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Summary

Two randomised controlled trials have reported a reduction inmortality when adjunctive hydrocortisone is administered

in combination with fludrocortisone compared with placebo in septic shock. A third trial did not support this finding

when hydrocortisone administered in combination with fludrocortisone was compared with hydrocortisone alone. The

underlying mechanisms for this mortality benefit remain poorly understood. We review the clinical implications and

potential mechanisms derived from laboratory and clinical data underlying the beneficial role of adjunctive flu-

drocortisone with hydrocortisone supplementation in septic shock. Factors including distinct biological effects of glu-

cocorticoids and mineralocorticoids, tissue-specific and mineralocorticoid receptor-independent effects of

mineralocorticoids, and differences in downstream signalling pathways between mineralocorticoid and glucocorticoid

binding at the mineralocorticoid receptor could contribute to this interaction. Furthermore, pharmacokinetic and

pharmacodynamic disparities exist between aldosterone and its synthetic counterpart fludrocortisone, potentially

influencing their effects. Pending publication of well-designed, randomised controlled trials, a molecular perspective

offers valuable insights and guidance to help inform clinical strategies.
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Editor’s key points

� A reduction in mortality has been reported in septic

shock when adjunctive hydrocortisone is adminis-

tered in combination with fludrocortisone. The

mechanisms underpinning this mortality benefit

remain unclear.

� The authors explored potential mechanisms derived

from laboratory and clinical data, elucidating the
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distinct biological effects of glucocorticoids and

mineralocorticoids, and the tissue-specific and

receptor-independent effects.

� An understanding of the interplay between

glucocorticoid and mineralocorticoid action

in critical illness could help guide future clinical

strategies.
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Adrenal insufficiency in critically ill patients is characterised

by hypothalamicepituitaryeadrenal axis derangements and

involves dysfunction in cortisol handling and the

renineangiotensinealdosterone system (RAAS). Current guide

lines suggest adding corticosteroid therapy for patients with

septic shock requiring ongoing vasopressor support.1,2

Although adjunctive hydrocortisone (i.e. cortisol) alone has

not shown improvement in mortality in septic shock, two

randomised controlled trials have demonstrated a mortality

improvement when fludrocortisone is combined with hydro-

cortisone.3e5 However, mechanisms underlying the observed

comparative effectiveness of adjunctive fludrocortisone with

hydrocortisone over hydrocortisone alone remain poorly

understood.6

The Ger-Inf-05 trial examined the combination of flu-

drocortisone and hydrocortisone in septic shock.3,4 A total of

300 patients were assigned to receive either the combination

of a 50-mg i.v. bolus of hydrocortisone 6 hourly with 0.05 mg

fludrocortisone daily administered through a nasogastric tube

or placebo for 7 days.3 Patients were classified as responders or

non-responders based on a corticotropin test.3 Combined low-

dose hydrocortisone with fludrocortisone was observed to

significantly reduce the risk of death in non-responders with

septic shock (73 deaths [63%] in the placebo group, 60 deaths

[53%] in the corticosteroid group [hazard ratio, 0.67; 95% con-

fidence interval or CI, 0.47e0.95; P¼0.02]). No significant mor-

tality benefit was observed in responders (18 deaths [53%] in

the placebo group and 22 deaths [61%] in the corticosteroid

group, P¼0.96). These results suggested that combining

mineralocorticoid with glucocorticoid therapy improved

mortality outcomes in septic shock.

Recent large, randomised, controlled trials examining the

role of hydrocortisone in septic shock have shown divergent

effects on mortality with fludrocortisone in combination with

hydrocortisone treatment. Corticosteroid Treatment and Intensive

Insulin Therapy for Septic Shock in Adults (COIITSS) was a rand-

omised, 2�2 factorial trial of 509 patients with septic shock

and multiple organ dysfunction assigned randomly to one of

four groups: continuous i.v. insulin infusion with hydrocorti-

sone alone, continuous i.v. insulin infusion with hydrocorti-

sone and fludrocortisone, conventional insulin therapy with

hydrocortisone alone, or conventional insulin therapywith i.v.

hydrocortisone and fludrocortisone.7 The primary objective

was to assess the efficacy of intensive insulin therapy in pa-

tients with septic shock treated with hydrocortisone. The

secondary objective was to evaluate the additive benefit of

fludrocortisone administered for 7 days. Hydrocortisone was

administered as a 50-mg i.v. bolus, followed by 50 mg i.v. 6

hourly for 7 days. A total of 245 patients received additional

oral fludrocortisone at a dose of 0.05 mg daily. Overall, 105 of

245 patients treated with fludrocortisone died (42.9%) and 121

of 264 (45.8%) patients in the control group died (risk reduction,

0.94; 95% CI, 0.77e1.14; P¼0.50). These findings provided evi-

dence against intensive insulin therapy in patients receiving

hydrocortisone for septic shock and indicated a lack of sig-

nificant mortality benefit from the additional fludrocortisone.

Notably, the COIITSS trial was underpowered as the mortality

in the control group was underestimated and the sample size

chosen to detect a large effect size (12.5% risk difference).5

Furthermore, sample size calculation was based on the esti-

mated effects of the insulin intervention, but not on the effects

of the added fludrocortisone.7 Thus, the trial was not powered

to find amortality difference with respect to the comparison of

hydrocortisone with hydrocortisone plus fludrocortisone.
In the Recombinant Human Activated Protein C and Low Dose

of Hydrocortisone and Fludrocortisone in Adult Septic Shock

(APROCCHSS) trial, 614 patients were randomised to receive a

combination of a hydrocortisone 50 mg i.v. bolus 6 hourly and

fludrocortisone 0.05mg daily through the nasogastric tube for 7

days, whereas 627 patients received hydrocortisone and flu-

drocortisone placebos.4 The 90-day all-cause mortality at ICU

discharge was observed to be lower in the hydrocortisone-plus-

fludrocortisone group than among those who received placebo

rather than hydrocortisone and fludrocortisone (35.4% vs 41.0%,

P¼0.04). The hydrocortisone-plus-fludrocortisone group, addi-

tionally, hadmore vasopressor-free and organ failure-free days.

Nonetheless, two randomised, placebo-controlled clinical

trials revealed a survival advantage in septic shock through a

combination of hydrocortisone and the mineralocorticoid

fludrocortisone, compared with placebo. Another smaller trial

(n¼509 patients) contrasted hydrocortisone alone with hy-

drocortisone in conjunction with fludrocortisone. The findings

did not exhibit a significant decrease in mortality with the

addition of fludrocortisone but did show a 3% numerically

lower mortality with combination therapy (relative risk, 0.94;

95% CI, 0.77e1.14; P¼0.50). Thus, the unresolved potential

value of combining fludrocortisone with hydrocortisone for

septic shock treatment persists.

Apparently discrepant findings from these three large trials

have led to divergent perspectives on the benefits of adjunc-

tive hydrocortisone in combination with fludrocortisone in

septic shock. However, distinctions and the limited power of

these studiesmake direct comparisons difficult with respect to

hydrocortisone and fludrocortisone.1,6,8 Cortisol binds to both

the glucocorticoid (GR) and the mineralocorticoid receptor

(MR). One perspective suggests that as cortisol binds to theMR,

the administration of high doses of hydrocortisone (�200 mg

daily) offers an adequate level of mineralocorticoid activity.1,6

A dose of 240 mg of hydrocortisone confers a mineralocorti-

coid effect equivalent to 1.2 mg (1200 mg) daily of flu-

drocortisone and thus additional fludrocortisone therapy is

not required.9 An alternative perspective is that adjunctive

hydrocortisone with fludrocortisone treatment is required in

septic shock as although cortisol binds to the MR, the subse-

quent signalling pathways differ from those mediated by

aldosterone (and by implication fludrocortisone).

Pending a well-designed, randomised, controlled trial on

the role of fludrocortisone in combinationwith hydrocortisone

in septic shock, a molecular perspective offers valuable guid-

ance for clinical strategies.

Biological rationale for the combination of
hydrocortisone with fludrocortisone in the
management of septic shock

Sepsis, which is a life-threatening time-dependent organ

dysfunction, arises from a dysregulated host response to path-

ogens.10,11 This response manifests as an overwhelming sys-

temic inflammatory response or immune dysfunction, and

involves pattern recognition receptors sensing pathogen-

associated molecular patterns (PAMPs) and damage-associated

molecular patterns (DAMPs).10,11 The resultant injury occurs at

the molecular, cellular, and organ levels and involves the

breakdown of both the endothelial and epithelial barriers, and

the microvasculature, compromising multiple circulatory

beds.12 Various organ systems, including the cardiovascular and

pulmonary systems, renal system, the coagulation cascade, and

the immune system become compromised and multiorgan
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failure ensues.10,12 In the bloodebrain barrier, it causes peri-

