mainstays of shock therapy for several decades. Recently, experimental studies 
have suggested that newer agents such as vasopressin, selepressin, calcium-sensitizing agents like 
levosimendan, cardiac-specific myosin activators like omecamtiv mecarbil (OM), istaroxime, and 
natriuretic peptides like nesiritide can enhance shock therapy, especially when shock presents a 
more complex clinical picture than normal. However, their ability to improve clinical outcomes re-
mains to be proven. It is the purpose of this review to describe the mechanism of action, dosage re-
quirements, advantages and disadvantages, and specific indications and contraindications for the 
use of each of these catecholamines and vasopressors, as well as to elucidate the most important 
clinical trials that serve as the basis of contemporary shock therapy. 
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1. INTRODUCTION 

 The treatment of cardiogenic shock, septic shock, and 
hypovolemic shock include the administration of endoge-
nous catecholamines (epinephrine, norepinephrine, and do-
pamine) as well as various vasopressor agents that have 
shown efficacy in the treatment of the various types of 
shock. In addition to the endogenous catecholamines, exoge-
nous catecholamines like Dobutamine, isoproterenol, phen-
ylephrine, and milrinone have served as the mainstays of 
shock therapy for several decades. Vasopressin, selepressin, 
calcium-sensitizing agents like levosimendan, cardiac-
specific myosin activators like omecamtiv mecarbil (OM), 
istaroxime, and natriuretic peptides like nesiritide can en-
hance therapy when shock is especially complex. It is the 
purpose of this communication to describe the mechanisms 
of action, dosage requirements, advantages/disadvantages, 
and indications/contraindications for the use of each of these 
catecholamines and vasopressors and to discuss the impor-
tance of the major clinical trials that serve as the basis of 
contemporary shock therapy. 
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2. CLASSIFICATION OF SHOCK AND GENERAL 
PRINCIPLES OF TREATING SHOCK 

 Shock is defined as inadequate organ and peripheral tis-
sue perfusion and is categorized on the basis of its etiology 
as being either hypovolemic, cardiogenic, or restrictive 
(vasodilatory/distributive).  
 In hypovolemic shock, the addition of intravascular vol-
ume (preload) combined with drugs specifically capable of 
increasing LV contractility and stroke volume (SV) can be 
used to improve cardiac output (CO). Unfortunately, the de-
gree to which the SV can be enhanced pharmacologically is 
limited by the fact that these drugs also increase the heart rate.  
 Cardiogenic shock is most commonly caused by an acute 
myocardial infarction but it can also result from hindrances 
to adequate cardiac filling such as pericardial tamponade or 
valvar stenosis. It is characterized by initial hypotension that 
triggers a vasoconstrictor release to re-establish normal 
blood pressure (Fig. 1). However, despite the restoration of 
normal mean arterial pressure (MAP) in both hypovolemic 
and cardiogenic shock by these compensatory measures, the 
MVO2 is often decreased in both of these types of “cold 
shock”. If cardiogenic shock is due to pericardial tamponade, 
immediate physical intervention to relieve the tamponade is 
required. However, if cardiogenic shock is due to acute myo-
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cardial infarction, therapy can vary widely depending upon 
the hemodynamic sequelae of the infarction. Both hypo-
volemic shock (inadequate preload) and cardiogenic shock 
(impaired cardiac contractility) are characterized by low left 
ventricular stroke volume, though unlike hypovolemic 
shock, cardiogenic shock is often accompanied by an inap-
propriately slow heart rate.  
 Vasodilatory/distributive, shock is characterized by ex-
cessive arteriolar vasodilatation that causes a decrease in 
systemic vascular resistance (SVR) with resultant hypoten-
sion that leads to inadequate peripheral perfusion in the pres-
ence of warm extremities, hence the term “warm shock”. 

Septic shock (Fig. 2) is the most common cause of “warm 
shock” and it is also the most common type of shock overall 
[1, 2]. Restoration of mean arterial pressure (MAP) is most 
often achieved by using drugs that increase the SVR. How-
ever, initial therapy aimed solely at increasing the SVR may 
result in only a modest increase in the CO. 
 Hypovolemic shock is usually the simplest form of shock 
to treat but many of its treatment strategies do not apply for 
the other types of shock. Thus, the therapy of shock, regard-
less of its etiology, demands a thorough knowledge of car-
diovascular physiology and the pharmacology of the drugs 
that are used to treat its derangements.  

 
Fig. (1). Simplified scheme of cardiogenic shock. 
 

