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shock: a hypothesis

Adrien Picod ® ¥%*, Susanna Price ® *>*, and Thomas Hanff°

Medical-Surgical Intensive Care Unit, University Hospital Avicenne, AP-HP, 125 rue de Stalingrad, 93000 Bobigny, France; 2INSERM UMR-S 942 MASCOT—Université
Paris—Cité, Hopital Lariboisiere—Péle Viggo Petersen, 2, rue Ambroise Paré, 75465 Paris Cedex 10, France; 2Adult Intensive Care Unit, Royal Brompton Hospital, London,
UK; “National Heart & Lung Institute, Imperial College, London, UK; and °Division of Cardiovascular Medicine, University of Utah School of Medicine, Salt Lake City, UT,
USA

Received 17 April 2025; revised 19 August 2025; accepted 4 April 2026

Abstract

Cardiogenic shock (CS) is a state of acute circulatory failure resulting from impaired myocardial function and reduced cardiac output,
leading to inadequate tissue perfusion and subsequent organ dysfunction. In its early phase, CS is typically accompanied by systemic
vasoconstriction as a compensatory response aimed at preserving mean arterial pressure and organ perfusion. However, an increas-
ing body of evidence suggests that a subset of patients develop a mixed shock phenotype, characterized by superimposed vasodila-
tion without evidence of concurrent sepsis, which portends a worse prognosis. Failure of the renin-angiotensin-aldosterone system
(RAAS) may be a key driver of pathological vasodilation in CS, analogous to recent observations in septic shock. Specifically, RAAS
dysfunction could lead to impaired angiotensin Il signalling at the angiotensin Il type 1 receptor level due to defective angiotensin
Il generation, enhanced peptide degradation, and/or receptor unavailability. Recognition of RAAS failure in CS could inform novel
therapeutic strategies to restore vascular tone and improve outcomes in patients with mixed cardiogenic-vasodilatory shock.
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Graphical Abstract

Hypothesis: RAAS failure drives pathophysiological vasodilation in cardiogenic shock
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Failing RAAS drives pathophysiological vasodilation and the transition from pure cardiogenic shock to mixed cardiogenic-vasodilatory shock. In pure cardiogenic shock, renin
secretion leads to enhanced AT1R signaling thus contributing to compensatory vasoconstriction. RAAS disruption, through various potential mechanisms, results in a decoupling
between upstream RAAS activation (i.e., renin secretion) and downstream AT 1R signaling, ultimately leading to a loss of compensatory vasoconstriction. In both scenarios, plasma
renin is elevated, underscoring that renin measurement alone does not allow for definitive conclusions regarding the functional integrity of the RAAS.

*CO response can vary depending on the balance between residual heart function and afterload. Consequently, in mixed cardiogenic-vasodilatory shock, CO can be still decreased,
restored or even paradoxically increased.

ACE, angiotensin-converting enzyme; ACE2, angiotensin-converting enzyme 2; AT1R, angiotensin I, type 1 receptor; CO, cardiac output; DPP3, dipeptidyl peptidase 3; NEP,
neprilysin; RAAS, renin-angiotensin-aldosterone system; SVR, systemic vascular resistance.
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Cardlogenlc ShOCk: the prevalllng hypoperfusion and end-organ fa‘llure. Tradiltlonally, CS has
di m been defined as a state of low cardiac output with compensatory

para g selective vasoconstriction, increasing systemic vascular resist-

Cardiogenic shock (CS) is a life-threatening condition character- ~ ance while sparing vital territories such as the coronary, cere-
ized by severe myocardial dysfunction leading to systemic bral, and renal circulations. This compensatory response is
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driven by the activation of major neurohormonal vasoconstrict-
or systems, including the sympathetic nervous system, the vaso-
pressinergic axis, and the renin-angiotensin-aldosterone system
(RAAS). Consequently, standard treatment strategies have fo-
cused on increasing blood flow using inodilators such as dobuta-
mine, milrinone, or levosimendan, or mechanical circulatory
support,® although these therapies have so far demonstrated
limited direct evidence for survival benefit.

