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ABSTRACT

The recent demonstration of the significant reduction in mortality in patients
with septic shock treated with adjunctive glucocorticoids combined with
fludrocortisone and the effectiveness of angiotensin Il in treating vasodila-
tory shock have renewed interest in the role of the mineralocorticoid axis
in critical illness. Glucocorticoids have variable interactions at the mineralo-
corticoid receptor. Similarly, mineralocorticoid receptor—aldosterone interac-
tions differ from mineralocorticoid receptor—glucocorticoid interactions and
predicate receptor-ligand interactions that differ with respect to cellular
effects. Hyperreninemic hypoaldosteronism or selective hypoaldosteronism,
an impaired adrenal response to increasing renin levels, occurs in a sub-
group of hemodynamically unstable critically ill patients. The suggestion is
that there is a defect at the level of the adrenal zona glomerulosa associated
with a high mortality rate that may represent an adaptive response aimed at
increasing cortisol levels. Furthermore, cross-talk exists between angiotensin
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wo recent large-scale clinical trials have demonstrated

a beneficial effect of adjunctive glucocorticoid treat-
ment in septic shock on shock reversal, weaning from
mechanical ventilation, and duration of intensive care stay,
with, however, divergent effects on mortality."> A possible
explanation for the discrepancy is that adjunctive fludrocor-
tisone was added to the treatment regimen in the trial that
reported a mortality benefit.’

Additionally, a phase II clinical trial of angiotensin has
demonstrated that angiotensin II is effective in treating
vasodilatory shock.* These recent demonstrations of signif-
icant reductions in mortality in patients with septic shock
treated with adjunctive glucocorticoid combined with
fludrocortisone, as well as the effectiveness of angiotensin
I in treating vasodilatory shock, have renewed interest in
the role of the mineralocorticoid axis in critical illness.">”

This narrative review aims to summarize current insights
into the pathophysiologic mechanisms and clinical impli-
cations of the renin—angiotensin—aldosterone system in
critical illness. We focus on the issue of fludrocortisone sup-
plementation in critical illness, as well as current under-
standing of the role of mineralocorticoid replacement in
this group of patients. Other aspects of mineralocorticoid
dysfunction, such as the presentation of a different approach

Il and aldosterone, which needs to be considered when employing therapeutic ¢

strategies.

(AnesTHEsIoLogY 2020; 133:439-57)

to the understanding of mineralocorticoid dysfunction
with a focus on hyperreninemic hypoaldosteronism, are
additional sections that are included in this review.

