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Abstract
Vasoplegia is a ubiquitous phenomenon in all advanced shock states, including septic, cardiogenic, hemorrhagic,
and anaphylactic shock. Its pathophysiology is complex, involving various mechanisms in vascular smooth muscle
cells such as G protein-coupled receptor desensitization (adrenoceptors, vasopressin 1 receptors, angiotensin type 1
receptors), alteration of second messenger pathways, critical illness-related corticosteroid insufficiency, and
increased production of nitric oxide. This review, based on a critical appraisal of the literature, discusses the main
current treatments and future approaches. Our improved understanding of these mechanisms is progressively
changing our therapeutic approach to vasoplegia from a standardized to a personalized multimodal treatment with
the prescription of several vasopressors. While norepinephrine is confirmed as first line therapy for the treatment of
vasoplegia, the latest Surviving Sepsis Campaign guidelines also consider that the best therapeutic management of
vascular hyporesponsiveness to vasopressors could be a combination of multiple vasopressors, including
norepinephrine and early prescription of vasopressin. This new approach is seemingly justified by the need to limit
adrenoceptor desensitization as well as sympathetic overactivation given its subsequent deleterious impacts on
hemodynamics and inflammation. Finally, based on new pathophysiological data, two potential drugs, selepressin
and angiotensin II, are currently being evaluated.
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Background
Definition(s) of vasoplegia

Known as “vasodilatory shock”, this condition includes
multiple and diverse etiologies (e.g., septic, cardiogenic,
neurogenic, and anaphylactic shock) and ultimately results
in uncontrolled vasodilation, otherwise termed “vasoplegia”. The pathophysiology of vasoplegia is multifactorial
and includes activation of several intrinsic vasodilatory
pathways and a vascular hyporesponsiveness to vasopressors [1]. Vasoplegia occurring post-surgery is called postoperative vasoplegic syndrome or vasoplegic syndrome. In
clinical practice, vasoplegia can be assessed clinically by
the vasopressor dosage necessary to maintain mean arterial blood pressure (MAP) and by the drop in diastolic
blood pressure reflecting vasoplegia [2]. Invariably, the
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necessity to use a high-dose vasopressor is highly indicative of vasoplegia, especially in the case of normal cardiac
function. For further details, the reader is invited to consult the pathophysiological article published in the same
series.
However, vascular responsiveness to vasopressors is
probably better suited than vasoplegia for characterizing
the state of vessels during shock. While the term vasoplagia refers to the static diameter of the vessel in response
to specific intra-luminal and transmural pressures, vascular responsiveness to vasopressors refers to the dynamic
response of the vessel to endogenous and/or exogenous
vasoconstrictor agents [1].
The present review was written based on a critical and
personal appraisal of the literature. It focuses only on
treatment-based pathophysiology of vasoplegia and the
benefits or drawbacks of each associated therapeutic
option for all types of shock, irrespective of their origin.
Nevertheless, there is a clear lack of data with regard to
vasoplegia treatments in non-septic shock.
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Vasoplegia occurs in all shock states
Although initially ascribed to septic shock, it is now
apparent that the majority of mechanisms explaining or
associated with vascular hyporesponsiveness to vasopressors (inflammation, nitric oxide (NO), potassium and
calcium channels, adrenomedullin, and free radicals) are also
common to hemorrhagic shock, cardiogenic shock (including in post-cardiopulmonary bypass patients), anaphylactic
shock, and, more generally, during ischemia-reperfusion,
such as cardiac arrest or multiple trauma [3–5].
A treatment-based pathophysiological approach
to vascular hyporesponsiveness to vasopressors
Here, we limit our description to the pathophysiological
mechanisms involved in vascular hyporesponsiveness to
vasopressors where treatments are currently available or
soon will be. Thus, certain crucial mechanisms have
been omitted, although they are described elsewhere in
this series of articles on vasoplegia. The following three
levels will be described: central (neuro-immune communication), cellular (G protein-coupled receptors (GPCRs)),
and intracellular (alteration of second messenger pathways) (Fig. 1).
Neuro-immune communication

Shock states are primarily associated with a concomitant
initial activation of the sympathetic system in the locus
coeruleus and the hypothalamic pituitary-adrenal axis in
the paraventricular nucleus by stimulation of baro- and
chemoreceptors and inflammatory cytokines such as
tumor necrosis factor (TNF)α, interleukin (IL)-1 and IL6. These two systems are both co-activated such that
activation of one also tends to activate the other. Consequences include the release of norepinephrine from
sympathetic nerve extremities in lymphoid organs, epinephrine from the adrenal medulla, and cortisol from
the adrenal cortex. Of note, vasopressin release is also
under the control of baro- and chemoreceptors characterizing the autonomic system [6]. Moreover, vasopressin
also increases the activation of the hypothalamic
pituitary-adrenal axis [7]. Finally, vasopressin and angiotensin II interact synergistically at a peripheral level in
vascular smooth muscle in order to increase calcium
concentrations [8]. Together, all of these systems participate in the maintenance of vascular responsiveness,
particularly during the initial stage of shock state.
Sustained activation of the sympathetic system is associated with dysautonomia, a syndrome characterized by loss
of cardiovascular variability with inappropriate tachycardia,
excessively elevated catecholamine levels with concomitant
adrenoceptor desensitization, and pro-inflammatory states
leading to poor outcome [9]. This triad participates in
vascular hyporesponsiveness to vasopressors during
shock states.
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G-protein-coupled receptors

The three major receptors (adrenergic, vasopressin 1
(V1), and angiotensin type 1 (AT1) receptors) involved
in the regulation of vascular tone are GPCRs. During
shock states, adrenergic, V1, and AT1 receptors undergo
similar desensitization processes. Sustained agonist activation such as in the initial phase of shock is associated
with phosphorylation of GPCRs by GPCR kinases
(GRKs). This process appears to be activated early, even
following transient agonist stimulation, and is a major
cause of vascular hyporesponsiveness to the three major
vasopressors. The decreasing affinity of α adrenergic
receptors for various molecules such as endotoxin is
known to enhance desensitization [10]. AT1 receptors
are downregulated within the first hours after experimental septic shock. This process is associated with low
blood pressure and low systemic vascular resistance [11].
However, others have also demonstrated that AT1 receptors are primarily downregulated, although not by their
agonist but rather through deficient expression of the
AT1 receptor-associated protein Arap1. Arap1 is known
to enhance the transport of the AT1 receptor from
endosomes to the plasma membrane [12]. Finally, V1
receptors appear to be less sensitive to agonistic stimulation due to low circulating concentrations of vasopressin
in blood even during shock states [7]. After an initial
increase in concentration at shock onset, a decrease in
vasopressin plasma levels is most often observed [13].
Alteration of second messenger pathways

