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Abstract

Dysregulation of the renin—angiotensin—-aldosterone-system (RAAS) in sepsis is a complex and early phenomenon
with a likely significant contribution to organ failure and patient outcomes. A better understanding of the pathophysi-
ology and intricacies of the RAAS in septic shock has led to the use of exogenous angiotensin Il as a new therapeutic
agent. In this review, we report a multinational and multi-disciplinary expert panel discussion on the role and implica-
tions of RAAS modulation in sepsis and the use of exogenous angiotensin Il. The panel proposed guidance regard-
ing patient selection and treatment options with exogenous angiotensin Il which should trigger further research.
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Introduction

The renin—angiotensin—aldosterone-system (RAAS) is,
together with the sympathetic nervous system and vas-
opressinergic system, one of the three dominant blood
pressure-regulating mechanisms in the human body [1].
The RAAS has been a therapeutic target in the treatment
of hypertension for decades and has been extensively
investigated in such settings to find strategies blocking its
effect on blood pressure. In contrast, its blood pressure
maintaining role in vasoplegic states in general and in
septic vasodilatory shock in particular has only recently
regained attention. While targeting mean arterial blood
pressure above 65 mmHg has not led to improved out-
comes in septic shock [2, 3], vasopressors remain a key
component of the treatment of septic shock, and there is
no doubt that profound hypotension should not be left
untreated.

The regulatory approval of angiotensin II as a vasopres-
sor agent for treating vasodilatory shock offers a thera-
peutic option to modulate the RAAS in septic shock.
For most clinicians familiar with the inhibition of RAAS,
augmenting its effect by administering intravenous angi-
otensin II might appear counterintuitive. This requires
appropriate explanation and education.

Moreover, since the ATHOS-3 trial [4], there has been
a marked increase in the understanding of the pathophys-
iology and intricacies of the RAAS in septic vasodilatory
shock and its response to therapy, the role of renin, the
selection of target populations and early identification of
likely responders. Accordingly, we provide the summary
of a multi-disciplinary expert panel report with a state-
of-the-art update for clinicians regarding the RAAS in
septic shock. We discuss the potential use of exogenous
angiotensin II as a vasopressor and provide guidance
regarding patient selection and treatment modalities.
Finally, we provide an insight into preliminary new data
with alterations in conventional and alternative pathways
in the enzyme-peptide cascade that may allow for future
areas of research and intervention.

The pathophysiology of the RAAS in septic shock
The RAAS has an important role among the physiological
systems affected by distributive shock. The dysregulation
of the RAAS in sepsis is a complex and early phenome-
non with a likely significant contribution to organ failure
and patient outcomes (Figs. 1, 2) [1].

Deficit of angiotensin Il type 1 receptors (AT1R) in sepsis

Experimental animal studies utilizing various sepsis
models have provided further insight into the pathophys-
iology of sepsis-related acute kidney injury (AKI) and
the role of the RAAS. In a hyperdynamic sepsis model in
ewes induced by the intravenous administration of live E.

Page 2 of 10

coli, hyperdynamic sepsis was associated with increased
renal blood flow (RBF) and a fall in glomerular filtration
rate (GFR). In this model, Angiotensin II (Ang II) infu-
sion restored systemic arterial pressure and reduced
RBF back to baseline, suggesting that the remaining
AT1R were not saturated at baseline—likely due to the
decreased expression of Angiotensin II (i.e. relative defi-
ciency). Vasodilation appears to be partially driven by a
relative deficit of angiotensin type 1 receptors (AT1Rs) in
renal tissue in sepsis. This finding was also observed in
post-mortem kidneys from patients who died from septic
shock [5].