Physiology of Mineralocorticoid Secretion and
Metabolism

Adrenal Steroid Biosynthesis

The acute effect of corticotropin (adrenocorticotropic hor-
mone) released from the pituitary gland is to stimulate early
steps in the process of adrenal steroidogenesis by promoting
the transport of cholesterol into mitochondria. By binding
to a cell-surface receptor on the adrenal cortex, the mela-
nocortin receptor-2, adrenocorticotropic hormone leads to
activation of adenylyl cyclase, which, in turn, leads to an
increase in cyclic adenosine monophosphate production,
stimulation of protein kinase A, and protein phosphory-
lation.*"" More chronically, adrenocorticotropic hormone
causes an overall increase in all adrenal steroid production
and secretion, primarily through increasing the synthesis of
most of the enzymes of the steroidogenic pathway.'>"*
The mammalian adrenal gland consists of the adrenal
cortex and medulla. The adrenal cortex consists of three
zones; the zona fasciculata, the zona reticularis, and the
zona glomerulosa, which secrete glucocorticoids, andro-
genic precursors, and mineralocorticoids, respectively.'
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All steroid hormones are produced from modifications of
cholesterol (fig. 1).'° Steroidogenesis entails regulation of
cellular uptake and conversion of cholesterol to biologi-
cally active steroid hormones and occurs in the adrenal
glands, placenta, brain, and gonads. Subsequent chemical
modifications of cholesterol include a series of hydroxyl-
ations that require cytochrome P-450 enzymes.'*"” There
are zonal differences in enzymatic concentrations. Notably,
17-hydroxylase is present in low concentrations in the zona
glomerulosa. The zona glomerulosa is the only zone that
has the enzyme required to convert deoxycorticosterone
to aldosterone.' This zonal difference in enzyme concen-
trations results in compartmentalization of enzymatic reac-
tions. Adrenal cortical cells take up cholesterol from the
circulation (as lipoproteins) or synthesize cholesterol de
novo." In the mitochondria, cholesterol is converted to A5-
pregnenolone and then subsequently to progesterone.'”*
The main glucocorticoid secreted in response to adre-
nocorticotropic hormone is cortisol. Cortisol plays a role in
carbohydrate metabolism and promotes protein catabolism
to provide gluconeogenesis substrates. It also plays a role
in immune and cardiovascular function.?' In addition, cor-
ticotropin secretion stimulates aldosterone release through
responses mediated by melanocortin receptor-2.%
Androgens play a role in secondary reproductive devel-
opment and are secreted as precursors by the zona reticularis.
They include dehydroepiandrosterone, dehydroepiandros-
terone sulfate, and androstenedione. Androstenedione is
subsequently converted peripherally to testosterone.
Aldosterone is the primary mineralocorticoid secreted by
the adrenal cortex and is essential in the maintenance of
sodium, potassium, and extracellular fluid balance. Other sites
of aldosterone synthesis include the brain, blood vessels, and
the heart.?* The primary regulator of aldosterone synthesis

is the renin—angiotensin—aldosterone system. This is medi-
ated through adrenal angiotensin II receptors and results in
sodium retention and renal potassium loss. Corticotropin
release stimulates production of aldosterone, but compared
with cortisol, aldosterone is relatively independent of adre-
nocorticotropic hormone secretion. Aldosterone synthase
catalyzes synthesis by converting deoxycorticosterone to
corticosterone and then to aldosterone.”” Aldosterone syn-
thase expression is restricted to the zona glomerulosa. Unlike
cortisol, aldosterone is not specifically bound to plasma pro-
teins, making it less affected by plasma protein concentra-
tions and binding alterations that occur in critical illness.?

Regulation of Aldosterone Secretion

In healthy subjects, angiotensin II, together with a rise in
serum potassium concentration, are the primary secret-
agogues that stimulate aldosterone release.”** Levels of
aldosterone also fluctuate with changes in adrenocortico-
tropic hormone and renin levels.

Renin is a proteolytic enzyme that is cleaved from its
precursor, prorenin, and stored in the granules of renal mac-
ula densa and juxtaglomerular cells.” Prorenin production
also occurs in a number of extrarenal sites such as the adre-
nal glands, gonads, and placenta.” The release of renin is
triggered by a number of mechanisms, most importantly
changes in blood pressure, sympathetic nervous system
activity, and in response to hyponatremia.”® A fall in plasma
volume or blood pressure causes renin release, which in turn
activates angiotensinogen synthesis from the liver to form
angiotensin I. Angiotensin [ is converted to angiotensin
II by angiotensin-converting enzyme, an enzyme located
in many tissues.” Angiotensin II, a potent vasoconstrictor,

stimulates aldosterone release from the adrenal cortex.?

~ Plasma Renin Renin Direct Renin
Activity . Concentration Measurement
Angiotensinogen Angiotensinogen (tby oestrogen)
Texogenous
Renin Renin
Angiotensin | Angiotensin | Renin

Radioimmunoassay

Radicimmunoassay

Immunoradiometric assay

Fig. 1. Adrenal steroid biosynthetic pathway. Figure modified from Payne and Hales,'® with permission from Oxford University Press and the

Endocrine Society.
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The resultant increase in blood pressure causes a decline
in renin release, inhibiting further aldosterone production
(fig. 2).*° Angiotensin is currently understood to be one of
a number of drivers of aldosterone secretion.