 
Fig. (2). Simplified scheme of septic shock. 
Left Panel: Gram-positive and gram-negative bacteria, viruses, and fungi have unique cell-wall molecules called pathogen-associated mo-
lecular patterns that bind to pattern-recognition receptors (toll-like receptors [TLRs]) on the surface of immune cells. The lipopolysaccharide 
of gram-negative bacilli binds to lipopolysaccharide-binding protein, CD14 complex. The gram-positive bacteria and the lipopolysaccharide 
of gram-negative bacteria bind to TLR-2 and TLR-4. Those are proinflammatory cytokines that activate the adaptive immune and both direct 
and indirect host injury. Sepsis increases the activity of inducible nitric oxide synthase (iNOS), which increases the synthesis of nitric oxide 
(NO), a potent vasodilator. Cytokines activate endothelial cells, injure endothelial cells by inducing neutrophils, monocytes, macrophages, 
and platelets to bind to endothelial cells and also activate the coagulation cascade. 
Right Panel: Simplified scheme of septic shock described in the text above. 
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3. ENDOGENOUS CATECHOLAMINES 

 The endogenous catecholamines epinephrine, norepi-
nephrine, and dopamine all display variable physiologic ef-
fects across the dosing range and substantial patient variabil-
ity in dose–response [1, 3].  

4. EPINEPHRINE 

 Epinephrine (“adrenalin”) is a nonselective agonist of all 
adrenergic receptors, including the major subtypes α1, α2, β1, 
β2, and β3. Epinephrine increases SVR via α1 receptor-
dependent vasoconstriction (Fig. 3) and increases cardiac 
output via its binding to β1 receptors. As a result, epinephrine 
is especially useful for the treatment of acute LV fail-
ure during cardiac surgery because it predictably increases 
cardiac output. It is most useful as an inotrope in patients 
who are hypotensive with no myocardial ischemia, espe-
cially following cardiac surgery [3-7]. 
 Epinephrine doses above 0.3-0.5 mcg/kg/min are consid-
ered high, but there is no defined maximum epinephrine dose 
for refractory shock [8, 9]. Unfortunately, the use of epi-
nephrine may be limited because it promotes the develop-
ment of atrial and ventricular arrhythmias. Another reason 
for avoiding epinephrine is concern that it may cause ele-
vated lactate levels that could not only be directly harmful 
but might also confound the serial trending of serum lactate 
levels [10]. The mechanism of hyperlactemia in sepsis is 
multifactorial and results from factors beyond hypoxic tissue 

injury alone [11-13]. Indeed, serum lactic acid levels can be 
elevated in the presence of adequate systemic perfusion, 
MAP, and peripheral oxygen delivery [14]. Ven Genderen et 
al. showed that septic shock behaves differently from other 
forms of shock in that even when cardiac output and other 
systemic parameters are optimized, there continues to be a 
regional microvascular oxygen mismatch [15]. Thus, Rivers 
et al. warn against using lactate clearance as the only marker 
of sepsis recovery and state that lactate clearance, central 
venous oxygen saturation (ScvO2), and other markers repre-
sent complementary end points that are not mutually exclu-
sive [16, 17]. However, much like vasopressor-induced sinus 
tachycardia, elevated lactate may be a beneficial compensa-
tory mechanism [18] by providing a dual action of epineph-
rine on the heart. Randomized controlled clinical trials have 
shown that concentrated sodium lactate improves cardiac 
output among post-CABG and heart failure patients [19, 20]. 

5. NOREPINEPHRINE  
 Norepinephrine (“noradrenalin”) is an α1-adrenergic re-
ceptor agonist with modest β-agonist activity that makes it a 
vasoconstrictor but a less potent inotrope. Since norepineph-
rine is virtually a “pure” vasoconstrictor it may actually re-
duce CO in patients with cardiac dysfunction because of the 
strong increase in afterload, although many patients with 
cardiogenic shock can maintain CO during norepinephrine 
therapy [21, 22]. Because norepinephrine has minimal chro-
notropic effects, it is useful in settings in which heart rate 

 
Fig. (3). Schematic of the postulated mechanism of intracellular actions of adrenergic agonists. Alpha-adrenoceptor agonists (α-agonists) 
bind to α-receptors on vascular smooth muscle and induce smooth contraction and vasoconstriction, thus mimicking the effects of sympa-
thetic adrenergic nerve activation to the blood vessels. The α-adrenergic receptor, activates a different regulatory G protein (Gq), which acts 
through the IP3 signal transduction pathway activates the release of calcium from the sarcoplasmic reticulum(SR) which by itself and through 
the calcium–calmodulin dependent protein kinases(CaMKII) influences cellular processes, which in vascular smooth muscle leads to vaso-
constriction.  
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stimulation may be undesirable. Norepinephrine increases 
both systolic and diastolic blood pressures so it increases 
coronary blood flow and thus, may improve cardiac function 
indirectly [23]. Norepinephrine is the first-line vasopressor 
for all forms of shock with severe hypotension [1, 3, 24].  