vascular oedema, oxidative stress, leukoencephalopathy, and

neurotransmitteralterations.12Thenervoussystemadditionally

plays an anti-inflammatory role, particularly in the early

stages.12 With regard to the immune system, this interaction

leads to an excessive innate immune response.10,12 The persis-

tence of a severe and prolonged compensatory anti-

inflammatory innate immune response results in a state of ac-

quired immunodeficiency termed immunoparalysis.13 Cortico-

steroids, recognised for their immunomodulatory properties,

constitute an integral component of the host response to

sepsis.10,14

Septic shock initiates a neuro-humoral response, which

includes the activation of the RAAS.15,16 The RAAS is a multi-

organ system, which regulates homeostasis, inflammation,

apoptosis, and fibrosis.17 The classical RAAS pathway is

considered a cardiovascular circulating hormonal system

mediated by angiotensin II (AII), and the non-classical RAAS

pathway, a local tissue-based system mediated by angio-

tensin-(1e7). These two systems can operate synergistically or

independently.18e20 In contrast to the classical RAAS and its

circulating mediators, the non-classical RAAS comprises tis-

sue axes, which regulate renal, cardiovascular, and nervous

systems.21,22

Angiotensin-(1e7) is found in the heart, renal, and brain

tissues, and in plasma.19 Relative contributions of the classical

(systemic) vs the non-classical (intra-renal) RAAS to blood

pressure regulation remain debatable; however, the crosstalk

between the RAAS and aldosterone production is well estab-

lished.21 As such, these two systems should not be seen in

isolation.23

Both glucocorticoids and mineralocorticoids are integral

components of the stress response.10,14,24 Notably, steroido-

genesis pathways also demonstrate overlap between miner-

alocorticoid and corticosteroid production and the synthesis

of corticosterone, an aldosterone precursor, is exclusively

triggered by corticotropin.25 As such, adrenal corticosteroid

insufficiency is likely to occur concurrently with mineralo-

corticoid dysfunction. Physiologically, daily adrenal produc-

tion of cortisol oscillates between 5 and 11 mg m�2 day�1 with

a mean of 7 mgm�2 day�1, which equates to 20e30mg daily of

hydrocortisone in adults.26,27 Production rates are highly var-

iable between and within individuals.26,27 Peak mean cortisol

levels have been documented at 400 nmol L�1 with nadir levels

of <50 nmol L�1. In adrenal insufficiency, the traditional

replacement dose from consensus guidelines is 15e25 mg of

hydrocortisone daily.28,29 In septic shock, the currently

accepted dose for relative adrenal insufficiency is 100e200 mg

daily.1

In contrast, aldosterone secretion is 200- to 500-fold lower

at a rate of 50e200 mg daily, with plasma levels ranging 40e210

mg L�1.30,31 Isolated serum aldosterone measurement is of

limited clinical value and is often interpreted alongside

plasma renin activity.32

Aldosterone administration has been demonstrated to

restore vascular endothelial alpha-1 receptor expression,

improving sensitivity to catecholamines in septic shock

models.14,33 Fludrocortisone, a synthetic mineralocorticoid,

may be used as replacement therapy for this purpose. The

usual starting dose of fludrocortisone for adults with primary

adrenal cortical insufficiency is 100 mg daily with a dose range

of 100e500 mg.34,35 Higher doses may be required in high salt-

losing states, in paediatric patients because of relative renal

resistance to mineralocorticoids, and during the last trimester
of pregnancy because of the counter-regulatory effects of high

progesterone levels.29,36e38
Mechanisms for the beneficial role of
adjunctive use of fludrocortisone with
hydrocortisone in septic shock

Reasons for the mortality improvement observed in the

APROCCHSS and Ger-Inf-05 trials remain poorly understood.6

Explanatory mechanisms include the mineralocorticoid activ-

ity of fludrocortisone, although high doses of cortisol purport-

edly possess such activity.9,39 Furthermore, aldosterone has

non-mineralocorticoid effects, which potentially play a role.40

Although pharmacologically different, a similar implication

can be extended to its synthetic counterpart, fludrocortisone.

The additional glucocorticoid effects of fludrocortisone

should also be considered.41,42 However, although fludrocor-

tisone is a potent glucocorticoid,41 its effects are largely

mineralocorticoid at the low dosage used because of its

significantly greater potency at the MR. Additionally, various

genomic and non-genomic effects of fludrocortisone, and a yet

unidentified mechanism resulting from the combination of

hydrocortisone and fludrocortisone should also be considered.
Aldosterone has non-mineralocorticoid effects:
classical mineralocorticoid receptoremediated
signalling vs alternate modes of signalling

Aldosterone has genomic and non-genomic actions (Fig. 1).45

Genomic actions are the classic nuclear actions occurring

over hours in epithelial and non-epithelial cells attributable to

activation of the MR, a ligand-dependent transcription fac-

tor.45 Aldosterone also displays rapid actions occurring over

minutes. Termed non-genomic or rapid non-nuclear actions,

these are independent of gene transcription and occur in

classical MR targets and non-epithelial tissue and include ac-

tions such as the activation of sodium transport in target

cells.46,47 Rapid actions are clinically relevant in the acute

setting as a result of their role in increasing peripheral

vascular resistance and blood pressure.48

Notably, plasma aldosterone levels, not cortisol, rapidly

change with posture as part of normal blood pressure postural

control.49,50 This suggests rapid cellular responses mediated

by the acute increase in aldosterone and a role in blood pres-

sure control in the acute setting.48 Non-genomic actions were

thought to be mediated through membrane-bound MR acting

through secondmessenger pathways.46 The G protein-coupled

receptor, GPR30, or the G protein-coupled oestrogen receptor-1

(GPER-1), has been implicated as the receptor that mediates

some of the rapid actions of aldosterone on vascular smooth

muscle.45,51e54 Experimentally, aldosterone has also been

demonstrated to potentiate the constrictor effect of AII on

vascular smooth muscle, which is mediated through the

angiotensin receptor type 1 (AT1). Experimental evidence

further suggests that GPR30 (GPER-1) has a high affinity for

aldosterone but does not bind cortisol.43

Clinically, aldosterone (and by implication fludrocortisone)

thus has MR-independent actions that are relevant in the

acute setting with an effect on vascular smooth muscle and

blood pressure control. The clinical rationale for flu-

drocortisone in combination with hydrocortisone therapy in

critical illness should thereby not solely relate to aldosterone

or fludrocortisone activation of the renal epithelial MR.6,8
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Fig 1. Genomic and non-genomic actions of aldosterone. Key features distinguishing genomic and non-genomic actions of aldosterone.

Aldosterone action; genomic and non-genomic effects of aldosterone and cortisol. Classical slow genomic actions mediated through the

mineralocorticoid receptor (MR) result in gene transcription and the production of effector proteins. Fast actions mediated through a

surface receptor, which interact with the classical genomic actions, have recently been described to be mediated through the G protein-

coupled receptor GPR30 (GPER), possibly through a membrane-bound MR, or both. Aldosterone action through GPR30 (GPER) is currently

understood to be specific for aldosterone. BP, blood pressure; c-SRC, non-receptor tyrosine kinase c-SRC protein; ERK1/2, extracellular-

signal regulated kinase 1/2; JNK, c-Jun NH2-terminal kinase; PI3-K, Phosphatidylinositol 3-kinase. Reused with permission from AME

Publishing Company.43,44
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The multifarious mineralocorticoid receptor

The MR and GR are members of the nuclear receptor super-

family, which encompasses seven subfamilies (sub-group 0 to

sub-group 6) and 48 members.55 They act as ligand-activated

transcription factors and consist of four structurally distinct

domains namely: the amino terminal, a central DNA-binding
domain, the hinge region, and the C-terminal ligand-binding

domains.56 Lipophilic ligands including steroids, retinoids,

phospholipids, and as yet unidentified ligands (orphan mem-

bers) regulate their activity.55,57 Steroid receptors belong to

sub-group 3, which includes the GR, MR, androgen receptor,

progesterone receptor, and the oestrogen receptors (ERs): ERa
and ERb.55 The MR and GR amino acid sequences exhibit
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significant homology being 56% identical in the steroid-

binding domain.56 Distinctively, the MR has the longest

amino terminal domain among steroid receptors, sharing less

than 15% homology with the GR in this region.56 Additionally,

the MR has affinity for mineralocorticoids, endogenous glu-

cocorticoids, and progesterone.56,58e60

In view of higher circulating levels of cortisol and equal

affinity of the MR for cortisol and aldosterone, a system for

receptor selectivity exists in some tissues. This is mediated at

a pre-receptor level in mineralocorticoid target tissues by the

11b-hydroxysteroid dehydrogenase (11b-HSD) enzyme sys-

tem.58 Two 11b-HSD isoenzymes exist.61,62 First, 11b-HSD

type-1 (11b-HSD1) is a bi-directional enzyme in vitro and an

activating enzyme in vivo by converting receptor-inactive

cortisone to cortisol.62 In contrast, 11b-HSD type-2 (11b-
HSD2) is expressed in mineralocorticoid target tissues and is a

deactivating enzyme through its conversion of cortisol to

cortisone.50e52,63 The role of 11b-HSD2 is to protect the MR

from cortisol in mineralocorticoid target tissues, conferring

specificity for aldosterone.63,64 The observation that both

cortisol and aldosterone have a high affinity for the MR in-

dicates a lack of selectivity of the C-terminal ligand-binding

domain for aldosterone (or cortisol), but not necessarily

comparative activation of the receptor.56,58e60 Notably,

although the GR is activated by cortisol alone, not all gluco-

corticoids activate the MR. Synthetic glucocorticoids show

minimal or no activity at the MR.65e70

The observation that different ligands have variable activ-

ity at the MR, and that not all glucocorticoids activate the MR,

is supportive of the rationale that the choice of corticosteroid

supplementation potentially influences clinical outcomes and

that cortisol and aldosterone (and by inference their synthetic

counterparts) do not necessarily have the same effect as li-

gands at the MR.
Mineralocorticoid receptors are capable of divergent
responses to different ligands

Glucocorticoid conformational mobility is another factor that

confers mineralocorticoid action of glucocorticoids on the

MR.71e74 The molecular skeleton of steroids consists of four

carbon atom rings defined as rings A, B, C, and D.75 Steroid ring

A conveys glucocorticoid action and is rigid in pure glucocor-

ticoids and flexible in aldosterone. The structure of steroid ring

C is required for mineralocorticoid action and is rigid in

aldosterone (and relatively flexible in pure glucocorticoids).

The exception is 11-deoxycorticosterone and its synthetic

derivative, delta-11,12-deoxycorticosterone, which has a flex-

ible C ring (and thus should be a pure glucocorticoid), but is

actually a specific mineralocorticoid with marked glucocorti-

coid activity.69,76 The lack of C-11 oxygenation of 11-

deoxycorticosterone confers versatility.76,77

The MR exhibits ligand- and tissue-specific dichotomy.