Recently, in a murine model, the hormone leptin has
been found to be a new direct regulator of aldosterone
secretion.” Obesity is associated with higher levels of aldo-
sterone, and in both humans and murine models, obesity
has been demonstrated to increase plasma renin activity
and angiotensin II levels.*>?* Although the clinical rele-
vance of these findings requires further testing, the added

Baroreceptor Mechanism
|Pressure in afferent arteriole promotes renin release
tPressure in afferent arteriole inhibits renin release

Mineralocorticoid Dysfunction in Critical lliness

effect of increased aldosterone secretion mediated by leptin
may contribute to the increased cardiovascular risk asso-
ciated with obesity.* More importantly, this suggests that
leptin-mediated cardiovascular and endothelial dysfunction
may be ameliorated pharmacologically by mineralocorti-
coid receptor antagonists. In the acute critical care setting,
we postulate that increased levels of aldosterone in obesity
may confer potential benefit through hemodynamic and
vascular tone effects as much as increased levels of aldoste-
rone in pregnancy are postulated to be adaptive and to medi-
ate vascular tone.”*** Given the rising incidence of obesity

Macula Densa Mechanism

INaCl in distal nephron promotes renin release
tNaCl in distal nephron inhibits renin release

| extra cellular fluid volume promotes renin release
1 extra cellular fluid volume inhibits renin release
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Fig. 2. Mechanisms of renin release and aldosterone secretion. Figure modified from Raffa et al,*® with permission from Elsevier. Na,

sodium; H20, water.
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worldwide and the association of obesity with outcomes in
critical illness, further investigations are warranted.”
Plasma/serum levels of aldosterone also vary according to
population, age, sex, posture, and acute salt loading, as well
as among different laboratories because of variations in assay
procedures.**! As a result, there is currently no standard ref-
erence range that applies to all populations. Serum levels (sit-
ting position) have been found to range between 35 and 827
pmol/land 15 and 408 pmol/1 (before and after sodium-load-
ing test, respectively) in some populations.*’ Reference val-
ues between 12 and 140ng/1 (males) and 5.0 and 134.0ng/1
(females) in the adult population have also been described.*

Extraadrenal Synthesis of Aldosterone

With the exception of the brain, evidence suggesting local
aldosterone synthesis in the cardiovascular and renal systems,
as well as in adipose tissue, has been proposed but is conflict-
ing and unconvincing.”** Adipocytes contain angiotensin
I and angiotensin II receptors, mineralocorticoid receptors,
11p-hydroxysteroid dehydrogenase type 2, as well as evi-
dence of selected steroidogenic enzyme messenger RNA.*
11pB-Hydroxysteroid dehydrogenase, type 2,is an intracellular
isoenzyme that converts cortisol to cortisone, thus preventing
its binding to mineralocorticoid receptors. The significance
of the presence of these enzymes has yet to be elucidated.

The summation of evidence from murine and human
models suggests that aldosterone production in the brain, how-
ever, may be possible. Mineralocorticoid receptors are present
in high density in certain regions of the brain, even though
the blood—brain barrier significantly reduces exposure of the
brain to circulating aldosterone. Furthermore, the presence
of messenger RNA encoding corticosteroidogenic enzymes
in certain regions of the human brain suggests that specific
areas of the brain are able to produce low levels of aldosterone.
The ligand for the mineralocorticoid receptor in the brain has
not been proven to be necessarily aldosterone (glucocorticoid
presence in the brain is at higher concentration).*

Evidence supporting the extraadrenal synthesis of aldo-
sterone challenges the conventional understanding of aldo-
sterone action, because aldosterone synthesis is thought to
be secreted exclusively by the adrenal gland. Locally synthe-
sized aldosterone has been shown to regulate blood pres-
sure in murine models and to confer high spatial specificity
of aldosterone action. Exploration of these pathways in
the critical care setting may reveal previously unexplained

physiologic and therapeutic avenues.