Effects of AT1R activation on inflammation and immune
function

Activation of ATIR also modulates inflammation and
innate immune function in sepsis and septic shock. Acti-
vation of myeloid lineage cells via AT1R leads to the pro-
duction of reactive oxygen species, activation of NF-«kB,
and the production of pro-inflammatory cytokines and
interferon (IFN). Following lipopolysaccharide (LPS)
stimulation, the production of tumor necrosis factor
(TNF) and macrophage inhibitor protein (MIP) is aug-
mented at 24 h, while at 48 h, the productions of TNF,
interleukin (IL)-6, IL-1, IL-10, and MIP are down-regu-
lated, suggesting a dynamic role for the AT1R in modu-
lating the immune response during sepsis [6]. While
some animal models suggested that blocking the AT1R
using angiotensin receptor blockers (ARBs) could reduce
inflammation and improve survival [7, 8], it appears
unlikely that short-term RAAS activation in humans
leads to organ damage and that RASS inhibition during
critical illness improves outcomes. Of note, a randomized
trial showed more harm associated with ARBs in patients
with COVID compared to placebo [9]. In non-inflamma-
tory conditions, studies indicate that AT1R activation by
Ang II facilitates the release of norepinephrine, while the
decrease in AT1R expression is accompanied by reduced
vasopressin production [10, 11].

Dysregulation of the RAAS in acute kidney injury

Multiple studies have shown that critically ill patients
with increased plasma renin concentration are more
likely to develop organ failure, including acute kid-
ney injury (AKI) or the composite outcome of major
adverse kidney events (MAKE), and are more likely to
die. In addition, a baseline renin circulating level and
its change is more predictive of poor outcomes com-
pared with lactate [12]. These associations are par-
ticularly notable in patients experiencing distributive
or septic shock, both in adult [13-16] and pediatric
populations [17, 18]. Also, low plasma aldosterone con-
centration and below normal aldosterone to plasma
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Fig. 1 An evidence-based explanatory diagram illustrates our current understanding of RAAS in sepsis. ACE, Angiotensin-converting enzyme;
AT1-R, Angiotensin receptor-1; AT2-R, Angiotensin receptor-2; DPP3, Dipeptidyl peptidase 3; ADH, Antidiuretic hormone. DPP3 contributes
to regulation of the RAAS by degrading circulating angiotensin peptides (e.g. angiotensin Il and angiotensin 1-7)

renin activity ratio have been associated with a higher
incidence of AKI, need for renal replacement therapy
(RRT), and prolonged length of stay in the intensive
care unit (ICU) [19]. In distributive shock, an elevation
in Angiotensin I (Ang I) levels and an increased Ang I/
II ratio (implying a deficit in the conversion of Ang I to
Ang II) compared to healthy volunteers have also been
reported [20]. High Ang I/II ratios have been associ-
ated with higher vasopressor requirements, increased
incidence of development of AKI, worse oxygenation,
and increased mortality in distributive shock settings
[14, 20, 21]. Together with preclinical data [22-25],
this suggests that RAAS dysregulation is a key patho-
physiologic component of vasodilatory shock, which
is associated with organ failure and impaired out-
comes in sepsis. Post-hoc analyses of the ATHOS-3
data have demonstrated that high renin concentrations
are expected in non-cardiogenic, non-hypovolemic,
vasodilatory shock (i.e., patients with cardiac index of
greater than 2.3 L/min/m? or as central venous oxygen
saturation >70% coupled with central venous pressure
of more than 8 mm Hg) [14, 20]. This is probably par-
tially secondary to decreased Ang II feedback inhibition

in this setting since exogenous Ang II infusion has been
seen to decrease renin levels [14]. While angiotensin II
is the critical peptide involved in glomerular hemody-
namics and filtration regulation, there are no head-to-
head studies with vasopressin investigating the impact
on renal function.

RAAS dysregulation in acute lung injury and acute
respiratory distress syndrome (ARDS)

The role of RAAS in acute lung injury and the develop-
ment of ARDS is controversial. Evidence shows that angi-
otensin-converting enzyme (ACE) activity is altered in
pneumonia and ARDS. Experimental inflammatory lung
injury causes pulmonary endothelial ACE-1 shedding
[26, 27], and pulmonary ATIR signaling may promote
ventilator-induced acute lung injury [28-30].