Cortisol’s actions on the MR, although primarily agonist, can

be antagonistic depending on the underlying patho-

physiology.78e81 The latter has been reported under certain

experimental conditions in tissues in which 11b-HSD2 is not

expressed (heart and specific regions in the central nervous

system).78e81 In conditions of tissue damage and in the pres-

ence of reactive oxygen species, cortisol acts as MR ago-

nist.80e82 Thus, functions of the MR are diverse, tightly

regulated by ligand-specifying mechanisms, and are tissue-

dependent.61,83,84 Furthermore, MRs bound to aldosterone are

demonstrablymore resistant to proteolysis thanMRs bound to
cortisol, a result of ligand-induced conformational changes

within the receptor protein.85 Notably, the MR bound to flu-

drocortisone, aldosterone’s synthetic counterpart, is highly

resistant to degradation.86e88 Thus, the MR is capable of

divergent responses to different ligands.39,89 Furthermore,

receptoreligand interactions differ according to ligand, and

mineralocorticoid supplementation may help optimise MR

activation.
Downstream signalling pathways between
aldosterone and cortisol binding at the
mineralocorticoid receptor differ

Although the MR binds multiple ligands, unique mineralo-

corticoid and glucocorticoid effects are evident. Their main

ligands, aldosterone and cortisol, perform diverse roles and

are governed by different regulatory mechanisms.90e92 The

effects of cortisol are influenced by various factors, including

whether the signalling occurs through the GR, MR, or perhaps

both.93 Furthermore, therapeutic agents such as spi-

ronolactone, a competitive antagonist with weak agonist ac-

tivity at the MR, are able to exert their protective effects not

only through the exclusion of cortisol or aldosterone from the

MR but potentially through the induction of protective fac-

tors.94 Differences in differential downstream signalling

pathways that have been observed when the MR is bound to

aldosterone compared with cortisol are also likely to be cell-

and tissue-specific.
Mineralocorticoid activity in the regulation of salt and
water balance

Aldosterone release is the final step in the classical RAAS sig-

nalling system. In renal 11b-HSD2-expressing cells, cortisol is

metabolised to bio-inactive cortisone. This pre-receptor exclu-

sion of cortisol in 11b-HSD2-expressing tissues renders the MR

aldosterone-selective, suggesting that cortisol and aldosterone

may have similar or overlapping effects on the MR 11b-HSD2-

expressing tissues.95 This implicates the utilisation of similar

signalling pathways between cortisol and aldosterone, specif-

ically with respect to sodium and potassium regulation. The

process of filtered sodium (Naþ) reabsorption in collecting duct

cells begins with luminal Naþ crossing the apical plasma

membrane through epithelial sodium channels (ENaC) driven

by its electrochemical gradient.96 Subsequently, intracellular

Naþ is actively transported into the interstitial space by the

basolateral Naþ/Kþ-ATPase. Aldosterone-induced genes

modulate ENaC subunit turnover, enhance ENaC synthesis,

ENaC activity, and stimulate Naþ/Kþ-ATPase activity.71,96e98

The interaction of aldosterone with the MR leads to induction

or repression of additional aldosterone-regulated genes,

including serum and glucocorticoid-induced kinase (SGK1),

which also play a key role in the regulation of Naþ transport in

distal kidney nephron epithelia.99 SGK1 is the main regulator of

ENaC.100 Additionally, aldosterone has been found to have

acute, non-mineralocorticoid effects on GPR30, which are not

observed with cortisol.51,53
Mineralocorticoid activity in the brain

Neuroinflammation, along with ischaemic injury, neuronal

cell death, and neuroanatomy changes, are major factors

associated with cerebral dysfunction secondary to sepsis and

septic shock.101 Inflammation associated with sepsis and
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septic shock has a direct impact on the structural integrity of

the hippocampus and prefrontal cortex.102,103 No effective

therapeutic interventions exist; however, there is evidence to

suggest that elevated levels of glucocorticoids may exacerbate

neural inflammation, and evidence to the contrary.102e105 The

role of glucocorticoids, acting through both MR and GR, in

modulating the immune response has been well studied.10

Although, interest in the potential immune effects of miner-

alocorticoids has only recently emerged, the general

consensus is that there is a role for both GR and MR in

modulating the neuroinflammation associated with sepsis

and septic shock.10,102

Compared with the GR, which is expressed ubiquitously in

neurones and glial cells, the MR has a more restricted distri-

bution, with the highest expression in limbic structures.102,106

Aldosterone-selective neurones are limited to areas (periven-

tricular, brain stem nucleus tractus solitarii) that regulate

haemodynamic, fluid, and electrolyte homeostasis.90

Brain aldosterone levels are normally low because of the

absence of aldosterone synthase and poor penetration across

the bloodebrain barrier caused by the presence of P-glyco-

protein, an ATP-driven, drug efflux pump, which transports

certain substrates across the cerebral vascular endothelium

and into the circulation.106e108 In contrast, cortisol (or corti-

costerone in rodents) circulates at significantly higher levels

(100e1000 fold), acting as the main ligand for brain MR and

GR.109 Although MR signalling in the brain has been demon-

strated to induce a pro-inflammatory response, the results of

MR activation in the brain can vary depending on the

ligand.10,110

Numerous studies show the diverse impacts of cortisol and

aldosterone on brain MR.111,112 Despite this variability, exper-

imental data indicate that both hormones, when interacting

with the brain cortisol-responsive MR, can influence cellular

activity in similar ways through both genomic and non-

genomic pathways.113 Notably, these neurones also contain

11b-HSD1, which regenerates cortisol. However, it is essential

to consider that poor penetration of the bloodebrain barrier by

aldosterone may be a limiting factor in its effects on brain MR

activation.

Indirect evidence of downstream signalling differences is

seen in murine models, where corticosterone antagonises

aldosterone-mediated hypertension at the brain MR.114 The

brain shows widespread 11b-HSD-1 expression, whereas 11b-
HSD-2 is limited to neurones in the fasciculus solitar-

ius.61,70,106 Aldosterone interactions with these neurones

regulate salt appetite.112 The subsequent blood pressure

response to dietary sodium is inhibited by spironolactone.115

The presence of 11b-HSD-1 and lack of 11b-HSD-2 imply sig-

nificant roles for both cortisol and aldosterone in the brain,

beyond salt regulation. In these cells, salt regulation is not the

primary function, providing indirect evidence of the require-

ment for both cortisol and aldosterone in those tissues,

although the specific role of aldosterone is these tissues is not

well defined.

Our hypothesis is that in aldosterone-selective tissues,

downstream signalling mechanisms are similar between the

two ligands, hence the pre-receptor exclusion of cortisol to

prevent MR activation by cortisol, which is ubiquitous. In non-

aldosterone selective tissues, downstream signalling mecha-

nisms activated by the MR differ between ligands, and pre-

receptor modulation of access is therefore not required.

These variable downstreamactions resulting fromaldosterone
and cortisol binding at the MR may extend to their synthetic

counterparts.
Mineralocorticoid activity in the heart

Differences in aldosterone and corticosterone signalling have

been described in murine cardiomyocytes.116,117 Both GR and

MR are present in the heart. In a murine model, the activation

of MR and GR resulted in both common and distinct responses,

suggesting similarities and differences in signalling. In a study

using isolated neonate cardiomyocyte cells in vitro, both

aldosterone and corticosterone induced acceleration of spon-

taneous cardiomyocyte contractions with a chronotropic

response to corticosteroids mediated by both MR and GR.116,117

Increased chronotropy was dependent on low threshold T-

type calcium channel expression, which was disrupted by GR

antagonism, but not by MR antagonism. Aldosterone’s chro-

notropic action was further found to be additive to forskolin’s

effect on intracellular cyclic adenosine monophosphate

(cAMP) levels, an additive response selectively abolished by GR

inhibition.118 Moreover, GR antagonism prevented car-

diomyocyte hypertrophy induced by aldosterone, whereas MR

antagonism (spironolactone) had limited effect. This suggests

that, in murine cardiomyocytes, complete electrical remodel-

ling and themaximal chronotropic response to corticosteroids

require both GR and MR activation, with the GR alone

involved in sensitising cells to aldosterone’s chronotropic

regulation through the cAMP pathway and in the hypertrophic

response.117

Further evidence suggestive of signalling differences be-

tween cortisol and aldosterone in cardiomyocytes include

well-established recognition of rapid non-genomic effects

unique to aldosterone, notmimicked by cortisol.119 Acute non-

genomic effects of aldosterone in cardiac and other tissues

mimicked by classical mineralocorticoid agonists, flu-

drocortisone, and deoxycorticosterone, but not by cortisol,

have been demonstrated.119 These effects are not blocked by

spironolactone.119 In a murine cardiomyocyte model, aldo-

sterone specifically increased [3H]leucine incorporation into

protein, which was not observed with MR occupancy by

corticosterone.120

The observation that reduced GR signalling and increased

MR signalling are associated with an increased risk of heart

disease, whereas alterations that favour increased GR signal-

ling and diminished MR signalling exhibit cardioprotective

effects, provides further indirect evidence of differences in

signalling between glucocorticoids and mineralocorticoids.121

GR and MR have complementary roles in regulating the

hypothalamicepituitary axis. The balance of glucocorticoid

signalling through GR andMR has been demonstrated to play a

role in disease.90,92,121 Increased GR signalling and decreased

MR signalling is considered cardioprotective, with unopposed

MR signalling, irrespective of ligand (cortisol or aldosterone),

associated with accelerated cardiovascular disease in experi-

mental models. These responses can also be viewed as being

anti-inflammatory or pro-inflammatory, respectively.94,122

Molecular interactions of the MR that differ by ligand

have been described, providing compelling evidence of

distinct MR conformation when bound to aldosterone vs

cortisol.91,109,123e125

Collectively, these findings support the view that down-

stream signalling pathways vary depending on whether the

MR is bound to aldosterone or cortisol and emphasise the
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Fig 2. Molecular structure of (a) aldosterone (DB04630), (b) flu-

drocortisone (DB00687), and (c) hydrocortisone (DB00741).135

Molecular structures are depicted in a standard format. Dis-

tinguishing features between depicted steroids: fludrocortisone

has a fluorine atom on C9 replacing hydrogen and aldosterone

has an aldehyde group on C18. Bond line notation: double lines

indicate a double bond, single arrows indicate a single bond,

dashed lines indicate that the bond extends behind the surface

plane, bold wedged lines indicate bonds protruding out form the

surface plane. DB, DrugBank Accession number.
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clinical implications of unique signalling pathways for

cortisol, aldosterone, and their synthetic analogues. Although

these represent potential mechanisms and, in a sense, proof-

of-concept, a link to specific responses or outputs remains to

be fully elucidated in humans.