6. DOPAMINE  

 Dopamine binds weakly to β1-adrenergic receptors but 
has a high binding affinity at dopamine receptors and at trace 
amine-associated receptor 1 (TAAR1) [25]. At low doses, 
dopamine inhibits the release of norepinephrine in peripheral 
blood vessels, thereby acting as a mild vasodilator. It also 
inhibits the re-uptake of norepinephrine in presynaptic sym-
pathetic nerve terminals resulting in an indirect increase in 
cardiac contractility and heart rate. The direct vasodilator 
effect of dopamine tends to offset the indirect vasoconstric-
tion effect of the secondary increase in norepinephrine so 
there is usually only a mild increase in SVR. The net effect 
of the combination of increased contractility, heart rate and 
only a slight increase in SVR is to improve CO, dramatically 
in some cases [26]. At higher infusion rates (10-20 
mcg/kg/min), α1-adrenergic receptor–mediated vasoconstric-
tion dominates the peripheral response and further increases 
blood pressure [26, 27] but the CO and peripheral tissue per-
fusion may not continue to improve. 
 At low doses, dopamine promotes vasodilation and in-
creased blood flow in the coronary, renal, mesenteric and 
cerebral vascular beds by acting on D1 postsynaptic dopa-
minergic receptors and it provides additional blood flow to 
the kidneys by stimulating their D2 presynaptic receptors. 
Low doses of dopamine (below 4 mcg/kg/min) cause renal 
vasodilation and natriuretic effects that increase urine output 
but the impact on creatinine clearance and renal blood flow 
varies [28-32] and the clinical significance of “renal-dose” 
dopamine remains unclear. As a result, dopamine is no 

longer recommended for vasopressor support in septic shock 
except in patients with bradycardia who have a low risk of 
developing tachyarrhythmias [24]. 

7. COMPARISON OF ENDOGENOUS CATECHO-
LAMINES 

 Epinephrine and norepinephrine have equal affinity at 
both alpha1 and alpha2 receptors. Norepinephrine is slightly 
lower in potency than epinephrine and approximately 100-
fold more potent than dopamine for raising MAP  [21, 27, 
33, 34]. Epinephrine is more effective than norepinephrine or 
dopamine in increasing CO in septic shock [7]. In patients 
with septic shock and a MAP <70 mm Hg despite norepi-
nephrine infusion, adding epinephrine increases MAP, HR, 
and cardiac index more than adding dobutamine does. Nore-
pinephrine carries a lower tachyarrhythmia risk than either 
dopamine or epinephrine when used for vasopressor support 
[27, 34-37]. However, prolonged norepinephrine infusion 
can have a direct toxic effect on cardiac myocytes by induc-
ing apoptosis via protein kinase A activation and increased 
cytosolic calcium influx [38]. Likewise, the use of epineph-
rine in high doses for long periods of time is toxic to arterial 
walls and causes focal regions of myocardial contraction-
band necrosis and myocyte apoptosis [39].  

8. EXOGENOUS CATECHOLAMINES 

8.1. Dobutamine  

 Dobutamine directly stimulates β1-receptors and 
α1 receptors but has a weak affinity for β2 activity, leading 
to a substantial increase in SV and CO, a moderate increase 
in HR, and an inconsistent effect on MAP (Fig. 4) [3]. This 
means that dobutamine is a potent inotrope whose use is less 
hampered by induced sinus tachycardia than other inotropes. 

