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Abstract

that may benefit most from its use.

Patients with septic shock who experience refractory hypotension despite adequate fluid resuscitation and high-
dose noradrenaline have high mortality rates. To improve outcomes, evidence-based guidelines recommend starting
a second vasopressor, such as vasopressin, if noradrenaline doses exceed 0.5 ug/kg/min. Recently, promising results
have been observed in treating refractory hypotension with angiotensin Il, which has been shown to increase mean
arterial pressure and has been associated with improved outcomes. This narrative review aims to provide an overview
of the pathophysiology of the renin-angiotensin system and the role of endogenous angiotensin Il in vasodilatory
shock with a focus on how angiotensin Il treatment impacts clinical outcomes and on identifying the population
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Background

Septic shock is characterized by hypotension requiring
vasopressors to maintain a mean arterial pressure (MAP)
of 66mmHg along with elevated serum lactate levels
(greater than 2 mmol/L or 18 mg/dL) in the absence of
hypovolemia and is associated with profound circu-
latory, cellular, and metabolic abnormalities [1]. The
definition of "refractory septic shock" continues to be a
subject of debate. While it has been generally described
as "a clinical condition characterized by persistent hyper-
dynamic shock despite sufficient fluid resuscitation and
high doses of noradrenaline (norepinephrine) (at least
1 pg/kg/min)," the exact threshold for vasopressor dos-
age remains unclear, ranging from 0.2 to 4.0 pg/kg/min
[2]. Likewise, the physiological mechanisms underlying
refractory septic shock are poorly defined.

Retrospective studies have shown that hypotension
is mostly caused by vasodilation and vasoplegia [3];
therefore, vasopressors are the mainstay of hypoten-
sion management. In the most recent edition of the
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Surviving Sepsis Campaign guidelines [4], the use of a
vasopressor is suggested in the first hour if the MAP
target of 66mmHg is not achieved with fluid resus-
citation. Noradrenaline (norepinephrine) is the first-
line vasopressor recommended for septic patients and
exerts adrenergic activity with marked ol agonism,
moderate 1 agonism, minimal effect on B2 adrener-
gic receptors, and possesses the ability to increase the
cardiac index with a minimal increase in heart rate [4].
However, the use of adrenergic vasopressors is often
associated with adverse events, especially at high doses
in frail patients. Tachycardia and atrial fibrillation are
the most common complications that can impair car-
diovascular performance and tissue perfusion. Other
side effects include splanchnic and peripheral ischemia
as well as derangements of cellular metabolism, includ-
ing immune cells, leading to lactic acidosis and cellular
apoptosis. To reduce these complications, a catechola-
mine-sparing strategy aimed at minimizing adrenergic
vasopressor usage and replacing them with alternative
therapies has been recently suggested [4]. This strategy
has gained particular interest in the management of
refractory shock in which persistent vasoplegia and the
desensitization of adrenergic receptors may require the
progressive escalation of catecholamines to maintain
arterial pressure targets [2].

Evidence-based guidelines suggest initiating a second
vasopressor if a high dose of norepinephrine (>0.5 pg/
kg/min) is required [4]. Adrenaline (epinephrine) can
be added to noradrenaline (norepinephrine), especially
in the presence of cardiac dysfunction or used as a pri-
mary vasopressor when its strong Pl effect is desirable.
Notably, patients who receive adrenaline (epinephrine)
may develop high lactate values not associated with tis-
sue hypoperfusion but rather due to the direct activa-
tion of pyruvate dehydrogenase from beta-adrenergic
stimulation [5]. The use of vasopressin in conjunction
with norepinephrine is a common practice to minimize
the negative consequences associated with high levels of
catecholamines. This is due to vasopressin’s pharmacody-
namic properties as an endogenous hormone that acts on
V1a, V1b, and V2 receptors and its potential protective
effects on renal function and reduction in the occurrence
of cardiac arrhythmias [6]. Angiotensin II appears to be
a promising and safe non-catecholamine vasopressor as
demonstrated by both experimental and human studies
[7-9]. These studies, particularly the Angiotensin II for
the Treatment of High-Output Shock (ATHOS-3) trial,
have shown that angiotensin II increases arterial pres-
sure, leading to its approval as a second-line vasopressor
for adults with refractory shock by the Food and Drug
Administration (FDA) and European Medicine Agency
(EMA) [9].
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This narrative review aims to provide a comprehen-
sive overview on the current state of knowledge on the
renin-angiotensin system (RAS) as well as the pharma-
cological effects of, and clinical evidence for, angiotensin
II use. Additionally, the review seeks to identify which
subgroups of patients with refractory septic shock could
benefit the most from this pharmacological therapy.