In addition to the desensitization process, other mechanisms are also highly involved in vascular hyporesponsiveness to vasopressors. For instance, expression of inducible
nitric oxide synthase (iNOS) is enhanced during shock
states in vascular smooth muscle cells (VSMCs) while NO
production is increased a thousand-fold. Endotoxin and
proinflammatory cytokines increase iNOS expression and
NO production [14]. NO activates cyclic guanosine monophosphate (cGMP) production as well as calcium-sensitive
potassium channels, potassium ATP channels, and myosin
light chain phosphatase, all of which contribute to
vasodilation [15]. Other mechanisms equally involved
in vasodilatation include prostacyclin and cyclooxygenase 2 (COX2) pathways, although with no currently
known positive therapeutic consequences [16].
Critical illness-related corticosteroid insufficiency (CIRCI),
which occurs in 50 % of septic shock patients, has a major
impact on vascular hyporesponsiveness to vasopressors [17].
Involved mechanisms include insufficient synthesis of cortisol, tissue resistance to cortisol, and an excessive proinflammatory response. Injuries are observed at all levels of the
hypothalamo-hypopituitary axis. Adrenocorticotropic hormone (ACTH) secretion may be impaired by shock-induced
anatomical lesions of the pituitary axis [18]. It has also long
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Fig. 1 The principal mechanisms involved in the regulation of vascular tone during vasoplegia as well as treatment options at the central, cellular, and
intracellular levels. Central level. Inflammatory triggers such as tumor necrosis factor α (TNF, interleukin (IL)-1 and IL-6 activate the neuro-immune system.
This activation leads to norepinephrine, epinephrine, cortisol, vasopressin, and indirectly angiotensin II production in order to counteract vasoplegia.
Overactivation of this system may be treated at this integrative level with α2 agonists and selective β1 blockers. Cellular level. G-protein-coupled receptors
are predominantly involved in vascular smooth muscle cell contraction: α1 adrenoceptors (α1AR), vasopressin 1 receptors (V1R), and angiotensin type 1
receptors (AT-R1). These receptors activate phospholipase C (PLC) with generation of inositol 1,4,5 trisphosphate (IP3) and diacylglycerol (DAG) from
phosphatidyl inositol 4,5 bisphosphate (PiP2). DAG stimulates protein kinase C (PKC), which in turn activates voltage-sensitive calcium channels, while IP3
activates sarcoplasmic reticulum calcium channels. α1ARs increase intracellular calcium by receptor-operated calcium channels (ROCC)
stimulation. Available treatments at this level are epinephrine, norepinephrine, dopamine, phenylephrine, selepressin, vasopressin (V1),
and angiotensin II. Adrenomedullin primarily acts on endothelial cells. Intracellular level. Translocation of nuclear factor-κB (NF-κB) into the
nucleus induces pro-inflammatory cytokine production. These cytokines enhance inducible nitric oxide synthase (iNOS) expression and
overproduction of NO. This molecule activates cyclic guanosine monophosphate production as a mediator of vasodilation. Available
treatments at this level are glucocorticoids (at different steps), β1 blockade, and methylene blue. Vascular sensitive calcium channel (VSCC)

been known that adrenal necrosis and/or hemorrhage may
be due to shock state and particularly septic shock [18].
Tissue resistance has multifactorial causes involving, among
others, downregulation of glucocorticoid receptor α at the
tissue level and reduction of cortisol delivery to septic
locations. Excessive proinflammatory secretion also impacts ACTH secretion. Thus, TNFα and IL-1, massively
released during septic shock, downregulate ACTH and
cortisol production.
Consequences of CIRCI on hemodynamic parameters during shock states are extensive with vascular

hyporesponsiveness to phenylephrine and low blood pressure. Underlying mechanisms involve disinhibition of
NF-κB with upregulation of iNOS responsible for NO
over-production.

Vasoplegia treatment
The use of adrenergic vasopressors

Vascular hyporeactivity-associated hypotension is clearly
associated, both significantly and independently, with mortality [19]. After volume resuscitation, the use of catecholamines is considered to be the cornerstone of septic shock
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hemodynamic treatment [20]. This therapeutic class
includes dopamine, epinephrine, norepinephrine, and
phenylephrine. All of these molecules increase MAP
by stimulating the α1 adrenergic receptor. Nevertheless, aside from phenylephrine, all of the above catecholamines stimulate other adrenergic receptors, leading
to various hemodynamic, metabolic, and inflammatory effects [21, 22]. Comparison of the affinity of these different
drugs for receptor subtypes as well as the effects associated with receptor stimulation is depicted in Table 1.
Hence, the choice of best adrenergic vasopressor
should take into account not only its vasopressor effect but also its cardiac, metabolic, microcirculatory,
and immune effects.
The current recommendations

A recent Cochrane analysis concluded that there was
not sufficient evidence to prove that any one vasopressor
was superior to others in terms of mortality and that the
choice of a specific vasopressor may, therefore, be individualized and left to the discretion of treating physicians [23]. Despite low levels of evidence, the Surviving
Sepsis Campaign (SSC) published several recommendations based on the physiological effects of vasopressors
and selection of inotrope/vasopressor combinations in
septic shock outlined in an extensive number of literature
reviews [20].
Norepinephrine as a first line-agent

Norepinephrine is a very potent and reliable vasopressor.
It increases MAP without any concomitant increase in
heart rate. Generally, cardiac index is increased due to
both a rise in end-diastolic stroke volume through a
mobilization of splanchnic unstressed volume and to a
direct effect on cardiac myocytes due to β1 adrenergic
receptor stimulation [24]. Norepinephrine has numerous
advantages when compared to other vasopressors, including: a) a very potent vasopressor effect equivalent to
epinephrine and phenylephrine and higher than dopamine [25]; b) contrary to epinephrine, norepinephrine
does not act on β2 adrenergic receptors—hence, lactate
levels do not increase and may be used to guide resuscitation [26]; c) contrary to dopamine and epinephrine,
norepinephrine increases cardiac index without increasing heart rate and thus without excessively increasing
myocardial oxygen consumption [27]; d) contrary to
phenylephrine, which acts only on α1 adrenergic receptors, norepinephrine also acts on cardiac β1 adrenergic
receptors and may therefore preserve ventricular–arterial
coupling [28].
Finally, adrenergic vasopressors have potential side effects such as increased oxidative stress, interaction with
cellular energy metabolism, and/or modulation of the
inflammatory response [22]. As a result, a new concept
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has emerged called “decatecholaminization”, which consists in using non-catecholamine vasopressors in order
to decrease catecholamine exposure [29].
Vasopressin as a second line agent or a catecholaminesparing agent