Aldosterone versus fludrocortisone mechanism of
action: is there a difference?

Synthetic hormones structurally vary from physiological ste-

roid hormones, leading to differing effects.126e128 Although

they may mimic selected biological actions of endogenous

hormones, they may not exert identical effects at a molecular

level.90,126,127,129e133

Pharmacokinetic differences between synthetic and phys-

iological steroid hormones are evident in their binding to

corticosteroid-binding globulin (CBG). The majority of cortisol

(>90%) is bound to CBG, whereas synthetic glucocorticoids

(prednisone, prednisolone, dexamethasone, fludrocortisone)

have lower CBG affinity, leading to increased free frac-

tions.67,134 This difference in bioavailability supports additive

glucocorticoid activity as another mechanism explaining the

mortality improvement in patients administered hydrocorti-

sone in combination with fludrocortisone in septic shock. In

contrast to fludrocortisone, aldosterone plays a minimal role

in glycogen deposition, glycogen phosphorylation, glycogen-

olysis, insulin resistance, or sensitivity.76 Thus, additive flu-

drocortisone may exacerbate hyperglycaemia compared with

hydrocortisone alone.

Moreover, fludrocortisone is a synthetic steroid with potent

mineralocorticoid and substantial glucocorticoid activity

(Fig. 2a) which was developed from the addition of a fluorine

molecule at the 9-alpha-position to hydrocortisone (Fig. 2b and

c).76,87,136e139 It is a structural analogue of hydrocortisone with

the same A ring, but is functionally similar to aldosterone.140

Fluorination results in inert bonds, a prolonged half-life,

improved bioavailability, and increased affinity for GR.86e88

Fludrocortisone has similar effects to hydrocortisone, but

has marked effects on electrolyte balance and carbohydrate

metabolism with 10-fold higher glucocorticoid activity than

hydrocortisone.86

Although human comparative pharmacokinetic and

pharmacodynamic data for aldosterone and fludrocortisone

dosing are limited, during the characterisation of the novel

MR modulator, AZD9977, in a murine model, distinct miner-

alocorticoid effects of fludrocortisone compared with aldo-

sterone were observed.76,133 These effects were subsequently

extrapolated to humans using preclinical and clinical data

modelling. The mechanism of this effect remains unexp

lained.

Comparison of aldosterone and fludrocortisone revealed

distinct effects.128 A 1-mg dose of intramuscular aldosterone

exhibited an electrolyte regulating effect equivalent to a daily

oral dose of 250 mg of fludrocortisone.128 However, flu-

drocortisone exerted a more prolonged effect. A 1-mg dose of

intramuscular aldosterone showed a greater effect on eosi-

nopenia than 1-mg dose of oral fludrocortisone, indicating

that fludrocortisone’s effect on immune cell function requires

much higher doses than aldosterone.128,141 Notably, differ-

ences in the administration routes of aldosterone and flu-

drocortisone may have contributed to the observed effects.

Fludrocortisone also exhibited pituitary adrenocorticotropic

mailto:Image of Fig 2|eps
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hormone (ACTH) inhibition, consistent with glucocorticoid

activity, an effect not observed with aldosterone, providing

further mechanisms whereby fludrocortisone may compound

the hyperglycaemia and immune changes observed with hy-

drocortisone administration.3,4,128,142

Thus, although both aldosterone and fludrocortisone are

classified asmineralocorticoids, their pharmacological actions

differ andmay translate into distinct clinical effects. However,

although both fludrocortisone and aldosterone have demon-

strable non-genomic effects in murine models, evidence for

thismechanism in humans as an explanation for themortality

improvement observed with adjunctive fludrocortisone with

hydrocortisone in septic shock is minimal.143

Role of adrenal age-related changes and
mineralocorticoid supplementation

The traditional concept of compartmentalised enzymatic re-

actions within distinct zones of the adrenal cortex, known as

functional zonation, has been challenged.144 Adrenal cortex

zones, namely the zona glomerulosa, zona fasciculata, and

zona reticularis, were thought to have distinct roles in syn-

thesising aldosterone, glucocorticoids, and androgens,

respectively.145,146 The distribution of enzymes and receptors

does not, however, suggest autonomous steroid production by

each adrenal zone. This is particularly relevant for the glo-

merulosa, which seemingly lacks the complete suite of the

necessary enzymes for aldosterone biosynthesis.147,148 Hence,

the adrenal gland, seen as an integrated structure, diminishes

the likelihood of diseases such as septic shock being restricted

to a particular zone.147

Furthermore, with progressing age (from about 30 yr), ad-

renal topographical changes occur, resulting in zona fas-

ciculata enlargement, reduction in zona reticularis and

glomerulosa cell masses, and the development of aldosterone-

synthase expressing cell clusters at the border of the zona

glomerulosa with the zona fasciculata.147,149,150 Such histo-

logical changes suggest reduced functional differentiation

between zones. Of clinical relevance is that the reduction in

the aldosterone-producing cell mass and observed decrease in

aldosterone release with advancing age suggests that

adjunctive mineralocorticoid supplementation in septic shock

may be more effective in the older population.149e151 This

aligns with the demographic profile of participants in the

APROCCHSS trial, where the average age was 66 yr.4 Thus,

adjunctive hydrocortisone and fludrocortisone therapy may

hold greater promise for improving outcomes in septic shock

in older patients.
Impact of bioavailability of orally
administered fludrocortisone

Fludrocortisone differs from other corticosteroids in its 100%

bioavailability and long half-life (18e36 h) and duration of

action (1e2 days). It is dosed orally and is stable as a solid.140

However, pharmacokinetic data on the bioavailability of oral

fludrocortisone in critical illness is limited. In one-third of

patients with septic shock, a single oral dose of 50 mg led to

undetectable plasma levels in one study.152 The usual

replacement dose of fludrocortisone in primary adrenal

insufficiency is 100e200 mg, a dose significantly higher than

the 50 mg administered in studies conducted in septic shock.

More recently, an average of 100 mg fludrocortisone has been

used in septic shock.5 Additionally, the different minera
locorticoid effects of synthetic fludrocortisone compared with

endogenous aldosterone suggested by preclinical data high-

lights that translation of the mineralocorticoid effects of flu-

drocortisone to those of aldosterone requires further

exploration.133,153

Clinical applications and suggestions for
clinical practice

Which population is likely to benefit?

The decline of the aldosterone-producing cell mass with age

and the consequent reduction in aldosterone release suggests

that adjunctive mineralocorticoid supplementation in septic

shock may be more efficacious in the older population. Based

on the demographic profile of participants in the APROCCHSS

trial, consideration of adjunctive mineralocorticoid therapy in

septic shock may be more beneficial in the population group

above 60 yr of age.

Dosage and mode of fludrocortisone administration

Current recommendations suggest adjunctive hydrocortisone

at a non-tapered dose of 200 mg daily for 7 days if used in

septic shock. If adjunctive fludrocortisone therapy is to be

commenced in combination with hydrocortisone, we suggest

a dose of 50 mg daily for 7 days without tapering. Notably, a

recent international survey of clinician preferences for corti-

costeroid prescription in septic shock suggests a low prefer-

ence for fludrocortisone.154 Well-powered RCTs to investigate

patient selection, optimal dosage, and treatment regimen are

required before any firm recommendations can be made

regarding fludrocortisone dosing.

Adverse effects of hydrocortisone and fludrocortisone
use

Risks associated with adjunctive corticosteroid therapy in se-

vere sepsis and septic shock include gastroduodenal bleeding,

superinfection, neuromuscular weakness, hyperglycaemia,

and hypernatraemia.142 Findings of a systematic review on

corticosteroids in the treatment of severe sepsis and septic

shock in adults suggested no significant differences in rates of

gastroduodenal bleeding, superinfections, or neuromuscular

weakness between treated and control patients. However,

there were higher risks of hyperglycaemia (nine trials; 51.6% in

the treatment group [363 out of 703] vs 46% in the control group

[308 out of 670]; P<0.001; I2¼0%) and hypernatraemia (three

trials; 31.4% in the treatment group [127 out of 404] vs 19.2% in

the control group [77 out of 401]; P<0.001; I2¼0%) observed in

the treated group.142 In the APROCCHSS trial, the use of hy-

drocortisone in combination with fludrocortisone significantly

increased the risk of hyperglycaemia (relative risk, 1.07; 95%

CI, 1.03e1.12; P¼0.002). There were no significant differences

in the risks of gastroduodenal bleeding (relative risk, 0.88; 95%

CI, 0.58e1.34; P¼0.56) or superinfection (relative risk, 1.09; 95%

CI, 0.92e1.30; P¼0.30) when comparing hydrocortisone plus

fludrocortisone with placebo. The relatively minimal adverse

implications, along with the substantial potential benefit,

would seem to favour adjunctive hydrocortisone and flu-

drocortisone administration in septic shock.

Conclusions

Human and laboratory data provide insights into potential

mechanisms explaining the beneficial role of adjunctive
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hydrocortisone with fludrocortisone in septic shock. Cortisol

and aldosterone actions at the MR differ and by implication

their synthetic counterparts, however, this has not yet trans-

lated into compelling clinical evidence of effect. Aldosterone

exhibits mineralocorticoid and clinically relevant non-

mineralocorticoid effects; thus, when considering potential

beneficial mechanisms, the focus should not solely be on the

activity of aldosterone or fludrocortisone at the MR. Signalling

pathways activated by aldosterone on the MR are likely

distinct from those of fludrocortisone. Consequently, specific

effects of adjunctive fludrocortisone in combination with hy-

drocortisone in septic shock are still not well defined.