Aldosterone Mode of Action and Cellular Effects

The essential role of mineralocorticoids in regulating
sodium and water homeostasis has been demonstrated in
adrenalectomized rats. Adrenalectomy results in weight loss,
severe dehydration as a result of sodium loss, hyperkalemia,
and hyponatremia, which resolve on treatment with miner-
alocorticoids.** The action of aldosterone is primarily on

Anesthesiology 2020; 133:439-57

the kidney, where it causes sodium and water retention and
active excretion of potassium and hydrogen ions. Its action
on luminal cortical tubular cells results in an increased num-
ber of open sodium channels promoting sodium reabsorp-
tion.”” Removal of sodium from the tubular fluid creates an
electrical gradient that favors the secretion of potassium and
hydrogen ions into the lumen. Aldosterone effects are pur-
portedly mediated by genomic interaction with the Na,K-
ATPase pump, as well as by nongenomic increases in the
permeability of cells to sodium and protons.*

Glucocorticoids and mineralocorticoids have similar affin-
ity for mineralocorticoid receptors. In conditions such as con-
gestive heart failure, cortisol has been shown to activate the
mineralocorticoid receptor.”’ Differences in the interaction of
various ligands with the mineralocorticoid receptor have been
previously demonstrated, and a number of factors confer min-
eralocorticoid action of glucocorticoids.®> Mineralocorticoid
receptors bound to aldosterone have been shown to be more
resistant to proteolysis than mineralocorticoid receptors
bound to either spironolactone or cortisol.*> Notably, min-
eralocorticoid receptor activation by glucocorticoids is not
applicable to all glucocorticoids. On a molecular level, gluco-
corticoid conformational mobility conveys specificity to the
mineralocorticoid receptor. Steroids are compounds with a
molecular skeleton consisting of four rings of carbon atoms
designated A, B, C, and D.** Steroid ring A is required for glu-
cocorticoid action and is rigid in the “pure” glucocorticoids
(e.¢., dexamethasone) and flexible in aldosterone. Ring C
conformation is required for mineralocorticoid action and is
rigid in aldosterone (but is relatively flexible in the pure glu-
cocorticoids). The exception is 11-deoxycorticosterone and
its synthetic derivative, 811,12-deoxycorticosterone, which
are specific mineralocorticoids with marked glucocorticoid
activity and a flexible C ring.”>** A putative mechanism for
this difference is the lack of C-11 oxygenation of 11-deoxy-
corticosterone, which may confer versatility.*>*” Additionally,
the action of 11B-hydroxysteroid dehydrogenase, type 2, an
intracellular isoenzyme that converts cortisol to cortisone thus
preventing its binding to mineralocorticoid receptors, further
renders mineralocorticoid responsive tissues, such as the kid-
ney, sensitive to mineralocorticoids only.***%

Multiple new members of the renin—angiotensin—aldo-
sterone system have been shown to exist. The current and
continuously evolving understanding is that the renin—an-
giotensin—aldosterone system consists of at least three addi-
tional local or tissue axes that regulate renal function, blood
pressure, and the cardiovascular and nervous systems. These
axes include a number of multifunctional enzymes, media-
tors, and their receptors; angiotensin-converting enzyme 2
(an angiotensin-converting enzyme homolog), angioten-
sin-(1-7) heptapeptide, and its G protein—coupled receptor,
Mas. Other tissue or local axes include the precursor prorenin,
the enzyme renin, and the (pro)renin receptor, which acti-
vates mitogen-activated protein kinases and the extracellular
signal-related protein kinase 1/2, and last the angiotensin

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

Nethathe et al.

20z Idy 01 uo 3senb Aq Jpd 0£000-0'00800202/ 12271 S/6E/2/EE Liypd-ajoie/ABojolsayisaue/Woo JIeydIaA|IS Zese//:d)y woy papeojumog



Nethathe et al.