 
Fig. (4). Simplified schematic of postulated intracellular actions of β-adrenergic agonist. β-Receptor stimulation, through a stimulatory Gs-
GTP unit activates the adenyl cyclase system, which results in increased concentrations of cAMP. In cardiac myocytes, 1-receptor activation 
through increased cAMP concentration activates Ca2 channels, which leads to Ca2-mediated enhanced chronotropic responses and positive 
inotropy by increasing the contractility of the actin-myosin-troponin system. In vascular smooth muscle, Ca2 stimulation and increased 
cAMP results in stimulation of a cAMP-dependent protein kinase, phosphorylation of phospholamban, and augmented Ca2 uptake by the 
sarcoplasmic reticulum (SR), which leads to vasodilation. 
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The α1 receptors in vascular smooth muscle, to which dobu-
tamine binds in a combined agonist and antagonist manner, 
results in a net effect of mild vasodilation, particularly at 
doses below 5 mcg/kg/min. Furthermore, dobutamine infu-
sions of up to 15 mcg/kg/min increase cardiac contractility 
without affecting SVR in most patients. However, at higher 
doses dobutamine causes more vasoconstriction [40]. These 
varying dose-related reactions to dobutamine by the periph-
eral vasculature result from the counterbalancing effects of 
α1-mediated vasoconstriction and β2-mediated vasodilation. 
 Clinically, dobutamine increases cardiac output in pa-
tients in shock and heart failure by increasing stroke volume 
and decreasing SVR. It also increases cerebral oxygenation 
during hypoxia and/or anemia and may be effective in im-
proving neurological outcomes in ischemic cerebral injury 
via its action on β1-receptors. It may also increase cerebral 
tolerance to anemia and hypoxia dobutamine [41].  
 Dobutamine’s effects on MAP can vary considerably 
because they depend on the relative changes in CO and SVR 
from baseline values. In cardiogenic shock when the baseline 
CO is low and SVR is high, dobutamine may raise MAP by 
increasing the stroke volume (SV) and CO while the SVR 
declines [3]. However, if the SVR drops too much, the net 
effect of dobutamine infusion may be hypotension if the CO 
has not increased proportionately. This can be a particular 
problem in patients with vasodilatory shock where the base-
line CO may already be relatively high in the presence of a 
low SVR. 
 The chronotropic response to dobutamine infusion is 
dose-related and can negate the beneficial effects of increas-
ing the CO in some instances, though as mentioned, this is 
less of a problem with dobutamine than with other inotropes. 
At doses up to 5 mcg/kg/min, the SV usually increases with-
out significant tachycardia but above doses of 10 
mcg/kg/min the tachycardia worsens without a parallel in-
crease in CO because of the decreased diastolic filling time 
that limits stroke volume [42]. This problem can often be 
addressed more effectively by combining low-dose dopa-
mine with low-dose dobutamine rather than by simply in-
creasing the dose of dobutamine [43]. 
 A major advantage of dobutamine in post-cardiotomy 
patients [44], cardiogenic or septic shock [45] and hypoten-
sion following acute MI [46, 47] is that it usually causes a 
prompt improvement in CO and has a half-life of less than 2 
minutes, allowing for the rapid titration and stabilization of 
optimal infusion rates. Dobutamine should be used with cau-
tion in patients with atrial fibrillation because it can increase 
the velocity of conduction through the atrioventricular (AV) 
node [48], thereby increasing the likelihood of ventricular 
fibrillation.  

8.2. Isoproterenol 

 Isoproterenol (“Isuprel”) is an analog of epinephrine and 
a non-selective β-adrenergic agonist with a low affinity for 
α-adrenergic receptors [49]. Its potential usefulness as a 
strong inotrope with both systemic and pulmonary vasodila-
tory actions is limited primarily by its profound chronotropic 
effect. Isoproterenol is a more potent vasodilator than dobu-
tamine [50], and can be associated with significant im-

provement in the microcirculation, especially in septic shock 
where it has been shown to improve both the mixed venous 
oxygen saturation (SvO2) and cardiac index [51]. Isoproter-
enol is useful as adjunctive therapy for cardiac arrest, con-
gestive heart failure and all three types of shock.  

8.3. Phenylephrine 

 Phenylephrine (“neosynephrine”) is a powerful vasocon-
strictor due to its potent α-adrenergic activity and its near 
total lack of affinity for β-adrenergic receptors. It is useful as 
an adjunct to inotropic agents in situations where the SVR 
needs to be increased without significant alterations in other 
cardiac parameters. According to the Surviving Sepsis 
Guidelines phenylephrine is contraindicated in patients with 
septic shock “…. except when 1) Septic shock persists de-
spite the use of 2 or more inotrope/vasopressor agents along 
with low-dose vasopressin, 2) Cardiac output is known to be 
high, or 3) Norepinephrine is considered to have already 
caused serious arrhythmias” [24]. However, in cross-over 
studies, phenylephrine was shown to be as efficacious as 
norepinephrine in septic shock patients with a high CO [21, 
52]. In addition, it may be useful when septic shock is resis-
tant to maximum levels of dopamine [53].  
 Phenylephrine is invaluable for the treatment of hyper-
trophic obstructive cardiomyopathy (HOCM) because it in-
creases the afterload of the left ventricle by increasing the 
SVR. This enhances the cross-sectional area of the LV out-
flow tract, thereby decreasing its dynamic gradient during 
ventricular systole caused by the septal hypertrophy. 