The conundrum of mixed shock

However, it is increasingly recognized that patients diagnosed
with CS do not universally exhibit a low cardiac output with
compensatory vasoconstriction. Instead, a growing body of evi-
dence supports the existence of a mixed shock phenotype, in
which vasodilation coexists with primary pump failure, resulting
in refractory hypotension and increased mortality.? Recent in-
vestigations estimate that this mixed cardiogenic-vasodilatory
phenotype occurs in 25%-38% of patients within the first 5
days of intensive care unit admission.>* This haemodynamic
phenotype is more frequent as CS severity increases and is con-
sistently associated with worse outcomes, including increased
need for organ support and ultimately increased mortality.>*
While the underlying mechanisms remain incompletely defined,
inflammation following organ injuries has been proposed as a
trigger of vasodilation. However, the precise downstream med-
iators are still unknown. The transition towards a maladaptive
haemodynamic response may reflect progressive failure of com-
pensatory vasoconstriction mechanisms.

Hypothesis:
renin-angiotensin-aldosterone
system failure drives
pathophysiological vasodilation in
cardiogenic shock

Emerging data suggest that a subset of patients with CS devel-
ops a RAAS failure with progressive uncoupling between
renin release and downstream angiotensin Il type 1 receptor
(AT1R) signalling. This failure could account for the loss of com-
pensatory vasoconstriction, the evolution to a mixed
cardiogenic-vasodilatory shock, and subsequently accelerated
circulatory collapse.

RAAS dysfunction is increasingly recognized as a key contribu-
tor to vasodilatory shock, particularly in sepsis. In CS, endothelial
injury and organ hypoperfusion might directly affect the biologic-
al substrates required for effective AT1R signalling. Indeed, evi-
dence from both experimental and clinical studies suggests that
RAAS dysregulation may occur at one or more levels: (i) impaired
generation of angiotensin I, which may result from CS-associated
endothelial dysfunction leading to decreased angiotensin-
converting enzyme (ACE) activity, or from hepatic hypoperfusion
limiting angiotensinogen synthesis; (ii) enhanced degradation of
angiotensin |l by peptidases such as the dipeptidyl peptidase 3
(DPP3) released upon tissue hypoperfusion; and/or (jii) unavail-
ability of AT1R due to internalization or inhibited synthesis
due to pro-inflammatory cytokines and/or nitric oxide

overproduction as a consequence of tissue hypoperfusion or re-
perfusion injury.® These alterations may act independently or syn-
ergistically, ultimately leading to an uncoupling between RAAS
input and downstream AT1R signalling with worsening hypoten-
sion and renal failure as primary consequences. More specifically,
at the renal level, the loss of AT1R-mediated vasoconstriction of
the efferent glomerular arteriole results in reduced intraglomeru-
lar pressure, thereby precipitating the loss of glomerular filtration
rate.>® Additionally, in parallel with impaired AT1R signalling, sys-
temic and/or regional vasodilation could be further exacerbated
by the overproduction of vasodilatory RAAS components such
as angiotensin-,»~” which may be generated either by the cleav-
age of angiotensin Il by ACE2 or by the direct conversion of
angiotensin | by neprilysin.

Existing data

To date, data on RAAS dysfunction in the setting of CS remain
limited. Elevated plasma renin has been observed in CS and fre-
quently interpreted as a marker of RAAS activation and en-
hanced AT1R signalling contributing to compensatory
vasoconstriction.”® However, persistent hypotension and vaso-
dilation despite marked hyperreninemia appear paradoxical at
first glance. Importantly, the presence of elevated renin alone
does not confirm the functional integrity of the RAAS.
Impaired AT1R signalling at the level of juxtaglomerular cells
can itself trigger renin release through a well-established feed-
back mechanism.’> Thus, elevated renin may associate with
high downstream AT1R stimulation in the setting of pure CS
and compensatory vasoconstriction but can also reflect dys-
functional RAAS and impaired AT1R signalling in the setting of
a mixed cardiogenic-vasodilatory shock (Graphical Abstract).

In addition, several studies have reported elevated circulating
DPP3 in CS, with high (and sustained) concentrations strongly
associated with increased organ failure, need for organ support,
and mortality.” 2> DPP3 is predominantly an intracellular zinc-
metallopeptidase that normally protects cells against oxidative
stress. However, when released into the bloodstream over a
critical threshold, it cleaves angiotensin Il with high catalytic ef-
ficiency, thereby representing a potential mechanism driving
pathological vasodilation in CS® (Graphical Abstract). Notably,
DPP3 release appears to be closely linked to tissue hypoperfu-
sion, suggesting the existence of a deleterious self-amplifying
loop wherein persistent hypoperfusion promotes further
DPP3 release, thereby exacerbating vasodilation and perpetuat-
ing the shock spiral.