Patients with severe septic shock often require very high
doses of norepinephrine in order to achieve the target
MAP, thereby potentially leading to adverse side effects
[30]. The SSC suggests adding either vasopressin (up to
0.03 U/min; weak recommendation, moderate quality of
evidence) to norepinephrine with the intent of raising MAP
to target, or adding vasopressin (up to 0.03 U/min; weak
recommendation, moderate quality of evidence) to decrease
norepinephrine dosage. The rationale for vasopressin use is
that there is a relative vasopressin deficiency in septic shock
such that addition of exogenous vasopressin restores vascular tone by acting on non-adrenergic receptors, increases
blood pressure, thereby reducing norepinephrine requirements, and possibly has favorable effects on cytokine production [31–33]. Globally, vasopressin is as effective as
norepinephrine in increasing MAP and, when used in combination with norepinephrine, low vasopressin doses have a
norepinephrine-sparing effect. The VASST study, in which
vasopressin was used in substitutive doses (< 0.04 U/min),
showed no overall improvement in mortality [34]. In a
post-hoc analysis, however, patients with less severe septic
shock (i.e., < 15 μg.min−1 of norepinephrine) at vasopressin
initiation had a lower 28-day mortality rate compared with
norepinephrine-only infusion (26.5 vs 35.7 %; p = 0.05).
Higher doses of vasopressin have been associated with
cardiac, digital, and splanchnic ischemia and should be reserved for situations in which alternative vasopressors have
failed [35]. The VANCS trial compared norepinephrine to
vasopressin in treating vasoplegia syndrome after cardiac
surgery [36]. The primary endpoint was a composite of
mortality or severe complications (stroke, requirement for
mechanical ventilation for longer than 48 h, deep sternal
wound infection, reoperation, or acute renal failure)
within 30 days. The primary outcome occurred in 32 %
of vasopressin patients compared to 49 % of norepinephrine patients (unadjusted hazard ratio 0.55; 95 % CI
0.38 to 0.80; p = 0.0014). With regard to adverse events,
the authors found a lower occurrence of atrial fibrillation in the vasopressin group (63.8 vs 82.1 %; p =
0.0004) and no difference between groups with regard
to rates of digital ischemia, mesenteric ischemia, hyponatremia, or myocardial infarction. These results thus
suggest that vasopressin can be used as a first-line vasopressor agent in postcardiac surgery vasoplegic shock
and improves clinical outcomes. Lastly, the VANISH
study, assessing vasopressin versus norepinephrine with
or without adding hydrocortisone (factorial 2X2 study)
as initial therapy in septic shock, demonstrated no
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improvement in the number of kidney failure-free days
[37]. Addition of hydrocortisone as an adjunct in the two
vasopressor groups was used to upregulate receptor expression on VSMCs and to enhance anti-inflammatory
effects.
Terlipressin, a long acting vasopressin analog with predominant V1 receptor activity, has also been proposed.
When compared to norepinephrine, terlipressin significantly reduced catecholamine requirements, and led to
fewer rebound hypotension events, without increasing bilirubin levels [38]. There is still ongoing debate regarding its
ideal dose and mode of administration (continuous infusion despite long half-life or intermittent administration).
Notwithstanding, terlipressin may result in pulmonary
vasoconstriction and affect coagulation systems whereas
vasopressin does not [38]. Hence, terlipressin is not considered to offer a greater advantage compared to vasopressin
due to its longer half-life and clinical evidence that supports its use in circulatory shock remains scarce [20]. In
spite of these caveats, the place of terlipressin is currently
being evaluated in two ongoing studies (NCT03038503
and NCT02468063).
Phenylephrine use should be limited

Phenylephrine is a pure α1 adrenergic agonist for which
clinical trial data are limited. It has the potential to produce splanchnic vasoconstriction. Moreover, in a model
of rat septic shock, phenylephrine use has been associated with a detrimental effect on intrinsic cardiac function [39]. Lastly, among patients with septic shock in US
hospitals affected by the 2011 norepinephrine shortage,
Vail et al. [40] found that the most commonly administered alternative vasopressor was phenylephrine. Patients
admitted to these hospitals during times of shortage had
higher in-hospital mortality.
A critical view of the recommendations

Two recommendations should be addressed. The first recommendation concerns the use of epinephrine as a
second-line agent and the second regards the use of dopamine in highly selected patients. The relevance of using
epinephrine in association with norepinephrine should be
discussed since a) epinephrine markedly increases lactate
levels and may therefore preclude the use of lactate clearance to guide resuscitation [25], b) norepinephrine and
epinephrine both act on α1 adrenergic receptors so there is
no therapeutic value in adding the same molecule type
when norepinephrine has failed to increase MAP, and c)
the combination of norepinephrine and dobutamine,
allowing the separate titration of vasopressor and inotropic
effects, is more logical than using epinephrine alone.
Therefore, we firmly believe that epinephrine has no place
in septic shock treatment with the exception of countries
with limited resources (it is cheaper than norepinephrine).
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In these countries, it is acceptable to use epinephrine since
no data support a difference in efficacy, mortality, or morbidity [29, 41]. With regard to dopamine, there is currently
ample evidence that norepinephrine or epinephrine is
more efficient in restoring MAP and that both drugs could
be used through a peripheral venous access [42, 43]. Thus,
dopamine should no longer be used in septic shock. Moreover, in a randomized study comparing dopamine and epinephrine in the treatment of shock, a subgroup analysis of
280 patients with cardiogenic shock showed dopamine to
be associated with an increase in 28-day mortality compared to norepinephrine [27].

The future
Selepressin, an improved vasopressin receptor agonist?