8.4. Milrinone  
 The primary advantage of Milrinone over other inotropes 
is that it increases the heart’s contractility while significantly 
decreasing both SVR and pulmonary vascular resistance. 
This unique combination makes it perhaps the most useful 
drug for the treatment of low output syndrome following 
cardiac surgery. Milrinone acts by inhibiting phosphodi-
esterase 3 (PDI), thus mimicking β-1 and β-2 activation (Fig. 
5) [54]. 
 Milrinone is usually administered either as loading dose 
of 50 mcg/kg over 10 minutes or it can be initiated at its 
maintenance dose of 0.5 mcg/kg/min without a loading dose 
[3, 55]. Milrinone has a longer half-life than most other 
inotropes and it is quite effective in patients with chronic 
heart failure who have downregulated or desensitized adren-
ergic receptors or after long-standing β-agonist administra-
tion. Renal impairment significantly increases the half-life of 
milrinone so its maintenance dose should be adjusted accord-
ingly in patients with renal failure. Since milrinone does not 
stimulate β-1 receptors, its inotropic action persists in the 
presence of concurrent β-blockers [56]. Combining milri-
none with a direct β-1 agonist may further increase the CO in 
patients with severely impaired cardiac function, but this 
combination is accompanied by more frequent adverse 
events [57, 58].  
 Milrinone has also been shown to be effective in acute 
decompensated heart failure. It is the drug of choice in pa-
tients with high SVR and low CO, but caution must be exer-
cised in patients with low SVR or hypovolemia, such as 
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those in shock, because Milrinone administration may make 
them too hypotensive [3].  

9. VASOPRESSORS AND OTHER AGENTS 

9.1. Vasopressin 
 Vasopressin, or antidiuretic hormone (ADH), con-
tains arginine and for that reason, it is also known as arginine 
vasopressin (AVP) or argipressin [59]. Vasopressin is a V1a, 
V1b, and V2 receptor agonist and its two primary actions are 
vasoconstriction and the maintenance of homeostasis 
through fluid conservation and the regulation of glucose and 
salt levels in the blood [60, 61]. Because vasopressin can 
reduce pulmonary vascular resistance (PVR) while simulta-
neously increasing SVR, it can be very effective in post-
cardiac surgery patients, especially those with right ventricu-
lar failure [62, 63], particularly when combined with milri-
none. 
Vasopressin also causes an increase in vascular sensitivity to 
norepinephrine which can augment its pressor effects that, 
fortunately, are preserved during the hypoxic and acidotic 
conditions in shock patients. Low vasopressin doses (0.03-
0.04 U/min) can also restore the relative vasopressin defi-
ciency that often develops in shock, resulting in an im-
provement in MAP and the reduction of catecholamine re-
quirements [3, 64-66]. It is useful in vasodilatory shock fol-
lowing LVAD placement [67] and after cardiac transplanta-
tion [68]. On the other hand, higher vasopressin doses can 
cause mesenteric ischemia and should be used only as sal-
vage therapy in patients with refractory vasodilatory shock 
[24, 69-71].  

9.2. Selepressin  
 Selepressin, a novel, selective vasopressin V1A receptor 
agonist, is a potent vasopressor, and it has also been shown 
to reduce fluid requirements and limit edema formation in 
animal septic shock models [72-75] and is now in clinical 
development for the treatment of septic shock. In a phase I 
first-in-human trial, selepressin infusion in 30 healthy 
subjects with infusion rates up to 3.0 ng/kg/minute for 6 h 
showed V1A-agonistic vasopressor properties, was safe and 

well tolerated, and showed no signs of vasopressin V2 
activity. In the first-in-patient pilot phase IIa randomized, 
placebo-controlled trial, the hypothesis was that selepressin 
maintains adequate arterial pressure in the absence of 
norepinephrine and shortens the duration of organ 
dysfunction in patients with early septic shock. It has been 
shown that selepressin at an infusion rate of 
2.5 ng/kg/minute rapidly replaced norepinephrine while 
maintaining target MAP and may have improved fluid 
balance and shortened the time of mechanical ventilation. 
Further studies of selepressin’s mechanism of action and 
additional larger randomized controlled trials to investigate 
its efficacy are needed and ongoing to assess its ability to 
improve the treatment outcome of patients in septic shock 
[76]. 

9.3. Calcium-sensitizing Agents 

  Levosimendan is an inotropic agent with vasodilator 
properties that is especially effective for the treatment of 
patients with acutely decompensated heart failure. Its 
inotropic properties come from its ability to sensitize the 
myocardium to calcium by binding to cardiac troponin C. Its 
vasodilatory effect is the result of opening ATP-
sensitive potassium channels in vascular smooth muscle to 
cause smooth muscle relaxation. The combination of in-
creased cardiac contraction and peripheral vasodilation de-
crease both preload and afterload, thus improving cardiac 
output. Levosimendan also has a cardioprotective effect be-
cause it opens the mitochondrial ATP-sensitive potassium 
channels in cardiac muscle [77] (Fig. 6). These unique char-
acteristics of levosimendan allow the myocardium to con-
tract more vigorously without a commensurate increase in its 
oxygen requirements [78] and without impairing diastolic 
relaxation [79]. It also has anti-inflammatory [80], anti-
oxidative [81], and anti-apoptotic [82] properties and de-
creases ischemic reperfusion injury [83].  
 Levosimendan is also effective in the presence of sepsis 
and septic shock. It improves microcirculatory flow, renal 
function, hepatic function and overall hemodynamics better 
than dobutamine in patients with septic shock [84, 85]. 
Levosimendan is also used for the treatment of cardiogenic 
shock due to its profound effect on the CI but is of limited 