Nevertheless, it must be acknowledged that direct measure-
ments of RAAS peptides in the context of CS are currently
lacking, although such analyses would be essential for a com-
prehensive understanding of RAAS pathophysiology in this
setting.

Testing the hypothesis: research
agenda

While this hypothesis is primarily inspired by observations from
septic shock, a fundamentally different setting due to the pres-
ence of infectious triggers and pathogen-derived factors, it re-
mains largely unproven in the context of CS. Therefore, robust,
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context-specific data are urgently needed to validate or refute
this proposed mechanism. Formally demonstrating the role of
RAAS dysfunction in the transition from pure CS to mixed
cardiogenic-vasodilatory shock will require integrated clinical
and biological research strategies and must overcome several
methodological challenges. First, precise identification of the
mixed cardiogenic-vasodilatory phenotype necessitates detailed
(often invasive) haemodynamic profiling. Second, establishing
RAAS disruption will require not only enzymes (e.g. renin,
DPP3) measurements but also accurate quantification of RAAS
peptides, a process that is highly sensitive to pre-analytical and
analytical conditions.>® Indeed, to ensure reliability, plasma sam-
ples should be stabilized with peptidase inhibitors at the time of
collection, and RAAS peptide quantification should rely on
up-to-date analytical techniques such as liquid chromatography
coupled with immunoassays or mass spectrometry. The use of
well-characterized cohorts combining comprehensive haemo-
dynamic data with bio-banked plasma samples suitable for
RAAS peptide measurements will be essential. Such approaches
would allow for detailed phenotyping of CS patients and provide
mechanistic insights into RAAS dysregulation. Additionally, these
data and samples could be leveraged to explore competing or
co-existing mechanisms of vasodilation and to determine
whether they are associated with, or act independently of,
RAAS dysfunction. The competitive or contributive role of sterile
or infection-related inflammatory response particularly warrants
investigation, as it remains unclear whether RAAS alterations in
mixed cardiogenic-vasodilatory shock could stem from non-
infectious inflammation (e.g. due to tissue hypoperfusion and
organ injury) or from unrecognized or subclinical infection,
especially given the known difficulties in microbiological docu-
mentation in critically ill patients.

Furthermore, targeted therapeutic strategies such as ex-
ogenous angiotensin Il administration and/or DPP3 inhib-
ition with procizumab (Phase 1b ongoing, NCT06832722)
in populations with demonstrated derangements in these
pathways should be explored to counteract pathological
vasodilation in mixed shock and restore systemic and renal
haemodynamics.

Finally, modulation of the RAAS in the context of CS must be
approached with caution. Although enhancing AT1R signalling
in the acute phase may offer haemodynamic benefits, this
must be balanced against its well-established pro-inflammatory,
pro-fibrotic, and pro-thrombotic effects in chronic cardiovascu-
lar diseases, where the benefits of RAAS inhibition are un-
equivocal. These considerations, however, are likely a matter
of timing. A therapeutic strategy might involve harnessing the
life-sustaining, homeostatic effects of AT1R signalling during
the acute phase of shock, followed by attenuation of sustained
maladaptive RAAS activation in the chronic phase to prevent
long-term deleterious consequences. In this regard, a parallel
can be drawn between the haemodynamic support provided
by the beta-adrenergic receptor agonist dobutamine during
the acute phase of CS and the ability of beta-adrenergic recep-
tor blockers to counteract adverse cardiac remodelling during
the recovery phase. In this context, a complete understanding
of RAAS pathophysiology and a precise monitoring of
RAAS-related biomarkers may prove essential to guide the opti-
mal timing and nature of RAAS modulation in both the acute and
recovery phase of CS.

Conclusion

The recognition of RAAS dysfunction as a potential driver of
vasodilation in CS would represent a conceptual leap in our un-
derstanding of the mixed cardiogenic-vasodilatory phenotype.
Further research is necessary to elucidate the nature and extent
of RAAS alterations in this context. A better understanding of
RAAS dysregulation may help refine patient phenotyping and
lead to personalized, mechanism-based therapies aimed at im-
proving outcomes in this high-risk population.
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