Overview of renin-angiotensin system

The RAS is a sophisticated and multi-faceted network of
hormones responsible for regulating systemic pressure
and fluid and electrolyte balance. Initially, a well-known
model depicting a “circulating RAS” was introduced
[10]. However, recent studies have indicated that in addi-
tion to the “circulating RAS’, a “local RAS” is present in
most organs and tissues, characterized by intracellular
generation of angiotensin II [11, 12]. Consequently, RAS
should be regarded as not only an endocrine system, but
also a paracrine and intracrine system. Renin is the initial
enzyme in the RAS and is synthesized by pericytes sur-
rounding the kidney afferent arterioles and cells of the
juxtaglomerular apparatus where it is stored in intracel-
lular vesicles [13].

Renin release is rapid and is triggered by three stim-
uli: low blood pressure detected by baroceptors in the
afferent arterioles, decreased sodium chloride levels
detected by ion transporters in the macula densa of the
distal convoluted tubules, or sympathetic nervous system
activation through P1 receptors. Its primary function is
to cleave angiotensinogen, a pro-hormone synthesized
by the liver, to produce angiotensin I. Recent reports
described renin as biomarker of severity and tissue perfu-
sion [14, 15], suggesting its important role in homeostasis
during critical illness.

Angiotensin-converting enzyme (ACE) then converts
angiotensin I into angiotensin II [13]. Alternatively, angi-
otensin II may be enzymatically generated from angio-
tensin I by chymase stored in macromolecular complexes
in mast cells [11]. This event is possible only in certain
pathological conditions as chymase is enzymatically inac-
tive in normal vascular tissue and may produce angioten-
sin II only in arterial walls [16].

Angiotensin II plays a significant role in maintain-
ing fluid and electrolyte balance as well as regulat-
ing hemodynamic and cardiovascular remodelling. It
exerts its effects through two distinct receptors, type
1 (AT1) and type 2 (AT2) receptors, with AT1 recep-
tors being responsible for promoting vasoconstriction,
the release of vasopressin and aldosterone, stimulat-
ing cellular growth and migration, and participating in
complex pro-inflammatory processes such as athero-
sclerosis and vascular aging [17, 18]. The AT2 recep-
tors work in opposition to the AT1 receptors which
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mediate the effects of bradykinin and nitric oxide to
cause vasodilation and usually inhibit cellular growth.
However, the clinical significance of these actions is
yet to be determined [19].

Angiotensin II plays a crucial role in the cardiovas-
cular system by activating various cellular mecha-
nisms within seconds to minutes, leading to vascular
smooth muscle contraction and maintenance of vascu-
lar tone [20]. In preclinical models, angiotensin II has
been shown to increase myocardial activity through
enhanced inotropy and chronotropy, though such
effects have not been replicated in humans in which
the increased systemic vascular resistance predomi-
nates [20].

Additionally, angiotensin II stimulates the synthe-
sis and release of aldosterone, which increases renal
sodium absorption and results in higher circulating
blood volume. Furthermore, angiotensin II maintains
sympathetic outflow to the vasculature and plays a
role in the autoregulation of cerebral blood flow. With
longer exposure, angiotensin II also promotes meta-
bolic actions such as pro-inflammatory modulation
[21], increased insulin secretion [22], B-cell apoptosis
[23], and reduction of gluconeogenesis and hepatic
glucose output [24]. Angiotensin II is metabolized
primarily by end terminal cleavage (at both the amino
and carboxyl termini) in erythrocytes, plasma, and
many different organs and tissues. This process gener-
ates the metabolites angiotensin (1-7) and angiotensin
(2-8) (angiotensin III); the true effects of these metab-
olites are still unclear [13] (Table 1).
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Angiotensin Il therapy: clinical evidence

Sepsis

The therapeutic potential of angiotensin II as an exog-
enous vasopressor has been known for decades, with its
use being described in over a dozen case reports and case
series dating to the 1960s [25-37]. However, the agent
was not developed for widespread use until after the
2017 ATHOS-3 trial [9]. ATHOS-3 was carried out with
input from the FDA and ultimately led to the regulatory
approval of angiotensin II in the U.S. by the FDA in 2017
and by the EMA in 2019.