Previous studies have explored the vasoactive effects of
catecholamines and Ang II on the lung vasculature [31,
32]. Ang II acts as a selective pulmonary artery vasocon-
strictor. Under normoxic conditions, the lung circulation
appears more sensitive to the vasoconstrictive effect of
Ang II than the systemic circulation [33, 34].
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Fig. 2 Summary of effects of angiotensin Il on organ systems in septic shock

Interactions of the conventional and the alternative RAAS
system

Septic shock states are associated with dysfunction in
the conventional RAAS pathways. Hypotension, hypop-
erfusion, and lack of endogenous Ang II are the usual
stimuli for renin production from the juxtaglomerular
apparatus of the kidney. A counterregulatory system,
termed the alternative RAAS, includes angiotensin-con-
verting enzyme 2 (ACE2) and angiotensin-(1-7) [Ang-
(1-7)], or peptidases and contributes to modulating the
RAAS [35] (Fig. 1). Patients with septic shock typically
have a combination of increased renin and decreased
ACE, along with a reduced conversion of Ang I to Ang
11, thereby setting up a state of relative Ang II deficit [13,
26, 36]. Recent data has also highlighted the role of the
alternative or counterregulatory RAAS in critical ill-
ness and provides essential insights and opportunities
for potential therapeutic interventions [35]. Upregula-
tion of tissue ACE2 expression and Mas receptor (MasR)
was reported in response to LPS-induced AKI [37, 38].

Similarly, altered expression of urine ACE2 was reported
in patients with AKI compared to those without AKI [39,
40]. In acute respiratory failure related to coronavirus
disease (COVID-19), upregulation of ACE2 in the lungs
was reported, accompanied by increased concentrations
of Ang-(1-7), a key player of the alternative RAAS with
immunomodulation properties [41, 42]. Notably, a recent
post-hoc analysis of a sepsis and septic shock population
reported increased ACE2 activity, along with decreased
ACE and Ang-1I, however did not show an association of
Ang-(1-7), ACE2 activity, Ang-II, and ACE with mortal-
ity [43]. In an experimental model of sepsis, the admin-
istration of Ang-(1-7) attenuated kidney injury [44].
The presence of an endogenous ACE inhibitor in septic
shock has also been suggested, with no detectable ACE
activity despite an increase in the circulating levels of the
ACE protein in a critically ill pediatric population [17].
Finally, elevated concentrations of circulating dipepti-
dyl peptidase 3 (DPP3), a cytosolic metalloprotease that
is released into the bloodstream following cell death, are
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involved in the regulation of the alternative and clas-
sical RAAS and associated with mortality and MAKE
following sepsis or burn injury [45]. DPP3 is primarily
responsible for the hydrolysis of Ang-(1-7) into Ang-
(3-7) and a rapid conversion to Ang-(5-7). In addition,
this metalloprotease also acts on Ang II to cleave it into
Ang IV (Ang-(3-8)), and then Ang-(5-8). Ang IV is also
vasodilatory in action and has other cardioprotective and
natriuretic effects via the angiotensin II Type IV receptor
(AT4R) [46]. Modulating the alternative RAAS may have
a potential role in the future. Appropriately controlled
studies with precise sampling techniques are needed that
target these mechanisms.

Angiotensin Il and its role in clinical modulation

of different phenotypes of septic shock

In the ATHOS 3 trial, 344 patients with vasodilatory
shock (the vast majority being septic in etiology) were
randomized to Ang II or placebo with continuation
of background vasopressors. There was a significant
increase in blood pressure. In about 70% of patients ran-
domized to receive Ang II, the mean arterial pressure
(MAP) rose to 75 mmHg or 10 mmHg above baseline,
compared to only 23% in the placebo arm. In addition,
background catecholamine usage was significantly
decreased in patients receiving Ang II [4]. Beyond the
initial phase of treatment initiation, the MAP was not dif-
ferent between groups. However, the group treated with
angiotensin II had lower requirements for other back-
ground vasopressors (especially norepinephrine) com-
pared to the placebo group.

Septic shock and AKI, with and without renal replacement
therapy (RRT)

Post-hoc data analysis from the ATHOS 3 trial suggests
that patients with vasodilatory shock receiving RRT at
the time of randomization had improved survival and a
shorter duration of RRT when treated with Ang II, com-
pared to norepinephrine alone [47]. The small number of
patients and the confounder should, however, make this
observation exploratory.