IV hexapeptide, angiotensin 4 receptor, and insulin-regu-
lated aminopeptidase axes.®**! This is in contrast to the clas-
sical endocrine system and its circulating mediators. Thus the
understanding that blood pressure 1s under the sole control of
the classical renin—angiotensin—aldosterone system is debat-
able.®” Importantly, cross-talk between the renin—angioten-
sin—aldosterone system and aldosterone production is well
established, and thus these two systems should not be seen in
isolation.*® Experimentally, aldosterone has been demonstrated
to potentiate the constrictor effect of angiotensin II on vascu-
lar smooth muscle and to have a combined role with angio-
tensin II on vascular remodeling, endothelial dysfunction, and
oxidative stress. The apparent involvement of angiotensin II
with the additional axes of the renin—angiotensin—aldosterone
system clearly merits further intensive investigations.

Causes of Hypoaldosteronism and Clinical
Implications in Critical lliness

Causes of reduced levels of aldosterone include inherited
and acquired disorders that may lead to a reduction in aldo-
sterone synthesis, reduced renin secretion, or an impairment
of the renal response to aldosterone.” Hyporeninemia,
pharmacologic inhibition of aldosterone, renin, or angio-
tensin II, and primary adrenal insufficiency are important
examples of such factors. Hypoaldosteronism can be classi-
fied as hyporeninemic or hyperreninemic.*

Hyporeninemic Hypoaldosteronism

Hyporeninemic hypoaldosteronism represents the most
common cause of secondary mineralocorticoid insuffi-
ciency and is characterized by reduced aldosterone pro-
duction secondary to reduced renin release or action and
reduced angiotensin II production.® It is most commonly
seen secondary to renal dysfunction or as an effect of phar-
macologic agents.”

Primary Adrenal Insufficiency. Primary adrenal insufficiency
is associated with a lack of both aldosterone and cortisol
and is characterized by hyponatremia, hyperkalemia,
worsening fatigue, muscle weakness, volume depletion, and
hypotension.® In secondary adrenal insufficiency, because of
a lack of adrenocorticotropic hormone, hypoaldosteronism
is not a feature because adrenocorticotropic hormone does
not play a significant role in the regulation of aldosterone
release in this condition. A lack of aldosterone or reduced
aldosterone results in an increase in plasma renin activity
except in cases of hyporeninemic hypoaldosteronism.

Hyporeninemic Hypoaldosteronism in Renal Dysfunction: Is
Prorenin—Renin Conversion Impaired? More than 50% of
patients in the intensive care unit (ICU) develop acute
kidney injury during the course of their ICU stay, with
an associated mortality over 50%.°” Patients with mild-
to-moderate renal insufficiency (glomerular filtration rate

Mineralocorticoid Dysfunction in Critical lliness

of 45 to 89ml/min)*® have been previously shown to
exhibit reduced angiotensin II production, which in turn
contributes to reduced aldosterone secretion.*>*"!

Prorenin—renin conversion classically occurs in the
kidney and has more recently been shown to have extra-
renal sites of conversion.”? It is currently accepted that
the number of renin-producing cells varies according to
demand.”” Previously thought to be an inactive precursor
of renin, prorenin is currently understood to be functional;
to be elevated in certain conditions, such as pregnancy and
diabetes mellitus; and to have extrarenal sites of production
(notably adrenal).” Increasing evidence also suggests that
prorenin plays a role in the regulation of sodium and water
balance.” In critically ill ICU patients, evidence describ-
ing the association of raised renin levels with acute kid-
ney injury has been conflicting, with some suggesting the
use of renin as a marker of tissue perfusion and as a risk
stratification tool in septic shock.” The concept of hyper-
reninemic hypoaldosteronism as an etiological factor in
acute kidney injury associated with septic shock has also
been proposed.”>”*What is also apparent is that mechanisms
responsible for renin release in the acute setting (cyclic ade-
nosine monophosphate, calcium signaling pathways) differ
from mechanisms responsible for chronic renin stimulation
(metaplastic transformation of renin cell precursors).”*”
The significance of this, and the degree to which renin and
prorenin exert identical effects, are currently unknown and
present knowledge gaps that warrant further investigation.”
Auvailable studies to date have included heterogeneous pop-
ulations with acute and chronic pathophysiologic states,
probably associated with variable mechanisms of renin
release.