Since vasopressin comparably stimulates all vasopressin receptor subtypes (i.e., V1a, V1b, and V2 receptors), it may
also have serious undesirable side effects through V2
stimulation (fluid accumulation, microvascular thrombosis,
vasodilation) [44]. Selepressin, a short-acting selective V1a
receptor agonist, may overcome these disadvantages [45].
Furthermore, selepressin does not induce release of the
procoagulant Willebrand factor [46]. In a study by Maybauer et al. [47] describing the effects of selepressin in an
ovine model of severe sepsis, the effects of V1a and V2
receptor activation were compared using selective V1a
(selepressin) and V2 (desmopressin) receptor agonists. Accumulation of fluid was blunted by arginine vasopressin
while reversed by selepressin. When selepressin was combined with desmopressin, fluid accumulation was restored
to levels similar to the sepsis + vasopressin group. These
findings were also confirmed by He et al. [48], who found
that early administration of selepressin as first line vasopressor treatment improved MAP, cardiac index, blood
lactate levels, lung edema, and fluid balance and was associated with higher survival rates compared to vasopressin
and norepinephrine. In light of the above, several completed or currently ongoing clinical trials are investigating
the clinical implications of selepressin. The preliminary results of two phase II trials (NCT01612676 and
NCT01000649) showed that selepressin enabled the
dose requirements of norepinephrine to be reduced. In
addition, incremental doses of selepressin were found to reduce overall excessive fluid balance and were associated
with higher rates of ventilator-free days, shock resolution,
and patient survival within the first 7 days [49]. Accordingly, an ongoing double-blinded phase IIB/III, randomized
clinical trial (NCT02508649) is studying the effects of selepressin compared to placebo on ventilator and vasopressorfree days.
Angiotensin II

Activation of the renin–angiotensin–aldosterone system
leads to angiotensin II production [50]. Angiotensin II
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acts by binding to specific GPCRs, namely AT1 and AT2
[51]. The main hemodynamic effects mediated by AT1
receptor activation include vasoconstriction, aldosterone
secretion, vasopressin release, and cardiac remodeling
[52]. In the ATHOS-3 study, patients with vasodilatory
shock who were receiving more than 0.2 μg.kg−1.min−1
of norepinephrine or the equivalent dose of another
vasopressor were assigned to receive infusions of either
angiotensin II or placebo [53]. The primary end point
was MAP response at 3 h after initiation of infusion, with
response defined as an increase from baseline of at least
10 mmHg or an increase to at least 75 mmHg, without an
increase in dose of background vasopressors. The primary
endpoint was reached by more patients in the angiotensin
II group than in the placebo group (p < 0.001). At 48 h,
the mean improvement in the cardiovascular Sequential
Organ Failure Assessment (SOFA) score was greater in
the angiotensin II group than in the placebo group (p =
0.01). Serious adverse events were reported in 60.7 % of
the patients in the angiotensin II group and in 67.1 % in
the placebo group. Death by day 28 occurred in 75/163
patients (46 %) in the angiotensin II group and in 85/158
patients (54 %) in the placebo group (p = 0.12).
Methylene blue

Inhibition of excessive production and activity of both NO
and cGMP may be critical in the treatment of refractory
vasodilatory shock occurring in cardiac bypass, septic
shock, poisoning, and anaphylaxis patients. Methylene
blue (MB) has several actions that may counteract the effect of increased NOS stimulation. First, it may antagonize
endothelial NOS activity. Furthermore, it may scavenge
NO directly and inhibit guanylate cyclase activity [54].
Experimental animal studies report that, in addition to a
reduction in vasopressor requirements, inotropic support
is reduced after the administration of MB, likely due to attenuation of ischemia/reperfusion injury [55]. In a human
septic shock study, MAP and cardiac index were both
found to be increased [56]. A systematic review of the
literature regarding the use of MB in sepsis by Kwok and
Howes [57] concluded that, while the studies were mostly
observational, MB increased systemic vascular resistances
and MAP; however, its effects on oxygen delivery and
mortality are unknown. Moreover, all of the aforementioned studies are relatively old and likely do not take into
account current recommendations.
The use of MB has been proposed not only for septic
shock but also for treating vasoplegia after cardiac surgery, drug poisoning, anaphylactic shock, and postreperfusion syndrome after liver transplantation [54].
Similar to septic shock, however, data are currently insufficient to propose MB as a first line agent [58].
The potential dangers of treatments targeting iNOS
overexpression in septic shock should nonetheless be
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kept in mind. For example, non-selective iNOS blockers,
while improving systemic vascular resistance and MAP,
also reduce cardiac output and increase mortality in patients with septic shock [59]. Similarly, non-selective
iNOS inhibition with tilarginine versus placebo in cardiogenic shock patients failed to reduce the mortality
rate at 30 days [60]. Interestingly, there was also no
difference in hemodynamic outcomes such as duration
of shock. This negative result may be the consequence
of the inhibition of other beneficial NO isoforms [61].
Despite these limitations, the place of MB in vasoplegia
treatment is currently being evaluated in a number
of ongoing studies (NCT03038503, NCT01797978,
NCT03120637).

Potential new strategies
Very high doses of norepinephrine

Depending on the study, high doses of norepinephrine
associated with excess mortality have been defined by a
cut-off value ranging from 0.5 to 2 μg.kg−1.min−1,
although converging evidence has recently confirmed
the cut-off as 1 μg.kg− 1.min− 1 [30, 62]. Obviously, the
level of MAP that is targeted should be taken into account.
Because these very high doses may be associated with
potential deleterious effects, there is still controversy
regarding increasing vasopressor dosage when conventional therapy fails to increase mean arterial pressure to
the recommended target. The pharmacodynamic effects of
catecholamines are characterized by a linear increase in effect, which is dependent on the logarithmic increase of the
concentration, without any saturation at high doses [63].
Auchet et al. [62] found that a vasopressor dose higher
than 0.75 μg.kg− 1.min− 1 was associated with a mortality
of 86 % in patients with a SOFA score > 10 and with a
mortality of 58 % in patients with a SOFA score < 10.
Moreover, the administration of high doses should be
stopped in instances of serious adverse events. In two
studies, myocardial, mesenteric, and digital ischemia occurred in less than 10 % of patients [62, 64]. Moreover,
adding an additional vasopressor (vasopressin) in order
to reduce norepinephrine dosage was not associated
with a lower incidence of serious adverse events [64].
As a result, physicians should also consider an increase
in norepinephrine dosage as a possible therapeutic option in instances of refractory hypotension associated
with vasoplegia and adequate cardiac function, without
the fear of ischemic complications.