The precise targets of mineralocorticoid therapy within the

context of sepsis require further elucidation. Additionally, the

effect of ‘pro-inflammatory’ mineralocorticoid actions in

relation to immunoparalysis in septic shock and on vascular

reactivity requires further elucidation.Additionally, there is

clearly a need for further investigation into the pharmacoki-

netics of orally administered fludrocortisone in critical illness.
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15. Corrêa TD, Takala J, Jakob SM. Angiotensin II in septic

shock. Crit Care 2015; 19: 98

16. Antonucci E, Gleeson PJ, Annoni F, et al. Angiotensin II in

refractory septic shock. Shock 2017; 47: 560e6

17. Fountain JH, Lappin SL. Physiology, renin angiotensin sys-

tem, StatPearls. Treasure Island. FL: StatPearls Publishing;

2020. Available from: http://www.ncbi.nlm.nih.gov/

books/NBK470410/. [Accessed 26 October 2022]

18. Kaparianos A, Argyropoulou E. Local renin-angiotensin II

systems, angiotensin-converting enzyme and its homo-

logue ACE2: their potential role in the pathogenesis of

chronic obstructive pulmonary diseases, pulmonary hy-

pertension and acute respiratory distress syndrome. Curr

Med Chem 2011; 18: 3506e15

19. Bitker L, Burrell LM. Classic and nonclassic renin-

angiotensin systems in the critically ill. Crit Care Clin

2019; 35: 213e27

20. Mascolo A, Scavone C, Rafaniello C, et al. The role of

renin-angiotensin-aldosterone system in the heart and

lung: focus on COVID-19. Front Pharmacol 2021; 12,

667254

21. Zhuo JL, Ferrao FM, Zheng Y, Li XC. New frontiers in the

intrarenal renin-angiotensin system: a critical review of

classical and new paradigms. Front Endocrinol 2013; 4: 166

22. Santos RA. Angiotensin-(1e7). Hypertension 2014; 63:

1138e47

23. Briet M, Schiffrin EL. Vascular actions of aldosterone.

J Vasc Res 2013; 50: 89e99

24. Tolstoy NS, Aized M, McMonagle MP, et al. Mineralocor-

ticoid deficiency in hemorrhagic shock. J Surg Res 2013;

180: 232e7

25. Briegel J, M€ohnle P, Keh D, et al. Corticotropin-stimulated

steroid profiles to predict shock development and mor-

tality in sepsis: from the HYPRESS study. Crit Care 2022;

26: 343

26. Seo KH. Perioperative glucocorticoid management based

on current evidence. Anesth Pain Med 2021; 16: 8e15

27. Oprea A, Bonnet NCG, Poll�e O, Lysy PA. Novel insights

into glucocorticoid replacement therapy for pediatric

and adult adrenal insufficiency. Ther Adv Endocrinol Metab

2019; 10, 204201881882129

http://refhub.elsevier.com/S0007-0912(23)00589-5/sref1
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref1
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref1
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref1
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref2
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref2
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref2
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref2
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref2
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref3
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref3
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref3
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref3
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref3
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref3
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref4
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref4
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref4
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref4
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref5
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref5
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref5
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref5
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref6
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref6
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref6
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref6
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref7
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref7
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref7
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref7
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref7
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref8
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref8
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref8
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref8
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref9
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref9
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref9
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref9
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref10
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref10
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref10
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref11
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref11
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref11
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref11
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref11
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref11
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref12
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref12
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref13
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref13
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref13
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref13
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref14
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref14
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref14
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref15
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref15
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref15
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref16
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref16
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref16
http://www.ncbi.nlm.nih.gov/books/NBK470410/
http://www.ncbi.nlm.nih.gov/books/NBK470410/
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref18
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref18
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref18
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref18
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref18
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref18
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref18
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref19
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref19
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref19
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref19
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref20
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref20
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref20
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref20
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref21
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref21
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref21
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref22
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref22
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref22
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref22
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref23
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref23
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref23
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref24
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref24
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref24
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref24
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref25
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref25
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref25
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref25
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref25
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref26
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref26
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref26
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref27
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref27
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref27
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref27
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref27


62 - Nethathe et al.
28. Caetano CM, Sliwinska A, Madhavan P, Grady J,

Malchoff CD. Empiric determination of the daily gluco-

corticoid replacement dose in adrenal insufficiency.

J Endocr Soc 2020; 4: bvaa145

29. Bornstein SR, Barthel A, Husebye ES, et al. Diagnosis and

treatment of primary adrenal insufficiency: an Endocrine

Society clinical practice guideline. J Clin Endocrinol Metab

2016; 101: 364e89

30. Pearce D, Bhalla V, Funder JW. Aldosterone and mineralo-

corticoid receptors: renal and extrarenal roles, brenner and

rector’s the kidney. 11th ed. Elsevier; 2020. p. 335e56

31. Auchus RJ, Parker KL. The adrenal glands, Textbook of

endocrine physiology. 6th Edn. New York: Oxford Univer-

sity Press; 2011

32. Amar L, Plouin P-F, Steichen O. Aldosterone-producing

adenoma and other surgically correctable forms of pri-

mary aldosteronism. Orphanet J Rare Dis 2010; 5: 9

33. Black RE, Laxminarayan R, Temmerman M, Walker N.

Reproductive, maternal, newborn, and child health: disease

control priorities, third edition (volume 2). Washington (DC):

The International Bank for Reconstruction and Devel-

opment/The World Bank; 2016 Apr 5. https://doi.org/10.

1596/978-1-4648-0348-2. PMID: 27227205

34. Esposito D, Pasquali D, Johannsson G. Primary adrenal

insufficiency: managing mineralocorticoid replacement

therapy. J Clin Endocrinol Metab 2018; 103: 376e87

35. Rahman M, Anjum F. Fludrocortisone, StatPearls. Treasure

Island. FL: StatPearls Publishing; 2022. Available from:

http://www.ncbi.nlm.nih.gov/books/NBK564331/.

[Accessed 24 March 2022]

36. Bowden SA, Henry R. Pediatric adrenal insufficiency:

diagnosis, management, and new therapies. Int J Pediatr

2018; 2018, 1739831

37. Albanese A, Hindmarsh P, Stanhope R. Management of

hyponatraemia in patients with acute cerebral insults.

Arch Dis Child 2001; 85: 246e51

38. Grossman A, Johannsson G, Quinkler M, Zelissen P.

Therapy of endocrine disease: perspectives on the

management of adrenal insufficiency: clinical insights

from across Europe. Eur J Endocrinol 2013; 169: R165e75

39. Nethathe GD, Cohen J, Lipman J, Anderson R, Feldman C.

Mineralocorticoid dysfunction during critical illness: a

review of the evidence. Anesthesiology 2020; 133: 439e57

40. Williams JS, Williams GH. 50th anniversary of aldoste-

rone. J Clin Endocrinol Metab 2003; 88: 2364e72

41. Grossmann C, Scholz T, Rochel M, et al. Transactivation

via the human glucocorticoid and mineralocorticoid re-

ceptor by therapeutically used steroids in CV-1 cells: a

comparison of their glucocorticoid and mineralocorti-

coid properties. Eur J Endocrinol 2004; 151: 397e406

42. Sutanto W, De Kloet ER. Mineralocorticoid receptor li-

gands: biochemical, pharmacological, and clinical as-

pects. Med Res Rev 1991; 11: 617e39

43. Gomez-Sanchez E, Gomez-Sanchez CE. The multifaceted

mineralocorticoid receptor. Compr Physiol 2014; 4: 965e94

44. Nethathe GD, Lipman J, Anderson R, Feldman C. CIRMIda

new term for a concept worthy of further exploration: a

narrative review. Ann Transl Med 2022; 10: 646

45. Hermidorff MM, Assis LVM de, Isoldi MC. Genomic and

rapid effects of aldosterone: what we know and do not

know thus far. Heart Fail Rev 2017; 22: 65e89

46. Connell JMC, Davies E. The new biology of aldosterone.

J Endocrinol 2005; 186: 1e20
47. Wehling M. Specific, nongenomic actions of steroid

hormones. Annu Rev Physiol 1997; 59: 365e93

48. Boldyreff B, Wehling M. Aldosterone: refreshing a slow

hormone by swift action. Physiology 2004; 19: 97e100.

[Accessed 30 May 2020]

49. Hucklebridge F, Mellins J, Evans P, Clow A. The awak-

ening cortisol response: no evidence for an influence of

body posture. Life Sci 2002; 71: 639e46

50. Vernikos-Danellis J, Winget CM. The importance of light,

postural and social cues in the regulation of the plasma

cortisol rhythm in man 1979. Available from: http://ntrs.

nasa.gov/search.jsp?R¼19790063385.