 
Fig. (5). Basic mechanism of action of PDIs. PDIs lead to increased intracellular concentration of cAMP, which increases contractility in the 
myocardium and leads to vasodilation in vascular smooth muscle. 
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value because of its vasodilatory effects on both the systemic 
and pulmonary vascular beds [86]. While levosimendan does 
not increase the risk of ischemic episodes or tachyarrhyth-
mias in patients with cardiogenic shock [87], its effective-
ness as sole therapy is limited in patients with a systolic 
blood pressure <90 mm Hg [87]. Nevertheless, when com-
bined with other adjunctive therapies such as norepinephrine 
or balloon counterpulsation, levosimendan may be useful in 
patients with cardiogenic shock [88]. 
 The question of whether using levosimendan improves 
outcomes in patients undergoing cardiac surgery requiring 
cardiopulmonary bypass (CPB) has no definitive answer 
because the pertinent study results have been mixed. The 
2007 SURVIVE trial, which compared levosimendan to 
dobutamine in CPB patients, failed to show any mortality 
advantage of levosimendan despite a reduction in plasma B-
type natriuretic peptide [89]. Furthermore, the CHEETAH 
and LEVO-CTS trials showed no advantage in using 
levosimendan prophylactically to prevent postoperative low 
output syndrome [90].  
 However, in other studies, levosimendan was shown to 
improve the ability to wean patients from CPB, lower 
inotrope use, decrease myocardial infarction rates, and lower 
lactate levels when compared to a placebo [91, 92], dobu-
tamine [93], or milrinone [94]. Its salutary effects are more 
pronounced in patients undergoing CABG surgery with pre-
operative LV ejection fractions less than 25% [91]. There are 
many potential reasons for the mixed results of clinical trials 
with levosimendan [77-79, 86-89] and interestingly, both the 
LEVO-CT trial and a previous meta-analysis suggested that 
levosimendan may be beneficial only when administered as 
high-dose boluses in patients with severe left ventricular 
dysfunction [90]. 

9.4. Cardiac-specific Myosin Agents  
 Omecamtiv mecarbil (OM) enhances myosin cross-
bridge formation and duration by specifically activating 
myocardial ATPase and accelerating the transition rate from 
myosin that is weakly bound to actin into myosin that is 

strongly bound to actin [95]. This results in a prolongation of 
systolic ejection time, increased cardiac contractility, and 
improved energy utilization (steps 3 to 4 in Fig. 7). Delinea-
tion of the mechanism of action of OM has provided valu-
able insights into understanding how the force of cardiac 
contraction is generated by molecular motors (Fig. 7). OM 
does not alter myosin morphology per se but rather, it causes 
an accumulation of cardiac myosin just prior to ventricular 
systole by binding to the actin filament at more sites and in 
greater affinity, which in turn, enhances the strength of ven-
tricular contraction. The overall result of OM administration 
is an increase in left ventricular systolic ejection time, in-
creased sarcomere shortening, and improved stroke volume 
while leaving the systolic blood pressure unchanged [96]. 
Importantly, the improvement in cardiac output that results 
from this combination of OM actions is independent of in-
tracellular calcium and cAMP levels [97, 98]. In order to test 
the hypothesis that a substance like OM might benefit pa-
tients with heart failure who have preserved ejection fraction 
(HF-rEF), direct activators of cardiac myosin were identified 
using a reconstituted cardiac sarcomere assay [99]. The ini-
tial results of using OM in healthy volunteers and in patients 
with acute or chronic HF-rEF suggested that OM is safe and 
that it improves systolic ejection duration and stroke volume 
without increasing the demand for more ATP energy or oxy-
gen requirements and without altering intracellular calcium 
levels [99]. However, in the ATOMIC-AHF study, OM did 
not improve the primary endpoint of dyspnea when com-
pared with placebo and although it appeared to be safe, there 
seemed to be an improvement in dyspnea only with higher 
doses of OM [100, 101]. Unfortunately, the OM-treated pa-
tients had more episodes of myocardial ischemia, though this 
difference was not temporally related to OM exposure. There 
was also a slight increase in plasma troponin in the OM 
group, though it did not correlate with OM plasma concen-
trations.  
 Despite the promising results of preclinical studies [97, 
99, 102, 103] and human phase II studies [101], OM has 
been shown to increase the oxygen demand of the heart 
[104] and anginal symptoms have been reported at high OM 