Modulation of the sympathetic system
α2 Agonists

During a shock state, the inappropriate activation of the sympathetic system is associated with receptor desensitization
[65]. One innovative approach may be to reduce sympathetic
activity. α2 Agonists such as clonidine or dexmedetomidine
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(200 times more powerful than clonidine) act directly in the
locus cœruleus. By binding to presynaptic α2 adrenergic receptors, these agonists also induce a negative feedback on
norepinephrine secretion. Known pharmacological effects of
this central down-regulation are hypotension, bradycardia,
and sedation [66]. However, recent experimental studies in small and large animals have found that administration of α2 agonists, by reducing central sympathetic
activity, also restores the response to vasoconstrictors
such as α1 agonists or angiotensin II [67, 68]. One appealing hypothesis is that the reduction in sympathetic
outflow allows a lesser desensitization of peripheral
adrenergic receptors as well as a reduction in proinflammatory cytokine secretion. Direct vasoconstrictor
effects of α2 agonists should also be taken into account.
Selective β1 blockade

β1 Blockade seemingly restores vascular responsiveness
to vasopressors. In 2013, Morelli et al. [69] demonstrated that esmolol, a selective β1 blocker, administered
in hemodynamically stabilized septic shock patients, efficiently reduced heart rate without apparent side effects. Of
greater interest, the authors observed a decrease in the dose
of norepinephrine infused in the esmolol group compared
to the placebo group. There are two prevailing hypotheses
to explain this unexpected result on norepinephrine dose.
First, in 2016, Morelli et al. [70] found that, in septic shock
patients under esmolol, the decrease in heart rate was associated with improved arterial elastance, thus restoring ventricular–arterial coupling. Second, our team recently found
that in experimental septic shock, esmolol infusion in rats,
even at low doses that did not induce a reduction in heart
rate, was associated with a better ex vivo vasoreactivity
compared to non-treated animals. These beneficial effects
appear to be associated with a downregulation of inflammatory pathways in vessels such as NF-κB [71].
Perspectives in adrenergic modulation could include
both central reduction of sympathetic outflow by α2 agonists and peripheral downregulation of β1 adrenergic receptors by selective β1 blocker. Accordingly, Hernandez et
al. [72] recently published an experimental study in which
they compared the effects of dexmedetomidine and esmolol relative to lipopolysaccharide-control animals on exogenous lactate clearance in a sheep model of early
endotoxic shock. The authors found that these two molecules were hemodynamically well tolerated and were associated with better exogenous lactate clearance. Correct
dosages and hemodynamic tolerances of the combination
of these two molecules nonetheless remain to be explored.
Glucocorticoids

Many experimental studies have demonstrated that administration of glucocorticoids restores vascular responsiveness
to vasopressors, likely through a non-genomic inhibition of
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the arachidonic acid cascade and a genomic inhibition of
the nuclear translocation of the NF-κB transcription factor
[73]. Moreover, glucocorticoids also inhibit the synthesis of
iNOS and COX2 [74, 75]. Finally, low doses of glucocorticoids appear to restore vascular responsiveness to norepinephrine through an increase in α adrenergic receptor gene
expression [76]. A clinical trial demonstrated that administration of low doses of hydrocortisone in septic shock patients tended to normalize the vascular responsiveness to
phenylephrine [73]. However, results of a large clinical trial
assessing the efficiency of low doses of hydrocortisone on
mortality in septic shock patients yielded conflicting findings. Consequently, the SSC recommends against treating
septic shock with low intravenous doses of hydrocortisone if hemodynamic fluids and catecholamines are
able to restore stability. However, in the case of refractory septic shock, low doses of hydrocortisone
(200 mg per day) may be administered [20]. Preliminary results of the APROCCHSS study (NCT00625209;
involving hydrocortisone and fludrocortisone) revealed a
beneficial effect on 90-day mortality and shock reversal.
Vasopressor combinations

Depending on the efficacy/risk ratio, optimal vasopressor
therapy could thus consist of a combination of agents acting on different receptors while minimizing doses of each
agent and therefore possibly increasing overall safety. This
paradigm was indirectly tested in both the VAAST and
ATHOS-3 studies [34, 53], in which norepinephrine doses
were decreased when adding vasopressin or angiotensin
II. The combination allowed a decrease in total norepinephrine dose. Unfortunately, this decrease in dosage was
not associated with a decrease in adverse events.
Adrenomedullin blocking

Adrenomedullin is considered as a double-edge sword in
septic shock. On the one hand, adrenomedullin supplementation improves endothelial barrier function, attenuates systemic inflammation, and reverses hypodynamic
circulation and pulmonary hypertension in ovine endotoxemia. On the other hand, high levels of adrenomedullin are
associated with short-term mortality and vasopressor requirement in both septic and cardiogenic shock [77, 78].
Finally, adrenomedullin binding has been found to blunt
shock-related impairment in energy metabolism as well as
to reduce nitrosative stress and attenuate systemic inflammatory response, all of which were ultimately associated
with reduced kidney dysfunction and organ injury [79].
One ongoing study (NCT03085758) is currently comparing two doses of ADRECIZUMAB (a humanized murine
monoclonal IgG1 antibody specifically binding the Nterminal region of human adrenomedullin) in patients with
early septic shock and a high bio-adrenomedullin plasma
concentration.
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Pharmacogenomics could be applied to enhance efficacy
and safety of drugs used for sepsis and septic shock, including norepinephrine, epinephrine, vasopressin, and
corticosteroids, since known genomic variants intersect
with these drugs. For example, Nakada et al. [80] demonstrated that β2 adrenergic receptor gene polymorphism was associated with altered responses to adrenergic
agonists and mortality in septic shock. Nevertheless, the
variant was only present in 5 to 7 % of the population,
thereby rendering the elaboration of a specific test
hazardous and likely very expensive.
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Conclusions
Vasoplegia is a common feature of all advanced shock
states, with norepinephrine remaining the cornerstone
of vasoplegia-induced hypotension. However, given our
improved understanding of vasoplegia, management is
likely to evolve from a standardized therapy with norepinephrine alone to a multimodal strategy with two or
more vasopressors. Based on new pathophysiological
data, numerous potential drugs are currently being investigated. Nevertheless, these new potential treatments
or therapeutic strategies should be evaluated not only
for their ability to increase arterial pressure but also for
their capacity to improve survival or decrease major
morbidity as well as for their effectiveness/cost ratio.
Abbreviations
ACTH: Adrenocorticotropic hormone; AT1: Angiotensin type 1; AVP: Arginine
vasopressin; cGMP: Cyclic guanosine monophosphate; CIRCI: Critical illnessrelated corticosteroid insufficiency; COX2: Cyclooxygenase 2; GPCR: G
protein-coupled receptor; GRK: GPCR kinase; IL: Interleukin; iNOS: Inducible
nitric oxide synthase; MAP: Mean arterial blood pressure; MB: Methylene blue;
NO: Nitric oxide; SOFA: Sequential Organ Failure Assessment; SSC: Surviving
Sepsis Campaign; TNF: Tumor necrosis factor; V1: Vasopressin type 1;
VSMC: Vascular smooth muscle cell
Acknowledgements
We thank Pierre Pothier for editing the manuscript.
Funding
No funding.
Availability of data and materials
Not applicable.
Authors’ contributions
BL, CF, ET, AJ, TA, and AK participated in the writing of the manuscript. All
authors read and approved the final manuscript.
Author information
Not applicable.
Ethics approval and consent to participate
Not applicable.
Consent for publication
All authors read and approved the final manuscript.
Competing interests
The authors have disclosed that they do not have any potential conflicts of
interest related to this work.