51. Wendler A, Wehling M. Is GPR30 the membrane aldo-

sterone receptor postulated 20 years ago? Hypertension

2011; 57: e16. ; author reply e17

52. Mihailidou AS, Tzakos AG, Ashton AW. Non-genomic

effects of aldosterone, vitamins and hormones. Vitam

Horm 2019; 109: 133e49

53. Funder JW. GPR30, mineralocorticoid receptors, and the

rapid vascular effects of aldosterone. Hypertension 2011;

57: 370e2

54. Feldman RD, Limbird LE. GPER (GPR30): a nongenomic

receptor (GPCR) for steroid hormones with implications

for cardiovascular disease and cancer. Annu Rev Phar-

macol Toxicol 2017; 57: 567e84

55. Weikum ER, Liu X, Ortlund EA. The nuclear receptor

superfamily: a structural perspective. Protein Sci Publ

Protein Soc 2018; 27: 1876

56. Pippal JB, Fuller PJ. Structureefunction relationships in

the mineralocorticoid receptor. J Mol Endocrinol 2008; 41:

405e13

57. Eberwine J. Glucocorticoid and mineralocorticoid re-

ceptors as transcription factors. In: Siegel GJ,

Agranoff BW, Albers RW, et al., editors. Basic Neuro-

chemistry: Molecular, Cellular and Medical Aspects. 6th Edn.

Philadelphia: Lippincott-Raven; 1999 Available from:

http://www.ncbi.nlm.nih.gov/books/NBK28050/

58. Funder JW, Pearce PT, Smith R, Smith AI. Mineralocorti-

coid action: target tissue specificity is enzyme, not re-

ceptor, mediated. Science 1988; 242: 583e5

59. Funder JW. Target tissue specificity of mineralocorti-

coids. Trends Endocrinol Metab 1990; 1: 145e8

60. Arriza J, Weinberger C, Cerelli G, et al. Cloning of human

mineralocorticoid receptor complementary DNA: struc-

tural and functional kinship with the glucocorticoid re-

ceptor. Science 1987; 237: 268e75

61. Gomez-Sanchez EP. The mammalian mineralocorticoid

receptor: tying down a promiscuous receptor: mineralo-

corticoid receptor selectivity. Exp Physiol 2010; 95: 13e8

62. Diederich S, Eigendorff E, Burkhardt P, et al. 11b-
Hydroxysteroid dehydrogenase types 1 and 2: an

important pharmacokinetic determinant for the activity

of synthetic mineralo- and glucocorticoids. J Clin Endo-

crinol Metab 2002; 87: 5695e701

63. Venkatesh B, Cohen J, Hickman I, et al. Evidence of

altered cortisol metabolism in critically ill patients: a

prospective study. Intensive Care Med 2007; 33: 1746e53

64. Boonen E, Van den Berghe G. Cortisol metabolism in

critical illness: implications for clinical care. Curr Opin

Endocrinol Diabetes Obes 2014; 21: 185e92

65. Nicolaides NC, Chrousos G, Kino T. Glucocorticoid Re-

ceptor, Endotext. In: Feingold KR, Anawalt B, Boyce A,

editors. South Dartmouth (MA). MDText.com, Inc.; 2000.

http://refhub.elsevier.com/S0007-0912(23)00589-5/sref28
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref28
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref28
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref28
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref29
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref29
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref29
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref29
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref29
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref30
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref30
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref30
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref30
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref31
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref31
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref31
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref32
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref32
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref32
https://doi.org/10.1596/978-1-4648-0348-2
https://doi.org/10.1596/978-1-4648-0348-2
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref34
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref34
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref34
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref34
http://www.ncbi.nlm.nih.gov/books/NBK564331/
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref36
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref36
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref36
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref37
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref37
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref37
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref37
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref38
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref38
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref38
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref38
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref38
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref39
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref39
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref39
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref39
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref40
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref40
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref40
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref41
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref41
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref41
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref41
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref41
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref41
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref42
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref42
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref42
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref42
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref43
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref43
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref43
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref44
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref44
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref44
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref44
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref45
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref45
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref45
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref45
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref46
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref46
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref46
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref47
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref47
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref47
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref48
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref48
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref48
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref48
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref49
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref49
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref49
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref49
http://ntrs.nasa.gov/search.jsp?R=19790063385
http://ntrs.nasa.gov/search.jsp?R=19790063385
http://ntrs.nasa.gov/search.jsp?R=19790063385
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref51
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref51
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref51
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref52
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref52
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref52
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref52
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref53
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref53
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref53
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref53
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref54
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref54
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref54
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref54
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref54
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref55
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref55
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref55
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref56
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref56
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref56
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref56
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref56
http://www.ncbi.nlm.nih.gov/books/NBK28050/
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref58
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref58
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref58
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref58
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref59
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref59
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref59
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref60
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref60
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref60
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref60
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref60
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref61
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref61
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref61
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref61
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref62
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref62
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref62
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref62
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref62
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref62
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref63
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref63
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref63
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref63
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref64
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref64
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref64
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref64


Glucocorticoids with or without mineralocorticoids in septic shock - 63
Available from: http://www.ncbi.nlm.nih.gov/books/

NBK279171/. [Accessed 21 October 2022]

66. Timmermans S, Souffriau J, Libert C. A general introduc-

tion to glucocorticoid biology. Front Immunol 2019; 10: 1545

67. Funder J. Experimental and clinical pharmacology: cor-

ticosteroids - mechanisms of action. Aust Prescr 1996; 16:

41e4

68. Fuller PJ, Lim-Tio SS, Brennan FE. Specificity in miner-

alocorticoid versus glucocorticoid action. Kidney Int 2000;

57: 1256e64

69. Brookes JC, Galigniana MD, Harker AH, Stoneham AM,

Vinson GP. System among the corticosteroids: specificity

and molecular dynamics. J R Soc Interface 2012; 9: 43e53

70. Seckl JR. 11b-Hydroxysteroid dehydrogenase in the brain:

a novel regulator of glucocorticoid action? Front Neuro-

endocrinol 1997; 18: 49e99

71. Ngarmukos C, Grekin RJ. Nontraditional aspects of

aldosterone physiology. Am J Physiol Endocrinol Metab

2001; 281: E1122e7

72. Annane D. Is there a mineralocorticoid deficiency in

critically ill patients? How can it be diagnosed? Should it

be treated?. In: Evidence-Based Practice of Critical Care.

Philadelphia: Elsevier; 2010. p. 521e4

73. Funder JW. Aldosterone action. Annu Rev Physiol 1993; 55:

115e30

74. Trapp T, Holsboer F. Ligand-induced conformational

changes in the mineralocorticoid receptor analyzed by

protease mapping. Biochem Biophys Res Commun 1995;

215: 286e91

75. Kirk DN, Marples BA. The structure and nomenclature of

steroids. In: Makin HLJ, Gower DB, Kirk DN, editors. Steroid

Analysis. Dordrecht: Springer Netherlands; 1995. p. 1e24

76. Vinson GP. The mislabelling of deoxycorticosterone:

making sense of corticosteroid structure and function.

J Endocrinol 2011; 211: 3e16

77. Galigniana MD, Piwien Pilipuk G, Kanelakis KC, Burton G,

Lantos CP. Molecular mechanism of activation and nu-

clear translocation of the mineralocorticoid receptor

upon binding of pregnanesteroids. Mol Cell Endocrinol

2004; 217: 167e79

78. Good DW, George T, Watts BA. Aldosterone inhibits HCO3
-

absorption via a nongenomic pathway in medullary

thick ascending limb. Am J Physiol Renal Physiol 2002; 283:

F699e706

79. Qin W, Rudolph AE, Bond BR, et al. Transgenic model of

aldosterone-driven cardiac hypertrophy and heart fail-

ure. Circ Res 2003; 93: 69e76

80. Yamaji M, Tsutamoto T, Kawahara C, et al. Serum

cortisol as a useful predictor of cardiac events in patients

with chronic heart failure: the impact of oxidative stress.

Circ Heart Fail 2009; 2: 608e15

81. Funder JW. Aldosterone and mineralocorticoid recep-

torsdphysiology and pathophysiology. Int J Mol Sci 2017;

18: 1032

82. Nagata K, Obata K, Xu J, et al. Mineralocorticoid receptor

antagonism attenuates cardiac hypertrophy and failure

in low-aldosterone hypertensive rats. Hypertension 2006;

47: 656e64

83. Funder JW. Mineralocorticoid receptor activation and

oxidative stress. Hypertension 2007; 50: 840e1

84. Mihailidou AS, Mardini M, Fraser T, Knights D, Funder JW.

Agonist/antagonist activity of cortisol in cardiomyocyte

mineralocorticoid receptors is determined by redox state.
In: 30th Annual Meeting of the International Aldosterone Con-

ference; 2004. New Orleans

85. Fuller PJ, Yao Y, Yang J, Young MJ. Mechanisms of ligand

specificity of the mineralocorticoid receptor. J Endocrinol

2012; 213: 15e24

86. Dahanayake JN, Kasireddy C, Karnes JP, et al. Chapter

five e progress in our understanding of 19F chemical

shifts. In: Webb GA, editor. Annual Reports on NMR Spec-

troscopy, 93. Academic Press; 2018. p. 281e365. ISSN 0066-

4103, ISBN 9780128149133, https://doi.org/10.1016/bs.

arnmr.2017.08.002

87. Murphy CD, Palmer-Brown W, Quinn L, Saccomanno M.

Microbial metabolism of fluorinated drugs. In: Haufe G,

Leroux FR, editors. Fluorine in Life Sciences: Pharmaceuti-

cals, Medicinal Diagnostics, and Agrochemicals. Cambridge,

MA: Academic Press; 2019. p. 281e99

88. Khan MO, Lee HJ. Synthesis and pharmacology of anti-

inflammatory steroidal antedrugs. Chem Rev 2008; 108:

5131e45

89. Fuller PJ, Yao Y-Z, Jin R, et al. Molecular evolution of the

switch for progesterone and spironolactone from

mineralocorticoid receptor agonist to antagonist. Proc

Natl Acad Sci 2019; 116: 18578e83

90. De Kloet ER. From receptor balance to rational gluco-

corticoid therapy. Endocrinology 2014; 155: 2754e69

91. Fuller PJ, Yang J, Young MJ. Mechanisms of mineralo-

corticoid receptor signaling. Vitam Horm 2019; 109:

37e68

92. Heegde F ter, De Rijk RH, Vinkers CH. The brain miner-

alocorticoid receptor and stress resilience. Psychoneur-

oendocrinology 2015; 52: 92e110

93. Cruz-Topete D, Oakley RH, Cidlowski JA. Glucocorticoid

signaling and the aging heart. Front Endocrinol 2020; 11:

347

94. Mihailidou AS, Loan Le TY, Mardini M, Funder JW. Glu-

cocorticoids activate cardiac mineralocorticoid receptors

during experimental myocardial infarction. Hypertension

2009; 54: 1306e12

95. Edwards CRW. Renal 11-beta-hydroxysteroid dehydro-

genase: a mechanism ensuring mineralocorticoid speci-

ficity. Horm Res 1990; 34: 114e7

96. Feraille E, Dizin E. Coordinated control of ENaC and Naþ
,K þ -ATPase in renal collecting duct. J Am Soc Nephrol

2016; 27: 2554e63

97. Rosa DA de la, Li H, Canessa CM. Effects of aldosterone

on biosynthesis, traffic, and functional expression of

epithelial sodium channels in A6 cells. J Gen Physiol 2002;

119: 427e42

98. Chen S, Bhargava A, Mastroberardino L, et al. Epithelial

sodium channel regulated by aldosterone-induced pro-

tein sgk. Proc Natl Acad Sci 1999; 96: 2514e9

99. Ozbaki-Yagan N, Liu X, Bodnar AJ, Ho J, Butterworth MB.

Aldosterone-induced microRNAs act as feedback regu-

lators of mineralocorticoid receptor signaling in kidney

epithelia. FASEB J 2020; 34: 11714e28

100. Pearce D. SGK1 regulation of epithelial sodium transport.

Cell Physiol Biochem 2003; 13: 13e20

101. Liu Y, Yu Y, Liu J, et al. Neuroimmune regulation in

sepsis-associated encephalopathy: the interaction be-

tween the brain and peripheral immunity. Front Neurol

2022; 13, 892480

102. Hill AR, Spencer-Segal JL. Glucocorticoids and the brain

after critical illness. Endocrinology 2021; 162: bqaa242

http://www.ncbi.nlm.nih.gov/books/NBK279171/
http://www.ncbi.nlm.nih.gov/books/NBK279171/
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref66
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref66
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref67
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref67
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref67
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref67
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref68
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref68
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref68
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref68
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref69
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref69
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref69
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref69
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref70
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref70
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref70
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref70
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref71
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref71
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref71
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref71
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref72
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref72
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref72
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref72
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref72
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref73
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref73
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref73
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref74
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref74
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref74
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref74
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref74
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref75
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref75
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref75
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref75
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref76
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref76
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref76
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref76
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref77
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref77
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref77
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref77
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref77
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref77
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref78
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref78
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref78
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref78
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref78
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref78
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref79
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref79
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref79
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref79
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref80
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref80
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref80
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref80
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref80
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref81
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref81
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref81
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref81
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref82
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref82
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref82
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref82
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref82
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref83
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref83
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref83
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref84
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref84
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref84
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref84
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref84
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref85
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref85
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref85
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref85
https://doi.org/10.1016/bs.arnmr.2017.08.002
https://doi.org/10.1016/bs.arnmr.2017.08.002
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref87
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref87
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref87
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref87
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref87
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref87
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref88
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref88
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref88
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref88
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref89
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref89
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref89
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref89
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref89
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref90
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref90
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref90
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref91
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref91
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref91
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref91
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref92
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref92
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref92
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref92
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref93
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref93
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref93
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref94
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref94
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref94
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref94
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref94
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref95
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref95
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref95
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref95
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref96
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref96
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref96
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref96
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref96
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref97
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref97
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref97
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref97
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref97
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref98
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref98
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref98
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref98
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref99
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref99
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref99
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref99
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref99
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref100
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref100
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref100
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref101
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref101
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref101
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref101
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref102
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref102


64 - Nethathe et al.
103. Czempik PF, Pluta MP, Krzych ŁJ. Sepsis-associated brain

dysfunction: a review of current literature. Int J Environ

Res Public Health 2020; 17: 5852

104. Meyer M, Meijer O, Hunt H, et al. Stress-induced neuro-

inflammation of the spinal cord is restrained by

Cort113176 (Dazucorilant), a specific glucocorticoid re-

ceptor modulator. Mol Neurobiol 2023. https://doi.org/

10.1007/s12035-023-03554-x. Advance Access published

on August 11

105. De Nicola AF, Meyer M, Guennoun R, et al. Insights into

the therapeutic potential of glucocorticoid receptor

modulators for neurodegenerative diseases. Int J Mol Sci

2020; 21: 2137

106. Geerling JC, Loewy AD. Aldosterone in the brain. Am J

Physiol Renal Physiol 2009; 297: F559e76

107. Ferrari P. The role of 11b-hydroxysteroid dehydrogenase

type 2 in human hypertension. Biochim Biophys Acta 2010;

1802: 1178e87

108. Ueda K, Okamura N, Hirai M, et al. Human P-glycoprotein

transports cortisol, aldosterone, and dexamethasone,

but not progesterone. J Biol Chem 1992; 267: 24248e52

109. De Kloet ER, Meijer OC, Nicola AF de, Rijk RH de, Jo€els M.

Importance of the brain corticosteroid receptor balance

in metaplasticity, cognitive performance and neuro-

inflammation. Front Neuroendocrinol 2018; 49: 124e45

110. Gomez Sanchez EP. Central mineralocorticoid receptors

and cardiovascular disease. Neuroendocrinology 2009; 90:

245e50

111. De Kloet ER, Meijer OC. MR/GR signaling in the brain

during the stress response. In: Harvey B, Jaisser F, edi-

tors. Aldosterone-Mineralocorticoid Receptor - Cell Biology to

Translational Medicine. IntechOpen; 2019

112. De Kloet ER, Jo€els M, Holsboer F. Stress and the brain:

from adaptation to disease. Nat Rev Neurosci 2005; 6:

463e75

113. Jo€els M, Sarabdjitsingh RA, Karst H. Unraveling the time

domains of corticosteroid hormone influences on brain

activity: rapid, slow, and chronic modes. Pharmacol Rev

2012; 64: 901e38

114. Gomez-Sanchez EP, Venkataraman MT, Thwaites D,

Fort C. ICV infusion of corticosterone antagonizes ICV-

aldosterone hypertension. Am J Physiol-Endocrinol Metab

1990; 258: E649e53

115. Evans LC, Ivy JR, Wyrwoll C, et al. Conditional deletion of

Hsd11b2 in the brain causes salt appetite and hyperten-

sion. Circulation 2016; 133: 1360e70

116. Rossier MF. The cardiac mineralocorticoid receptor (MR):

a therapeutic target against ventricular arrhythmias.

Front Endocrinol 2021; 12, 694758

117. Rossier MF, Python M, Maturana AD. Contribution of

mineralocorticoid and glucocorticoid receptors to the

chronotropic and hypertrophic actions of aldosterone in

neonatal rat ventricular myocytes. Endocrinology 2010;

151: 2777e87

118. Seamon K, Daly JW, Metzger H, De Souza NJ, Reden J.

Structure-activity relationships for activation of adenylate

cyclase by the diterpene forskolin and its derivatives.

J Med Chem 1983; 26: 436e9

119. Mihailidou AS, Mardini M, Funder JW. Rapid, non-

genomic effects of aldosterone in the heart mediated by ε

protein kinase C. Endocrinology 2004; 145: 773e80

120. Sato A, Liu J-P, Funder JW. Aldosterone rapidly represses

protein kinase C activity in neonatal rat cardiomyocytes

in vitro. Endocrinology 1997; 138: 3410e6
121. Fern�andez-Ruiz I. Balancing stress signalling in the

heart. Nat Rev Cardiol 2019; 16: 384e5

122. Oakley RH, Cruz-Topete D, He B, et al. Cardiomyocyte

glucocorticoid and mineralocorticoid receptors directly

and antagonistically regulate heart disease in mice. Sci

Signal 2019; 12, eaau9685

123. Bohus B, De Kloet ER. Adrenal steroids and extinction

behavior: antagonism by progesterone, deoxycorticoster-

one and dexamethasone of a specific effect of corticoste-

rone. Life Sci 1981; 28: 433e40

124. De Kloet ER, Versteeg DHG, Kovacs GL. Aldosterone blocks

the response to corticosterone in the raphe-hippocampal

serotonin system. Brain Res 1983; 264: 323e7

125. Veldhuis HD, De Kloet ER. Antagonistic effects of aldo-

sterone on corticosterone-mediated changes in explor-

atory behavior of adrenalectomized rats. Horm Behav

1983; 17: 225e32

126. Holtorf K. The bioidentical hormone debate: are bio-

identical hormones (estradiol, estriol, and progesterone)

safer or more efficacious than commonly used synthetic

versions in hormone replacement therapy? Postgrad Med

2009; 121: 73e85

127. Santoro N, Braunstein GD, Butts CL, Martin KA,

McDermott M, Pinkerton JV. Compounded bioidentical

hormones in endocrinology practice: an Endocrine Soci-

ety scientific statement. J Clin Endocrinol Metab 2016; 101:

1318e43

128. Thorn GW, Sheppard RH, Morse WI, Reddy WJ,

Beigelman PM, Renold AE. Comparative action of aldo-

sterone and 9-alpha-fluorohydrocortisone in man. Ann N

Y Acad Sci 1955; 61: 609e19

129. Files JA, Ko MG, Pruthi S. Bioidentical hormone therapy.

Mayo Clin Proc 2011; 86: 673e80

130. Whelan AM, Jurgens TM, Trinacty M. Defining bio-

identical hormones for menopause-related symptoms.