Septic shock and ARDS

Angiotensin II administration was associated with
improved oxygenation versus placebo among patients
with ARDS and vasodilatory shock, possibly by improv-
ing ventilation-perfusion (V/Q) matching [21, 48]. The
potential underlying mechanisms include catecholamine-
sparing effects and improved V/Q matching. These find-
ings confirm previous observations of a positive impact
of Ang II on blood pressure and gas exchanges in criti-
cally ill patients with COVID-19 [49, 50]. A retrospec-
tive multicenter study of patients requiring mechanical
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circulatory support for cardiac failure also showed that
Ang II appeared to increase mean arterial pressure
(MAP) and decrease other vasopressor requirements
without negatively impacting cardiac function or pulmo-
nary pressures [51]. Of note, we recommend that clini-
cians remain cautious with the use of Angiotensin II in
patients with low cardiac output or signs of inappropri-
ate oxygen delivery (i.e., low central venous oxygen satu-
ration). In line with the inclusion criteria of ATHOS-3,
patients with a low cardiac output despite fluid resusci-
tation are likely to benefit from inotropic agents before
starting angiotensin-IL

Septic shock in patients treated with ACEi/ARB/RAAS
modulating drugs

A post-hoc sub-group analysis of the ATHOS 3 trial
showed that chronic ACE inhibitors and angiotensin
receptor blockers (ARBs) differentially alter the response
to Ang II treatment in vasodilatory shock [52]. Prior ACE
inhibitor exposure, leading to ACE dysfunction and less
Ang II production, was associated with increased Ang
II responsiveness. In contrast, ARB exposure, leading to
Ang II receptor blockade, was associated with decreased
responsiveness. Among patients receiving Ang II, the
ARAMIS 1 study showed that recent RAAS inhibitor
exposure was associated with higher baseline renin lev-
els [53]. Such higher renin levels were further associated
with decreased Ang II responsiveness if ARBs were used.
Higher renin levels at 24 h despite Ang II infusion in
these patients on ARBs were associated with fewer days
alive and RRT-free days.

Septic shock and liver dysfunction

Patients with liver failure with a Model for End-Stage
Liver Disease (MELD) score of >30 were excluded from
the ATHOS 3 trial. Still, there was no difference in liver-
related adverse events between the Ang II and placebo
groups [4]. Given its pharmacokinetic (PK) and phar-
macodynamic (PD) characteristics, liver dysfunction is
unlikely relevant to the safety and efficacy of Ang II. The
safety and effectiveness of Ang II treatment in liver trans-
plant patients are being investigated [54].

Post-cardiac surgery vasoplegia

A systematic review of 15 studies comprising 195
patients with shock, of whom 90% had post-cardiac sur-
gery vasoplegia and some had septic shock, showed that
156 patients (80%) had received treatment with Ang II
[55]. Ang II administration was associated with a higher
MADP, decreased vasopressor requirements, and minimal
reported adverse events.



Legrand et al. Critical Care (2024) 28:389

Septic shock in patients with previous thromboembolic
events

In the ATHOS 3 study [4], 3/163 patients in the Ang II
arm versus 0/158 patients in the placebo group were
diagnosed with deep vein thrombosis (DVT). Pulmonary
embolism (PE) was not reported as an adverse event.
Thrombocytopenia occurred in 16/163 Ang II-treated
and 11/158 placebo-treated patients. Ischemic stroke
was reported in 1/163 Ang Il-treated versus 0/158 pla-
cebo-treated patients, acute myocardial infarction in 2
(Ang II) vs. 3 (placebo) patients, and intestinal ischemia
was observed in 1 (Ang II) vs. 3 (placebo) patients. Thus,
these numbers are too small to come to meaningful con-
clusions. Given the three vs. 0 patients with a DVT, the
use of Ang II in patients with a previous thromboem-
bolic event might theoretically induce an additional risk.
In these patients, the risks of hemodynamic instability
and high norepinephrine infusion rates must be weighed
against the potential risk of a thromboembolic event.
Patients with a recent thromboembolic event are likely to
receive (more intensive) thromboprophylaxis treatment.
The risk of a thromboembolic event during Ang II treat-
ment under these conditions is unknown.