Author details
1
CHRU Nancy, Service de Réanimation Médicale Brabois, Pôle
Cardiovasculaire et Réanimation Médicale, Hôpital Brabois, Vandoeuvre les
Nancy, France. 2INSERM U 1116, Groupe Choc, Equipe 2, Faculté de
Médecine, Vandoeuvre les Nancy, France. 3Université de Lorraine, Faculté de
Médecine, Nancy, France.
Received: 31 August 2017 Accepted: 26 January 2018

References
1. Kimmoun A, Ducrocq N, Levy B. Mechanisms of vascular
hyporesponsiveness in septic shock. Curr Vasc Pharmacol. 2013;11:139–49.
2. Lamia B, Chemla D, Richard C, Teboul JL. Clinical review: interpretation of
arterial pressure wave in shock states. Crit Care. 2005;9:601–6.
3. Kohsaka S, Menon V, Lowe AM, Lange M, Dzavik V, Sleeper LA, et al.
Systemic inflammatory response syndrome after acute myocardial infarction
complicated by cardiogenic shock. Arch Intern Med. 2005;165:1643–50.
4. Adrie C, Laurent I, Monchi M, Cariou A, Dhainaou JF, Spaulding C.
Postresuscitation disease after cardiac arrest: a sepsis-like syndrome? Curr
Opin Crit Care. 2004;10:208–12.
5. Baker TA, Romero J, Bach HH, Strom JA, Gamelli RL, Majetschak M. Systemic
release of cytokines and heat shock proteins in porcine models of
polytrauma and hemorrhage. Crit Care Med. 2012;40:876–85.
6. Elenkov IJ, Wilder RL, Chrousos GP, Vizi ES. The sympathetic nerve–an
integrative interface between two supersystems: the brain and the immune
system. Pharmacol Rev. 2000;52:595–638.
7. Barrett LK, Singer M, Clapp LH. Vasopressin: mechanisms of action on the
vasculature in health and in septic shock. Crit Care Med. 2007;35:33–40.
8. Caramelo C, Okada K, Tsai P, Linas SL, Schrier RW. Interaction of arginine
vasopressin and angiotensin II on Ca2+ in vascular smooth muscle cells.
Kidney Int. 1990;38:47–54.
9. Annane D, Trabold F, Sharshar T, Jarrin I, Blanc AS, Raphael JC, et al.
Inappropriate sympathetic activation at onset of septic shock: a spectral
analysis approach. Am J Respir Crit Care Med. 1999;160:458–65.
10. Ghosh S, Liu MS. Changes in alpha-adrenergic receptors in dog livers during
endotoxic shock. J Surg Res. 1983;34:239–45.
11. Schmidt C, Hocherl K, Kurt B, Moritz S, Kurtz A, Bucher M. Blockade of
multiple but not single cytokines abrogates downregulation of angiotensin
II type-I receptors and anticipates septic shock. Cytokine. 2010;49:30–8.
12. Mederle K, Schweda F, Kattler V, Doblinger E, Miyata K, Hocherl K, et al. The
angiotensin II AT1 receptor-associated protein Arap1 is involved in sepsisinduced hypotension. Crit Care. 2013;17:R130.
13. Morales D, Madigan J, Cullinane S, Chen J, Heath M, Oz M, et al. Reversal by
vasopressin of intractable hypotension in the late phase of hemorrhagic
shock. Circulation. 1999;100:226–9.
14. Spink J, Cohen J, Evans TJ. The cytokine responsive vascular smooth muscle
cell enhancer of inducible nitric oxide synthase. Activation by nuclear
factor-kappa B. J Biol Chem. 1995;270:29541–7.
15. Landry DW, Oliver JA. The pathogenesis of vasodilatory shock. N Engl J
Med. 2001;345:588–95.
16. Boillot A, Massol J, Maupoil V, Grelier R, Bernard B, Capellier G, et al.
Myocardial and vascular adrenergic alterations in a rat model of endotoxin
shock: reversal by an anti-tumor necrosis factor-alpha monoclonal antibody.
Crit Care Med. 1997;25:504–11.
17. Grunfeld JP, Eloy L. Glucocorticoids modulate vascular reactivity in the rat.
Hypertension. 1987;10:608–18.
18. Sharshar T, Annane D, de la Grandmaison GL, Brouland JP, Hopkinson
NS, Francoise G. The neuropathology of septic shock. Brain Pathol.
2004;14:21–33.
19. Varpula M, Tallgren M, Saukkonen K, Voipio-Pulkki LM, Pettila V.
Hemodynamic variables related to outcome in septic shock. Intensive Care
Med. 2005;31:1066–71.
20. Rhodes A, Evans LE, Alhazzani W, Levy MM, Antonelli M, Ferrer R, et al.
Surviving Sepsis Campaign: International guidelines for management of
sepsis and septic shock: 2016. Intensive Care Med. 2017;43:304–77.