ATHOS-3 was a large (n=344), multicenter, mul-
tinational, randomized, blinded, placebo-controlled
trial which demonstrated that angiotensin II effectively
increased MAP and reduced the need for other vaso-
pressor agents. Were enrolled patients with vasodilatory
shock and without cardiac failure. Angiotensin II was
initiated when norepinephrine reached doses of 0,2 mcg/
kg/min at a dose of 20 ng/kg/min and was subsequently
modified every 5 to 15 min for target MAP of 65-75
mmHg. It was observed that with the starting dose over
50% of patients attained the target MAP within 5 min. In
contrast, none of the patients who received doses exceed-
ing 80 ng/kg/min (the highest permissible dose) were
able to achieve the desired MAP within the first 3 h of
treatment. The overall rates of serious adverse effects
were similar in both groups (60.7% and 67.1% in the
angiotensin II and placebo arms, respectively). Further-
more, though ATHOS-3 was not powered for mortality, a
non-significant trend towards decreased 28-day mortal-
ity was observed in the angiotensin II arm (46% vs. 54%,
p=0.12). The above data resulted in the recommendation

Table 1 Effects of Angiotensin Il, experimental models, and possible clinical relevance in patients with shock

Tissue Effects Experimental Clinical
models relevance
Vascular a) Peripheral vasoconstriction Animal d
b) Enhanced vascular permeability Human
Cardiac a) Modulation of cardiac remodelling Animal a
Renal a) Stimulation of sodium reabsorption in the proximal tubule Animal N
b) Stimulation of release of aldosterone Human
¢) Modulation of renal blood flow
Coagulation a) Prothrombotic action through stimulation of platelet and plasminogen activator inhibitor-1 In vitro b
Nervous a) Enhancement of norephrine secretion Animal a
Immune a) Increase of production of inflammatory mediators (adhesion molecules, cytokines) Animal b
b) Generation of reactive oxygen species
Endocrine a) Stimulation of vasopressin secretion from posterior pituitary gland Animal b
b) Stimulation of adrenocorticotropin release from anterior pituitary gland
¢) Enhancement of norepinephrine release via direct action on sympathetic fibres
@ Minimal
bValuable
¢ Important

9 Relevant
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for the use of angiotensin II as a third-line vasopressor
agent for vasodilatory shock in patients with persistent
hypotension despite noradrenaline doses of 0.2-0.3 pg/
kg/min and fixed-dose vasopressin, ideally early in the
course of shock [38]. Such an approach is consistent with
a “multimodal” vasopressor strategy, in which low-to-
moderate doses of mechanistically distinct vasopressors
are used early with the theoretical benefit of minimizing
the toxicity associated with high-dose catecholamine use
while also allowing for the clinical detection of respon-
siveness to individual vasopressor agents [38—43]. This
theory is somewhat supported by the consistent (though
inherently confounded) observation that high-dose cat-
echolamine exposure is associated with high mortality
in patients with sepsis and other types of shock [44—48].
Though a multimodal approach to vasopressor therapy
is conceptually appealing, robust prospective data to
validate such an approach thus far are lacking. For these
reason, these lack of evidence led the Surviving Sepsis
Campaign guidelines recommending against first-line
use of angiotensin II in septic shock due to insufficient
data but do state that angiotensin II may have a role as
an adjunctive vasopressor agent due to its demonstrated
physiological effectiveness [4].

Notably, though the vast majority of studies of angio-
tensin II have employed it as a second- or third-line
agent, two recent pilot studies reported that angioten-
sin II as first-line vasopressor may be safe and effective
[49, 50]. A further prospective observational study of 40
patients with vasodilatory shock treated initially with
angiotensin II compared to 80 matched controls found
that angiotensin II was associated with lower ICU mor-
tality and lower rates of troponin elevation, though no
adjustment was made for multiple comparisons and no
benefit was found in the primary study outcome of peak
serum creatinine [49]. Clearly, additional data on the use
of angiotensin II as a first-line vasopressor are needed.