Hyporeninemic Hypoaldosteronism in Traumatic Head Injury
and Subarachnoid Hemorrhage: Is Fludrocortisone Beneficial in
Cerebral Salt Wasting? Hyponatremia and perturbations of
water balance are common in traumatic head pathology or
subarachnoid hemorrhage.”” Cerebral salt wasting and the
syndrome of inappropriate antidiuretic hormone secretion
are potential causes of hyponatremia in this population. The
pathophysiologic mechanisms involved have been studied
in both conditions, more so in subarachnoid hemorrhage.”
Although not a consistent finding in all studies, likely
because of the heterogeneous populations included in
various studies, high levels of atrial natriuretic peptide
and brain natriuretic peptide in patients with cerebral salt
wasting are purported to be contributory.”"
Hyporeninemic hypoaldosteronism in cerebral salt wast-
ing and normal or high aldosterone levels in the syndrome
of inappropriate antidiuretic hormone secretion have been
demonstrated previously.*” Treatment for cerebral salt wast-
ing in traumatic brain injury and in subarachnoid hemor-
rhage is not, however, well defined. Although the evidence
for the role of fludrocortisone in cerebral salt wasting states
is poor, hyponatremia in cerebral salt wasting associated
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with trauma or traumatic brain injury has previously been
successfully treated with fludrocortisone.”

In subarachnoid hemorrhage, management of cere-
bral salt wasting by hypovolemia and fluid restriction may
increase the risk of cerebral vasospasm, and fludrocorti-
sone has been advocated as a therapeutic intervention in
the management of plasma volume and hyponatremia.®"*
The two clinical trials conducted to date that have inves-
tigated the role of mineralocorticoid supplementation in
the management of subarachnoid hemorrhage have found
a significant reduction of sodium excretion after treatment
with fludrocortisone.®* In a controlled randomized trial
involving three centers and consisting of 91 patients, treat-
ment with fludrocortisone at a dose of 400 pg/day (orally
or intravenously) administered for a maximum of 12 days
was found to reduce excessive natriuresis in the first 6 days
of admission compared with controls. Fludrocortisone was
administered to 46 of the 91 patients in the study. Mean
daily fluid intake was 3,261 ml during the first 6 days and
3,352ml during the 12-day study period in the treatment
group and 3,341 and 3,264 ml, respectively in the control
group. Mean daily sodium intake was 219 mmol during the
first 6 days and 222 mmol during the 12-day study period
in the treatment group and 208 and 202 mmol, respectively,
in the control group. The frequency of a negative sodium
balance was reduced from 63 to 38% in the first 6 days (P
= 0.041) and 70 to 29% (P = 0.0023) during the 12-day
study period.*® This study confirms the presence of natri-
uresis in patients with subarachnoid hemorrhage that was
significantly reduced with fludrocortisone treatment.

Similar findings were noted by Mori ef al.® in a ran-
domized controlled trial consisting of 30 patients with
subarachnoid hemorrhage who were within 1 to 2 days of
surgery for aneurysmal clipping. Of these 30 patients, 15
received intravenous hypervolemic therapy (group 1), and
15 received oral or nasogastric fludrocortisone acetate at a
total divided dose of 300 pg/day for 8 days in addition to
hypervolemic therapy (group 2). Oral salt and hypertonic
saline were also administered to manage hyponatremia,
whereas water replacement was administered at 8-h inter-
vals to match losses, and 6% hydroxyethyl starch was admin-
istered additionally from days 2 to 14 for volume expansion.
The mean daily sodium intake was found to be significantly
lower for group 2 (487 * 34.52 mEq/day compared with
634.2 + 42.86 mEq/day; P < 0.05). In addition, group 1
patients demonstrated a significant decline in serum sodium
levels from days 4 to 7, which was not evident in group 2
(P<0.01).%