Levy et al. Critical Care (2018) 22:52

21. Bangash MN, Kong ML, Pearse RM. Use of inotropes and vasopressor agents
in critically ill patients. Br J Pharmacol. 2012;165:2015–33.
22. Hartmann C, Radermacher P, Wepler M, Nubaum B. Non-hemodynamic
effects of catecholamines. Shock. 2017;48:390–400.
23. Gamper G, Havel C, Arrich J, Losert H, Pace NL, Mullner M, et al.
Vasopressors for hypotensive shock. Cochrane Database Syst Rev. 2016;2:
CD003709.
24. Beurton A, Ducrocq N, Auchet T, Joineau-Groubatch F, Falanga A, Kimmoun
A, et al. Beneficial effects of norepinephrine alone on cardiovascular
function and tissue oxygenation in a pig model of cardiogenic shock.
Shock. 2016;46:214–8.
25. Levy B, Bollaert PE, Charpentier C, Nace L, Audibert G, Bauer P, et al.
Comparison of norepinephrine and dobutamine to epinephrine for
hemodynamics, lactate metabolism, and gastric tonometric variables in septic
shock: a prospective, randomized study. Intensive Care Med. 1997;23:282–7.
26. Levy B, Gibot S, Franck P, Cravoisy A, Bollaert PE. Relation between muscle
Na+K+ ATPase activity and raised lactate concentrations in septic shock: a
prospective study. Lancet. 2005;365:871–5.
27. De Backer D, Biston P, Devriendt J, Madl C, Chochrad D, Aldecoa C, et al.
Comparison of dopamine and norepinephrine in the treatment of shock. N
Engl J Med. 2010;362:779–89.
28. How OJ, Rosner A, Kildal AB, Stenberg TA, Gjessing PF, Hermansen SE, et al.
Dobutamine-norepinephrine, but not vasopressin, restores the
ventriculoarterial matching in experimental cardiogenic shock. Transl Res.
2010;156:273–81.
29. Asfar P, Chawla L, Lerolle N, Radermacher P. Angiotensin-II: more than just
another vasoconstrictor to treat septic shock-induced hypotension? Crit
Care Med. 2014;42:1961–3.
30. Martin C, Medam S, Antonini F, Alingrin J, Haddam M, Hammad E, et al.
Norepinephrine: not too much, too long. Shock. 2015;44:305–9.
31. Leone M, Boyle WA. Decreased vasopressin responsiveness in vasodilatory
septic shock-like conditions. Crit Care Med. 2006;34:1126–30.
32. Russell JA, Fjell C, Hsu JL, Lee T, Boyd J, Thair S, et al. Vasopressin compared
with norepinephrine augments the decline of plasma cytokine levels in
septic shock. Am J Respir Crit Care Med. 2013;188:356–64.
33. Lauzier F, Levy B, Lamarre P, Lesur O. Vasopressin or norepinephrine in early
hyperdynamic septic shock: a randomized clinical trial. Intensive Care Med.
2006;32:1782–9.
34. Russell JA, Walley KR, Singer J, Gordon AC, Hebert PC, Cooper DJ, et al.
Vasopressin versus norepinephrine infusion in patients with septic shock. N
Engl J Med. 2008;358:877–87.
35. Asfar P, Bracht H, Radermacher P. Impact of vasopressin analogues on the gut
mucosal microcirculation. Best Pract Res Clin Anaesthesiol. 2008;22:351–8.
36. Hajjar LA, Vincent JL, Barbosa Gomes Galas FR, Rhodes A, Landoni G, Osawa
EA, et al. Vasopressin versus norepinephrine in patients with vasoplegic
shock after cardiac surgery: the VANCS randomized controlled trial.
Anesthesiology. 2017;126:85–93.
37. Gordon AC, Mason AJ, Thirunavukkarasu N, Perkins GD, Cecconi M, Cepkova
M, et al. Effect of early vasopressin vs norepinephrine on kidney failure in
patients with septic shock: the VANISH randomized clinical trial. JAMA. 2016;
316:509–18.
38. Morelli A, Ertmer C, Rehberg S, Lange M, Orecchioni A, Cecchini V, et al.
Continuous terlipressin versus vasopressin infusion in septic shock
(TERLIVAP): a randomized, controlled pilot study. Crit Care. 2009;13:R130.
39. Ducrocq N, Kimmoun A, Furmaniuk A, Hekalo Z, Maskali F, Poussier S, et al.
Comparison of equipressor doses of norepinephrine, epinephrine, and
phenylephrine on septic myocardial dysfunction. Anesthesiology. 2012;116:
1083–91.
40. Vail E, Gershengorn HB, Hua M, Walkey AJ, Rubenfeld G, Wunsch H.
Association between US norepinephrine shortage and mortality among
patients with septic shock. JAMA. 2017;317:1433–42.
41. Annane D, Vignon P, Renault A, Bollaert PE, Charpentier C, Martin C, et al.
Norepinephrine plus dobutamine versus epinephrine alone for
management of septic shock: a randomised trial. Lancet. 2007;370:676–84.
42. Levy B, Dusang B, Annane D, Gibot S, Bollaert PE. College Interregional des
Reanimateurs du N-E. Cardiovascular response to dopamine and early
prediction of outcome in septic shock: a prospective multiple-center study.
Crit Care Med. 2005;33:2172–7.
43. Cardenas-Garcia J, Schaub KF, Belchikov YG, Narasimhan M, Koenig SJ, Mayo
PH. Safety of peripheral intravenous administration of vasoactive
medication. J Hosp Med. 2015;10:581–5.