Non-sepsis

While 90% of the patients in ATHOS-3 had confirmed or
presumed sepsis, over 5% had postoperative vasoplegia as
the cause of vasodilatory shock [9]. A post-hoc analysis
of 16 ATHOS-3 subjects with vasoplegia after cardiopul-
monary bypass (CPB) demonstrated that angiotensin II
was more effective than standard-of-care vasopressors in
achieving BP goals [51]. Regarding the use of angioten-
sin II in cardiac surgery, a feasibility RCT randomized 60
patients to blinded equipotent infusions of angiotensin
IT or noradrenaline (norepinephrine) which were started
after induction of anesthesia prior to initiation of CPB
and continued postoperatively as needed [50]. None of
the outcomes were statistically significant, but authors
found that patients in the angiotensin II group were more
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likely to achieve BP goals, had a shorter duration of vaso-
pressor need, and had lower rates of acute kidney injury
(AKI) and need for renal replacement therapy (RRT).
However, these findings are only hypotheses-generating
and they should be assessed as part of anappropriately
powered studies. Other data describing angiotensin II
use for cardiothoracic surgery are limited to case reports,
small case series, and subgroups of larger observational
studies [42, 52-57], with a few reports in cardiac trans-
plant [58, 59] and extracorporeal membrane oxygenation
cases [60]. Notably, multiple human studies have found
that exposure to CPB can trigger renin elevation, that the
degree of hyperreninemia is associated with the severity
of vasoplegia after cardiac surgery, and that angioten-
sin II use results in decreased renin levels [56, 61-64].
However, despite a mechanistic rationale for angioten-
sin II use for vasoplegia after CPB, caution is likely war-
ranted in patients with postoperative cardiac dysfunction
as decreased cardiac output was an exclusion criterion
for angiotensin II in the ATHOS-3 trial [9] and, barring
new prospective data demonstrating safety and efficacy,
angiotensin II should be avoided in patients with pre-
dominantly cardiogenic shock. Overall, though advo-
cated by some [65], additional data are needed prior to
recommending the routine use of angiotensin II in car-
diac surgery.

Angiotensin Il therapy: safety

The safety profile of angiotensin II appears similar to
other vasopressors. A systematic review of > 1,000 studies
including > 31,000 patients receiving angiotensin II found
a low rate of complications, with the most common seri-
ous effects being the worsening of asthma or congestive
heart failure [66]. Though overall rates of adverse events
were similar in the two arms of ATHOS-3, a numerically
high rate (4.3% vs. 0%) of deep venous thrombosis was
observed [9]. This observation is consistent with preclini-
cal data suggesting that angiotensin II may be prothrom-
botic [67, 68]. However, the clinical significance of these
observations remains unclear: while a meta-analysis
of >1,700 critically ill patients unexposed to angiotensin
II reported a deep vein thrombosis (DVT) rate of 12.7%
[69], subsequent observational studies of angiotensin
II use reported rates of DVT of <5% [49, 52, 70]. None-
theless, pharmacologic DVT prophylaxis is prudent in
patients treated with angiotensin II whenever possible.

Angiotensin Il therapy: which patients benefit

the most

Despite clinical evidence suggesting that angiotensin II
is a safe and effective second- or third-line agent to treat
vasodilatory shock, additional prospective data are still
needed to determine which patients are most likely to
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Septic or other distributive shock

Fluid resuscitation

Vasopressor therapy
> 0.2-0.5 mcg/kg/min Norepinephrine
Equivalent Dose

NEASEANEAN

Persistent hypotension
mean arterial pressure < 65 mmHg

v

No signs of cardiac dysfunction
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Angiotensin Il intravenous infusion
— Initial dose 20 ng/kg/min

— Titrate every 5-15 min to arterial pressure target
— Should not exceed 80 ng/kg/min

— Maximal dose after 3 hours: 40 ng/kg/min

Sub-populations

Distributive shock + acute kidney injury requiring

renal replacement therapy (1)
Improved survival rate (ARR 23% at day 28)
Early liberation from renal replacement therapy (ARR 23% at day 7)

Distributive shock + high renin levels (2)

Improved survival rate (ARR 19 % at day 28)
Early liberation from renal replacement therapy (ARR 31 % at day 7)

Distributive shock + low vasopressors dose (3)

188

Eﬂm— Improved survival rate (ARR 18 % at day 28)

Fig. 1 Clinical indications for considering the use of Angiotensin Il in critically ill patients with septic shock or other distributive shock (left). Dose
and clinical effects in specific sub-populations of Angiotensin Il therapy (right)

benefit from angiotensin II therapy. As we await addi-
tional randomized controlled trials, some data to guide
the clinical use of angiotensin II can be gleaned from
ATHOS-3 subgroup analyses and observational post-
approval studies (Table 2 and Fig. 1).