Proposed guidance for the use of Angiotensin Il

The expert panel agrees that recently published data sug-
gests early initiation of secondary and tertiary vasopres-
sors is beneficial. Based on the ATHOS 3 trial, we suggest
considering initiation of Ang II in patients receiving
vasopressors at a norepinephrine equivalent dose (NED)
of >0.2 mcg/kg/min and without reduced cardiac output,
for at least 6 h [56]. Initiation at a lower dose of back-
ground NED for a shorter duration may be considered
in shock with rapidly escalating doses of norepinephrine,
vasopressin, and other vasoactive agents. We suggest
following the ATHOS 3 titration protocol for specific
initiation (first 3 h) and titration) (Fig. 3) with a simplifi-
cation that the usual starting dose of Ang II be 20 ng/kg/
min with small titrations of 5 ng/kg/min every 5 min to
keep MAP at 65 mmHg or greater. In general, we suggest
that background NED response be used to guide therapy.
If NED can be lowered considerably, we suggest staying
at Ang II of 20 ng/kg/min but increasing by 10 ng/kg/
min (the current package insert suggests a maximum of
80 ng/kg/min for a maximum of 3 h and a maximum of
40 ng/kg/min after that) if NED requirement is increas-
ing. It is important to note that in ATHOS 3, the maxi-
mum rate of administration was equivalent to a dose of
200 ng/kg/min during the first 3 h and 40 ng/kg/min dur-
ing the following hours. However, our dosing suggestions
are based on the Food and Drug Administration (FDA)
drug package insert for the agent in the United States.
If blood pressure remains low despite a maximum dose
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of Angiotensin II, we recommend ruling out and cor-
recting newly developed cardiac dysfunction or hypo-
volemia and increasing other background vasopressors
in case of persistent hypotension due to vasoplegia. An
“angiotensin II” challenge test will rapidly differentiate
responders from non-responders. Of note, while non-
responders are more likely to have a worse outcome than
non-responders, Angiotensin II has not been found to
worsen outcomes compared to placebo, including in
non-responders. Of note, adverse events were numeri-
cally less in the angiotensin II group compared to the
placebo group in the ATHOS-3 trial (87.1% vs. 91.5%).
Moreover, adverse events leading to study drug discon-
tinuation also occurred less frequently in the angioten-
sin II group (14.1% vs. 21.5%). Regarding risks, adverse
events, and serious adverse events, specifically, the risk
of thromboembolism with angiotensin II has been a topic
that has been extensively debated. A recent systematic
review that has examined observational and randomized
trial data for angiotensin II after ATHOS-3 has not been
able to link or refute a risk of thromboembolism with this
agent [57].

Bedside assessment with capillary refill time, skin
perfusion, lactate, urinary output, hemodynamics, car-
diac output, and other markers as clinically indicated
should be considered for tailored hemodynamic manage-
ment. Ang II is likely to be best used according to clini-
cal need; however, the total duration of infusion should
not exceed 7 days and is expected to be around 48 h for
most patients. No clinical data informs a specific taper-
ing schedule, which vasopressor to decrease first, and
how this relates to a clinical benefit. Nevertheless, clini-
cal guidance is needed as this is relevant for every patient
treated with Ang II. For example, the expert panel sug-
gests that in patients on norepinephrine and Ang II who
are hemodynamically improving, norepinephrine should
be decreased first to an infusion rate considered safe or
acceptable (such as 0.1 mcg/kg/min). Subsequently, the
Ang II infusion rate should be reduced in steps of 5 ng/
kg/min as long as the norepinephrine infusion rate stays
the same safe or acceptable rate. If, at any stage, the nor-
epinephrine infusion rate needs to go up again (e.g.,>0.1
mcg/kg/min), Ang II should not be lowered further, or
the previous (higher) infusion rate should be restarted.

Future directions

Currently, responsiveness to Ang II may be best judged
clinically by a blood pressure increase. However, future
guidance of Ang II therapy in individual patients may
necessitate accurate and point-of-care biomarker assays
to enrich populations likely to benefit and discern those
who may not get any therapeutic benefit or may be
harmed. A comprehensive and serial assessment of the
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doses of NE and or vasopressin

Initiation phase:

Ang-ll Titration
Interval
Min

Current MAP
mmHg

Initial Ang-ll Dose
ng/kg/min

Titration phase:

Ang-ll Titration
Interval
Min

Current MAP
ng/kg/min

mmHg

** Based on published protocols

Proposed treatment protocol*

Indication: vasodilatory shock on NED >0.2mcg/kg/min** for >6 hours or <6 hours with NED > 0.1mcg/kg/min and rapidly increases

** NED consider local NE formulations dispensed as base or salt where 1mg of NE base = 2mg of NE tartrate

Ang-Ill Titration
ng/kg/min

Increase to 80* then
by increments of 20

Ang-Il Titration

<59 5 Increase to 40
60-64 15 Increase by 10
65-70 15 Maintain dose’
270 15 Decrease by 10°

Ang-1l Maximal
Dose

ng/kg/min

Ang-1l Minimal
Dose
ng/kg/min
200 2.5

Ang-1l Maximal Dose Ang-1l Minimal Dose

ng/kg/min ng/kg/min
40 2.5
40 2.5
40 2.5
40 2.5°

Fig. 3 Proposed treatment protocol, *norepinephrine dose is expressed in norepinephrine base

RAAS cascade could include the alternative or non-
traditional ACE2, DPP3 pathway and the ratios of these
changes to understand the most sensitive and specific
marker of RAAS dysfunction to best guide treatment.
Potential biomarkers include active renin, ACE, ACE-2,
DPP3, Ang-(1-7), Ang II concentration, and the Ang-
(1-7)/ Ang II ratio. As previously discussed, a post-hoc
analysis of the Vitamin C, Thiamine, and Steroids in
Sepsis (VICTAS) trial showed that patients with high
baseline (compared to population median) or increas-
ing renin levels had a worse overall survival probability
compared to those with low baseline or decreasing renin
levels (i.e., prognostic enrichment) [43]. RAAS meas-
ures and changes in RAAS components following ini-
tiation of Ang II treatment may also predict therapeutic
efficacy on clinical endpoints [20]. Serum renin concen-
tration is markedly elevated in catecholamine-resistant

vasodilatory shock. It may identify patients for whom
treatment with Ang II benefits clinical outcomes (i.e.,
predictive enrichment) [14]. Additionally, several clinical
studies have shown that Ang II-dependent hyperactiva-
tion of the RAAS axis represents a significant contributor
to endothelial dysfunction and organ damage in chronic
cardiovascular conditions [58]. In septic shock, different
phenotypes have been identified using latent class analy-
sis, with a hyperinflammatory phenotype characterized
by higher levels of proinflammatory cytokines, markers
of organ dysfunction, and endothelial injury [59]. Future
studies should investigate the impact of Ang II infusion
on the hyperactivated inflammatory cascade, possibly
addressing heterogeneity of treatment effect across dif-
ferent septic phenotypes. The impact of Ang II on fluid
resuscitation, organ perfusion and the microcirculation
should be explored in patients [60]. Finally, future studies
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should investigate the impact of Ang II on patient-cen-
tered outcomes.

An obvious next step would be a trial with a high renin
septic shock population (predictive enrichment) where
the effect of Ang II will be compared with standard-of-
care vasopressors and followed with timed biomarker
levels. Exploring the impact of the use of Ang II at lower
doses of first-line vasopressors and the timing of initia-
tion is also warranted. A prespecified post-hoc analysis
of the ATHOS 3 trial showed some patients are exqui-
sitely responsive to very low doses of Ang II, and that
down-titration to<5 ng/kg/min Ang II at 30 min is an
early predictor of survival benefit [61]. Another analysis
reported that a high Ang I/II ratio was associated with
more significant norepinephrine requirements and was
an independent predictor of mortality [20]. Components
of the alternative RAAS have also been associated with
outcomes and may serve as biomarkers to inform man-
agement. Furthermore, modulation of the alternative
RAAS should be investigated to confirm the potential
benefit observed in preclinical studies [44].

Conclusions

The dysregulation of the RAAS in sepsis is a complex
and early phenomenon with a likely significant contri-
bution to organ failure and patient outcomes. A better
understanding of the pathophysiology and intricacies of
the RAAS in septic vasodilatory shock has led to using
exogenous angiotensin II as a new drug to treat sepsis.
The use of angiotensin II may improve outcomes and
organ failure in patients with vasodilatory shock and sep-
sis. Future research should refine our understanding of
the best target population and confirm promising results
from initial studies.
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