Page 10 of 11

44. Marks JA, Pascual JL. Selepressin in septic shock: sharpening the VASST
effects of vasopressin? Crit Care Med. 2014;42:1747–8.
45. O'Callaghan DJ, Gordon AC. What's new in vasopressin? Intensive Care Med.
2015;41:2177–9.
46. Rehberg S, Enkhbaatar P, Rehberg J, La E, Ferdyan N, Qi S, et al. Unlike
arginine vasopressin, the selective V1a receptor agonist FE 202158 does not
cause procoagulant effects by releasing von Willebrand factor. Crit Care
Med. 2012;40:1957–60.
47. Maybauer MO, Maybauer DM, Enkhbaatar P, Laporte R, Wisniewska H, Traber LD,
et al. The selective vasopressin type 1a receptor agonist selepressin (FE 202158)
blocks vascular leak in ovine severe sepsis. Crit Care Med. 2014;42:e525–33.
48. He X, Su F, Taccone FS, Laporte R, Kjolbye AL, Zhang J, et al. A selective
V(1A) receptor agonist, selepressin, is superior to arginine vasopressin and
to norepinephrine in ovine septic shock. Crit Care Med. 2016;44:23–31.
49. Abstracts of the 42nd Critical Care Congress. January 19-23, 2013. San Juan,
Puerto Rico. Crit Care Med. 2012(40):1–328.
50. Persson PB. Renin: origin, secretion and synthesis. J Physiol. 2003;552:667–71.
51. Zhuo JL, Li XC. New insights and perspectives on intrarenal reninangiotensin system: focus on intracrine/intracellular angiotensin II. Peptides.
2011;32:1551–65.
52. Antonucci E, Gleeson PJ, Annoni F, Agosta S, Orlando S, Taccone FS, et al.
Angiotensin II in refractory septic shock. Shock. 2017;47:560–6.
53. Khanna A, English SW, Wang XS, Ham K, Tumlin J, Szerlip H, et al.
Angiotensin II for the treatment of vasodilatory shock. N Engl J Med. 2017;
377:419430.
54. Hosseinian L, Weiner M, Levin MA, Fischer GW. Methylene blue: magic
bullet for vasoplegia? Anesth Analg. 2016;122:194–201.
55. Bardakci H, Kaplan S, Karadeniz U, Ozer C, Bardakci Y, Ozogul C, et al.
Methylene blue decreases ischemia-reperfusion (I/R)-induced spinal cord
injury: an in vivo study in an I/R rabbit model. Eur Surg Res. 2006;38:482–8.
56. Daemen-Gubbels CR, Groeneveld PH, Groeneveld AB, van Kamp GJ,
Bronsveld W, Thijs LG. Methylene blue increases myocardial function in
septic shock. Crit Care Med. 1995;23:1363–70.
57. Kwok ES, Howes D. Use of methylene blue in sepsis: a systematic review. J
Intensive Care Med. 2006;21:359–63.
58. Paciullo CA, McMahon Horner D, Hatton KW, Flynn JD. Methylene blue for
the treatment of septic shock. Pharmacotherapy. 2010;30:702–15.
59. Lopez A, Lorente JA, Steingrub J, Bakker J, McLuckie A, Willatts S, et al.
Multiple-center, randomized, placebo-controlled, double-blind study of the
nitric oxide synthase inhibitor 546C88: effect on survival in patients with
septic shock. Crit Care Med. 2004;32:21–30.
60. Alexander JH, Reynolds HR, Stebbins AL, Dzavik V, Harrington RA, Van de
Werf F, et al. Effect of tilarginine acetate in patients with acute myocardial
infarction and cardiogenic shock: the TRIUMPH randomized controlled trial.
JAMA. 2007;297:1657–66.
61. Bailey A, Pope TW, Moore SA, Campbell CL. The tragedy of TRIUMPH for
nitric oxide synthesis inhibition in cardiogenic shock: where do we go from
here? Am J Cardiovasc Drugs. 2007;7:337–45.
62. Auchet T, Regnier MA, Girerd N, Levy B. Outcome of patients with septic
shock and high-dose vasopressor therapy. Ann Intensive Care. 2017;7:43.
63. Levy B, Collin S, Sennoun N, Ducrocq N, Kimmoun A, Asfar P, et al. Vascular
hyporesponsiveness to vasopressors in septic shock: from bench to bedside.
Intensive Care Med. 2010;36:2019–29.
64. Anantasit N, Boyd JH, Walley KR, Russell JA. Serious adverse events
associated with vasopressin and norepinephrine infusion in septic shock.
Crit Care Med. 2014;42:1812–20.
65. Garcia-Sainz JA, Vazquez-Prado J, del Carmen Medina L. Alpha 1adrenoceptors: function and phosphorylation. Eur J Pharmacol. 2000;389:1–12.
66. Gertler R, Brown HC, Mitchell DH, Silvius EN. Dexmedetomidine: a novel
sedative-analgesic agent. Proc (Bayl Univ Med Cent). 2001;14:13–21.
67. Geloen A, Chapelier K, Cividjian A, Dantony E, Rabilloud M, May CN,
et al. Clonidine and dexmedetomidine increase the pressor response to
norepinephrine in experimental sepsis: a pilot study. Crit Care Med.
2013;41:e431–8.
68. Lankadeva YR, Booth LC, Kosaka J, Evans RG, Quintin L, Bellomo R, et al.
Clonidine restores pressor responsiveness to phenylephrine and angiotensin
II in ovine sepsis. Crit Care Med. 2015;43:e221–9.
69. Morelli A, Ertmer C, Westphal M, Rehberg S, Kampmeier T, Ligges S, et al.
Effect of heart rate control with esmolol on hemodynamic and clinical
outcomes in patients with septic shock: a randomized clinical trial. JAMA.
2013;310:1683–91.

Levy et al. Critical Care (2018) 22:52

70. Morelli A, Singer M, Ranieri VM, D'Egidio A, Mascia L, Orecchioni A, et al.
Heart rate reduction with esmolol is associated with improved arterial
elastance in patients with septic shock: a prospective observational study.
Intensive Care Med. 2016;42:1528–34.
71. Wei C, Louis H, Schmitt M, Albuisson E, Orlowski S, Levy B, et al. Effects of
low doses of esmolol on cardiac and vascular function in experimental
septic shock. Crit Care. 2016;20:407.
72. Hernandez G, Tapia P, Alegria L, Soto D, Luengo C, Gomez J, et al. Effects of
dexmedetomidine and esmolol on systemic hemodynamics and exogenous
lactate clearance in early experimental septic shock. Crit Care. 2016;20:234.
73. Bellissant E, Annane D. Effect of hydrocortisone on phenylephrine–mean
arterial pressure dose-response relationship in septic shock. Clin Pharmacol
Ther. 2000;68:293–303.
74. Bailey JM, Makheja AN, Pash J, Verma M. Corticosteroids suppress
cyclooxygenase messenger RNA levels and prostanoid synthesis in cultured
vascular cells. Biochem Biophys Res Commun. 1988;157:1159–63.
75. Radomski MW, Palmer RM, Moncada S. Glucocorticoids inhibit the
expression of an inducible, but not the constitutive, nitric oxide synthase in
vascular endothelial cells. Proc Natl Acad Sci U S A. 1990;87:10043–7.
76. Sakaue M, Hoffman BB. Glucocorticoids induce transcription and expression
of the alpha 1B adrenergic receptor gene in DTT1 MF-2 smooth muscle
cells. J Clin Invest. 1991;88:385–9.
77. Marino R, Struck J, Maisel AS, Magrini L, Bergmann A, Di Somma S. Plasma
adrenomedullin is associated with short-term mortality and vasopressor
requirement in patients admitted with sepsis. Crit Care. 2014;18:R34.
78. Tolppanen H, Rivas-Lasarte M, Lassus J, Sans-Rosello J, Hartmann O,
Lindholm M, et al. Adrenomedullin: a marker of impaired hemodynamics,
organ dysfunction, and poor prognosis in cardiogenic shock. Ann Intensive
Care. 2017;7:6.
79. Wagner K, Wachter U, Vogt JA, Scheuerle A, McCook O, Weber S, et al.
Adrenomedullin binding improves catecholamine responsiveness and
kidney function in resuscitated murine septic shock. Intensive Care Med
Exp. 2013;1:21.
80. Nakada TA, Russell JA, Boyd JH, Aguirre-Hernandez R, Thain KR, Thair SA,
et al. beta2-Adrenergic receptor gene polymorphism is associated with
mortality in septic shock. Am J Respir Crit Care Med. 2010;181:143–9.

Page 11 of 11