 
Fig. (6). Levosimendan (LEVO) binds to troponin C during systole, increasing the sensitivity of the myocardium to calcium which increases 
cardiac contractility during systole, but it does not affect diastolic function. Levo leads to an opening of the active sites of troponin C, in-
creasing its sensitivity to calcium. Levo also has a cardioprotective effect because it opens the mitochondrial ATP-sensitive potassium chan-
nels in cardiac muscle. 
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concentrations. Because of these mixed results, it is sus-
pected that OM may not act exclusively on cardiac β-myosin 
[105] but that it also opens RyR2 channels causing the re-
lease of calcium from the sarcoplasmic reticulum. This could 
explain the elevated oxygen consumption under baseline 
conditions reported recently by Bakkehaug et al. [104]. 
However, it has not been documented that the angina symp-
toms observed at high OM concentrations [105] are directly 
related to the known activation of RyR2 receptors by OM. In 
a recent study, OM was shown to activate ryanodine recep-
tors directly in cardiac muscle but not in skeletal muscle but 
again, the troponin levels were increased at high doses of 
OM [106]. Although OM remains promising, further investi-
gations are needed to document that it is safe to use in pa-
tients with acute and chronic heart failure and in the presence 
of reduced ejection fraction. [107]. OM is currently being 
evaluated in a large Phase 3 trial in patients with HF-rEF 
(GALACTIC-HF). This trial will compare OM titrated to 50 
mg orally twice daily with placebo in patients 18 to 85 years 
of age with New York Heart Association (NYHA) class II–
IV symptoms and an LVEF of 35% or less who are admitted 
for an HF exacerbation, hospitalized with a prior HF 
exacerbation, or had an urgent HF admission within the last 
year. The primary endpoints are cardiovascular death or 
readmission for HF. While OM has the potential to fill a 
largely unmet clinical need, the results of Novartis’ 
PIONEER-HF trial evaluating sacubitril/valsartan in a 
similar population are expected to be published ahead of 
GALACTIC-HF. It is important to note that the endpoints 
for these trials differ, with PIONEER-HF evaluating only N-
terminal pro-BNP levels as well as the incidences of 
hyperkalemia, symptomatic hypotension, and angioedema. 

This will give OM an advantage if it can show reduced car-
diovascular mortality and rehospitalization [108, 109]. 

9.5. Istaroxime 
 Istaroxime inhibits sodium/potassium (Na-K) ATPase 
and stimulates the calcium ATPase isoform 2a (SERCA2a), 
causing the sarcoplasmic reticulum to re-uptake calcium 
during ventricular diastole. This combination of Na-K  
AT-Phase inhibition and SERCA2a stimulation increases the 
cardiac output without increasing the heart rate or causing 
cardiac arrhythmias. In patients with acute heart failure, is-
taoxime increases the systolic BP and reduces the wedge 
pressure, heart rate and LV end-diastolic volume [110]. Cur-
rently, clinical trials are underway to evaluate the safety and 
efficacy of Istaroxime in patients with acute heart failure and 
depressed LV function. 

9.6. Natriuretic Peptides 
 Nesiritide is recombinant human brain natriuretic peptide 
(BNP) that is a vasodilator, enhances sodium excretion, and 
suppresses both the renin-angiotensin-aldosterone system 
and the sympathetic nervous system [111]. In a randomized, 
controlled trial in patients with acute congestive heart failure, 
Nesiritide improved dyspnea and reduced the wedge pres-
sure, but it conveyed no mortality benefit in comparison to 
standard vasoactive drug therapy. In the more recent  
ASCEND-HF Trial (Acute Study of Clinical Effectiveness 
of Nesiritide in Decompensated Heart Failure), nesiritide 
again had no effect on mortality or rehospitalization for heart 
failure within 30 days [112]. Nesiritide should be used with 

 
Fig. (7). The actin–myosin engine and omecamtiv mecarbil. Steps 1 and 2 indicate rapid binding of ATP to the myosin complex allowing the 
myosin to unbind from actin. Step 3 indicates that, ATP is hydrolyzed into ADP and inorganic phosphate (Pi). This energy allows the myosin 
head to stretch. Step 4 indicates that, the myosin-ADP-Pi complex bonds to actin in a weakly bound state as it scans for a proper binding site. 
Step 5 indicates that, once fully attached, the myosin-ADP-Pi strongly bonds to actin, and the release of Pi from the complex causes the my-
osin head to bend and the actin filament to move. Step 6 indicates that ADP is released and rapidly replaced by ATP, and the cycle is then 
ready to repeat. Omecamtiv mecarbil accelerates the transition from the weakly bound state to the strongly bound state. (reproduced be per-
mission from Aronson D., et al.) [95]. 
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caution in cardiogenic shock because of its propensity to 
cause hypotension.  