In a prespecified subgroup analysis of the sick-
est patients in ATHOS-3 (i.e.: those with APACHE II
scores >30), the angiotensin II arm had a lower 28-day
mortality compared to placebo (51.8% vs. 70.8%,
p=0.037) [71]. On the other hand, a post-hoc analysis of
ATHOS-3 found decreased 28-day mortality among the
104 patients on noradrenaline (norepinephrine) equiva-
lent doses (NED) of vasopressors of <0.25 pg/kg/min at
study drug initiation (adjusted hazard ratio 0.51, p=0.03)
[72], suggesting that earlier initiation of angiotensin II
may be beneficial. The finding that angiotensin II appears
most helpful earlier in the course of shock is supported
by observational data demonstrating enhanced BP ben-
efit when angiotensin II is started at NED of<0.2 or<0.3
pg/kg/min or when introduced as a second- or third-line
vasopressor agent (rather than fourth- or fifth-line) [52].
Similarly, another observational study suggests that angi-
otensin II is less effective when initiated late, i.e.: when
NED is>1 pg/kg/min [73].

Otherwise, both observational data and mechanistic
studies suggest that angiotensin II may be particularly

effective in patients with AKI, acute hypoxemic res-
piratory failure, and high-renin shock states. In another
post-hoc subgroup analysis of ATHOS-3 of patients with
AKI requiring RRT at randomization, angiotensin II was
associated with statistically significant benefits in both
mortality and liberation from RRT [74], an effect felt to
reflect angiotensin II’s ability to increase or preserve glo-
merular filtration through preferential vasoconstriction
of the efferent renal arteriole. Yet another post-hoc analy-
sis of ATHOS-3 suggested benefit in patients with com-
bined shock and ARDS with a non-statistically significant
trend towards improved mortality [75]. Several subse-
quent observational studies found that treatment with
angiotensin II was associated with improved oxygenation
or a decreased need for oxygenation support (fraction of
inspired oxygen or positive end-expiratory pressure) in
patients with respiratory failure from COVID-19 [76-78]
or other causes [79]. A benefit from angiotensin II in
ARDS is biologically plausible given that ACE is present
at high levels in the pulmonary vascular endothelium,
and therefore ARDS patients with septic shock may be
particularly deficient in angiotensin II. Likewise, in a
post-hoc ATHOS-3 subgroup analysis, angiotensin II use
was associated with a statistically significant reduction in
28-day mortality in 128 subjects with renin concentra-
tions above the median (50.9% vs. 69.9%, p=0.012) [61].
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Subsequent observational data suggest that renin levels
may also be used to monitor response to angiotensin II
therapy [80].

Conclusions

Patients with septic shock, especially those with persis-
tent hypotension despite fluid resuscitation and a robust
dose of vasopressors, remain challenging, with high
mortality risk and limited evidence to guide appropriate
management. A number of clinical studies have high-
lighted the limitations and potential hazards associated
with the use of elevated doses of catecholamines. As a
result, it is commonly advised to employ a combination
of various vasoactive medications in cases of refractory
shock. Based on both its pharmacological properties
and accumulating clinical evidence, angiotensin II can
be considered a useful option as a secondary or tertiary
vasopressor to restore an appropriate MAP in patients
with persistent shock. The trial data available, reinforced
by the role of endogenous angiotensin II in regulating
renal blood flow, suggest that therapy with pharmaco-
logic angiotensin II may be beneficial for patients with
shock and AKI. Similarly, the correlation between endog-
enous angiotensin II levels and survival rates, as well
as the inverse relationship between angiotensin II and
plasma renin levels, suggest that angiotensin II therapy
may be advantageous for patients with shock and ele-
vated renin levels. However, it should be noted, that all
these findings were derived from secondary analyses of a
single clinical trial. Therefore, future trials should be con-
ducted to verify these hypotheses to better identify which
patients can benefit the most from angiotensin II therapy.
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