Pharm Pract Internet 2011; 9: 16e22

131. De Kloet ER. Why dexamethasone poorly penetrates in

brain. Stress 1997; 2: 13e9

132. Meijer OC, Lange ECM de, Breimer DD, Boer AG de,

Workel JO, De Kloet ER. Penetration of dexamethasone

into brain glucocorticoid targets is enhanced in mdr1A P-

glycoprotein knockout mice. Endocrinology 1998; 139:

1789e93

133. Bamberg K, William-Olsson L, Johansson U, Jansson-

L€ofmark R, Hartleib-Geschwindner J. The selective

mineralocorticoid receptor modulator AZD9977 reveals

differences in mineralocorticoid effects of aldosterone

and fludrocortisone. J Renin Angiotensin Aldosterone Syst

2019; 20, 1470320319827449

134. Tomlinson JW, Walker EA, Bujalska IJ, et al. 11b-
Hydroxysteroid dehydrogenase type 1: a tissue-specific

regulator of glucocorticoid response. Endocr Rev 2004;

25: 831e66

135. PubChem. Fludrocortisone. Available from: https://

pubchem.ncbi.nlm.nih.gov/compound/31378 [Accessed

21 July 2020].

136. Liu D, Ahmet A, Ward L, et al. A practical guide to the

monitoring and management of the complications of

systemic corticosteroid therapy. Allergy Asthma Clin

Immunol 2013; 9: 30

137. Robertson D, Marie Robertson R. Fludrocortisone. In:

Robertson D, Biaggioni I, Burnstock G, Low PA, Paton JFR,

editors. Primer on the Autonomic Nervous System. 3rd Edn.

San Diego: Academic Press; 2012. p. 635e7

http://refhub.elsevier.com/S0007-0912(23)00589-5/sref103
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref103
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref103
https://doi.org/10.1007/s12035-023-03554-x
https://doi.org/10.1007/s12035-023-03554-x
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref105
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref105
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref105
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref105
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref106
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref106
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref106
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref107
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref107
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref107
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref107
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref108
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref108
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref108
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref108
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref109
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref109
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref109
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref109
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref109
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref109
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref110
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref110
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref110
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref110
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref111
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref111
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref111
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref111
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref112
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref112
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref112
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref112
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref112
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref113
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref113
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref113
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref113
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref113
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref113
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref114
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref114
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref114
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref114
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref114
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref115
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref115
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref115
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref115
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref116
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref116
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref116
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref117
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref117
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref117
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref117
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref117
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref117
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref118
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref118
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref118
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref118
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref118
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref119
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref119
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref119
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref119
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref120
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref120
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref120
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref120
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref121
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref121
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref121
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref121
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref122
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref122
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref122
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref122
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref123
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref123
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref123
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref123
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref123
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref124
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref124
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref124
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref124
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref125
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref125
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref125
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref125
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref125
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref126
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref126
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref126
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref126
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref126
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref126
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref127
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref127
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref127
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref127
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref127
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref127
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref128
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref128
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref128
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref128
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref128
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref129
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref129
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref129
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref130
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref130
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref130
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref130
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref131
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref131
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref131
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref132
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref132
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref132
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref132
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref132
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref132
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref133
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref133
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref133
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref133
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref133
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref133
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref133
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref134
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref134
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref134
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref134
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref134
https://pubchem.ncbi.nlm.nih.gov/compound/31378
https://pubchem.ncbi.nlm.nih.gov/compound/31378
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref136
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref136
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref136
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref136
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref137
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref137
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref137
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref137
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref137


Glucocorticoids with or without mineralocorticoids in septic shock - 65
138. Tredwell M, Gouverneur V. Fluorine in medicinal chem-

istry: importance of chirality. In: L Carreira EM,

Yamamoto H, editors. Comprehensive Chirality. Amster-

dam: Elsevier; 2012. p. 70e85

139. Mitsky VP, Workman RJ, Nicholson WE, Vernikos J,

Robertson RM, Robertson D. A sensitive radioimmuno-

assay for fludrocortisone in human plasma. Steroids 1994;

59: 555e8

140. Florey K. Fludrocortisone acetate. In: Florey K, editor.

Analytical Profiles of Drug Substances. Academic Press;

1974. p. 281e306. [Accessed 14 June 2020]

141. Altman LC, Hill JS, Hairfield WM, Mullarkey MF. Effects of

corticosteroids on eosinophil chemotaxis and adher-

ence. J Clin Invest 1981; 67: 28e36

142. Annane D, Bellissant E, Bollaert P-E, et al. Corticosteroids

in the treatment of severe sepsis and septic shock in

adults: a systematic review. JAMA 2009; 301: 2362

143. Furman BL. Fludrocortisone. xPharm: the comprehensive

pharmacology reference. Elsevier; 2007. p. 1e4. https://

doi.org/10.1016/B978-008055232-3.61757-X

144. White PC. Disorders of aldosterone biosynthesis and

action. N Engl J Med 1994; 331: 250e8

145. Gallo-Payet N, Martinez A, Lacroix A. Editorial: ACTH

action in the adrenal cortex: from molecular biology to

pathophysiology. Front Endocrinol 2017; 8: 101

146. Nishimoto K, Koga M, Seki T, et al. Immunohistochem-

istry of aldosterone synthase leads the way to the
pathogenesis of primary aldosteronism. Mol Cell Endo-

crinol 2017; 441: 124e33

147. Vinson GP. Functional zonation of the adult mammalian

adrenal cortex. Front Neurosci 2016; 10: 238

148. Nishimoto K, Tomlins SA, Kuick R, et al. Aldosterone-

stimulating somatic gene mutations are common in

normaladrenal glands.ProcNatlAcadSci2015;112: E4591e9

149. Aiba M, Fujibayashi M. Alteration of subcapsular adre-

nocortical zonation in humans with aging: the progenitor

zone predominates over the previously well-developed

zona glomerulosa after 40 years of age. J Histochem Cyto-

chem 2011; 59: 557e64

150. Tezuka Y, Atsumi N, Blinder A, et al. Human adrenal

cortical zone changes with aging. J Endocr Soc 2021; 5.

A69eA69

151. Polito A, Hamitouche N, Ribot M, et al. Pharmacokinetics

of oral fludrocortisone in septic shock. Br J Clin Pharmacol

2016; 82: 1509e16

152. Erlandsson F, Albayaty M, Chialda L, et al. Clinical safety,

tolerability, pharmacokinetics and effects on urinary

electrolyte excretion of AZD9977, a novel, selective

mineralocorticoid receptor modulator. Br J Clin Pharmacol

2018; 84: 1486e93

153. Hammond NE, Kumar A, Tirupakuzhi Vijayaraghavan BK,

et al. Clinician preferences for prescription of corticoste-

roids in patients with septic shock: an international sur-

vey. Crit Care Resusc 2021; 23: 234e8
Handling Editor: Jonathan Hardman

http://refhub.elsevier.com/S0007-0912(23)00589-5/sref138
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref138
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref138
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref138
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref138
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref139
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref139
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref139
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref139
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref139
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref140
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref140
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref140
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref140
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref140
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref141
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref141
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref141
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref141
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref142
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref142
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref142
https://doi.org/10.1016/B978-008055232-3.61757-X
https://doi.org/10.1016/B978-008055232-3.61757-X
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref144
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref144
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref144
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref145
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref145
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref145
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref146
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref146
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref146
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref146
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref146
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref147
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref147
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref148
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref148
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref148
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref148
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref149
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref149
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref149
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref149
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref149
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref149
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref150
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref150
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref150
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref150
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref151
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref151
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref151
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref151
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref152
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref152
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref152
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref152
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref152
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref152
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref153
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref153
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref153
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref153
http://refhub.elsevier.com/S0007-0912(23)00589-5/sref153

	Glucocorticoids with or without fludrocortisone in septic shock: a narrative review from a biochemical and molecular perspe ...
	Editor's key points
	Biological rationale for the combination of hydrocortisone with fludrocortisone in the management of septic shock
	Mechanisms for the beneficial role of adjunctive use of fludrocortisone with hydrocortisone in septic shock
	Aldosterone has non-mineralocorticoid effects: classical mineralocorticoid receptor–mediated signalling vs alternate modes  ...
	The multifarious mineralocorticoid receptor
	Mineralocorticoid receptors are capable of divergent responses to different ligands
	Downstream signalling pathways between aldosterone and cortisol binding at the mineralocorticoid receptor differ
	Mineralocorticoid activity in the regulation of salt and water balance
	Mineralocorticoid activity in the brain
	Mineralocorticoid activity in the heart

	Aldosterone versus fludrocortisone mechanism of action: is there a difference?

	Role of adrenal age-related changes and mineralocorticoid supplementation
	Impact of bioavailability of orally administered fludrocortisone
	Clinical applications and suggestions for clinical practice
	Which population is likely to benefit?
	Dosage and mode of fludrocortisone administration
	Adverse effects of hydrocortisone and fludrocortisone use

	Conclusions
	Authors’ contributions
	Declaration of interest
	Funding
	References