10. SPECIFIC DRUGS FOR THE TREATMENT OF 
SHOCK 

10.1. Cardiogenic Shock 
 In the past two decades, the survival rate for patients with 
cardiogenic shock following an acute MI has increased from 
44% in 1995 [113] to over 50% in 2005 [114], to 67% more 
recently [115]. Much of that improvement is attributable to 
the more informed use of inotropes, vasopressors, vasodila-
tors and a variety of new drugs that have become available. 
Since severe vasodilation resulting from receptor desensiti-
zation, inflammation, acidemia, hypocalcemia, and the rela-
tive deficiency of vasopressin and corticosteroids is present 
in most cases of refractory shock [2, 9, 54], an immediate 
fluid challenge should be the first step in its therapy. This 
should be followed by the initial administration of weaker 
inotropes like dobutamine or low-dose epinephrine but if a 
satisfactory response is not elicited, stronger vasopressors 
like norepinephrine [116] should be administered [117]. The 
ACC/AHA guidelines for the management of hypotension 
complicating acute MI recommend dobutamine as the first-
line inotropic agent if the systolic blood pressure is between 
70 and 100 mm Hg in the absence of signs and symptoms of 
shock. However, more recent guidelines recommend a com-
bination of norepinephrine and dobutamine over dopamine 
for cardiogenic shock [27, 46, 47]. The risk of tachyarrhyth-
mias during inotropic therapy is least with milrinone, inter-
mediate with dobutamine or epinephrine, and highest with 
dopamine [54, 45].  
 Dobutamine is also recommended for acute cardiogenic 
shock with hypotension and for septic shock with myocardial 
dysfunction, as well as in patients with severe renal failure 
[3, 47]. Although milrinone produces greater vasodilation 
and cardiac preload in such patients, dobutamine is prefer-
able because it causes a greater increase in myocardial con-
tractility [118]. However, since milrinone reduces PVR more 
than dobutamine, it is preferable in patients with significant 
right ventricular dysfunction. It is also the inotrope of choice 
in patients with chronic HF, especially in the presence of 
pulmonary hypertension, right ventricular failure, or b-
blocker therapy [3, 119, 120]. The safety and efficacy of 
levosimendan for the treatment of cardiogenic shock could 
potentially be clarified by a new randomized clinical trial in 
patients with low baseline ejection fractions in which the 
levosimendan is administered only as large-dose boluses. 
Until such clarification, the potential benefit of levosimen-
dan in cardiogenic shock will remain controversial. 

10.2. Vasodilatory/Distributive Shock 

 In septic shock, norepinephrine is more effective than the 
combined therapy of dopamine and vasopressin with the 
addition of phenylephrine in non-responders [35] Several 
studies have shown dopamine to increase the mortality when 
it is used as the first-line vasopressor [121]. However, the 
combination of dopamine and dobutamine at a dose of 7.5 
mcg/kg/min each improves cardiac hemodynamics while 
limiting important side effects better than either individual 

agent administered at 15 mcg/kg/min [118]. Epinephrine is 
the vasopressor of choice in septic shock refractory to high-
dose norepinephrine, especially when the HR is high or the 
CO is low [3, 24, 9]. Randomized trials have shown similar 
mortality with epinephrine or norepinephrine in patients with 
shock [33, 65]. Epinephrine is approximately 100-fold more 
potent than dobutamine or dopamine. The CATS trial com-
paring norepinephrine plus dobutamine to epinephrine alone 
for patients with septic shock showed similar mortality rates 
and adverse events at 90 days despite more lactic acidosis in 
the epinephrine group [21, 27, 33, 52].  
 Hopefully, these clinical trials and others will confirm 
that a number of promising new drugs are capable of im-
proving on the current status of therapy for all types of 
shock. 

CONCLUSION 

 Shock can sometimes be difficult to categorize accurately 
and is often difficult to treat correctly because of its various 
etiologies and the multitude of treatment options available. 
Therapies that are optimal for one type of shock might be 
harmful in another type, so recognition of the type of shock 
is critical to successful therapy. In addition, a thorough un-
derstanding of the physiology of the various types of shock 
and of the pharmacology of shock therapy is essential to op-
timal outcomes. 
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