The management of subarachnoid hemorrhage, however,
has since evolved, with less focus on hypervolemia and a
substantial focus on endovascular techniques. Furthermore,
fludrocortisone dosing and timing, as well as sodium intake,
differed between these two studies. The bioavailability of
oral fludrocortisone has been shown to be variable in crit-
ical illness, and oral sodium intake may influence sodium

Anesthesiology 2020; 133:439-57

balance.® In the study by Hasan et al.,* fludrocortisone
given within 72h of the hemorrhage was administered
intravenously or orally at a dose of 0.4mg in two doses for
12 days, whereas in the study by Mori et al.,** fludrocorti-
sone was given orally only at a dose of 0.3 mg/day in three
divided doses from days 1 to 8. Patients who were able to
tolerate an oral diet were placed on a controlled low-so-
dium diet to reduce variability in sodium intake. This was
not controlled for in the study by Mori et al.®*

Although also limited by factors such as sample size,
these studies nonetheless highlight the potentially beneficial
effects of early treatment with fludrocortisone on sodium
and water balance in patients with subarachnoid hemor-
rhage.® In addition, they also raise the question of poten-
tial hypoaldosteronism in this group of patients. There was,
however, no neurologic outcome benefit in either study.
The contribution of serum sodium to complications such
as cerebral edema and seizures in individual patients with
subarachnoid hemorrhage remains difficult to determine.™
The role of therapies aimed at reversing hyponatremia
remains debatable because the evidence that hyponatremia
influences prognosis in patients with subarachnoid hemor-

8 1t is, however, considered reasonable

rhage is inconclusive.
practice (as per consensus guidelines) to use fludrocortisone
and hypertonic saline to prevent and correct hyponatremia

in the management of subarachnoid hemorrhage.”

Pharmacologic Causes of Hyporeninemic Aldosteronism.
inhibit
aldosterone release by reducing the conversion ofangiotensin

Angiotensin-converting  enzyme  inhibitors
I to angiotensin II. Angiotensin II receptor blockers interfere
with angiotensin II action at the receptor level, whereas
direct renin inhibitors act by binding competitively to the
active site of the enzyme."” Renin secretion is, however,
increased with angiotensin-converting enzyme inhibitors.®
Potassium load and potassium-sparing diuretics are another
type of medications that are also known to interfere with
aldosterone metabolism.®

Nonsteroidal antiinflammatory drugs have been shown
to impair both renal renin secretion and angiotensin II—
induced release of aldosterone. Interestingly, agents such as
diclofenac, mefenamic acid, and naproxen have also been
shown to inhibit the glucuronidation of aldosterone by
human kidney cells and liver microsomes and to increase
plasma and renal aldosterone concentrations by as much as
320%, potentially counteracting the effects of mineralocorti-
coid antagonists”’! and posing a considerable cardiovascular
risk in patients with conditions such as moderate or severe
heart failure.”’ This mechanism of action of nonsteroidal
antiinflammatory drugs (NSAIDs) appears to vary between
different NSAIDs and may be a potential mechanism for
cardiovascular adverse events related to NSAID use.”>%

Increased sympathetic flow to the kidneys, through
P1-adrenergic stimulation, directly activates a blood-pres-
sure mechanism of renin secretion by the juxtaglomerular
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cells.” Evidently, direct Pl-adrenergic receptor stimula-
tion of aldosterone secretion in bovine zona glomerulosa
cells has been observed.”*? Additionally, cyclosporine has
also been shown to cause reduced plasma renin activity
and reduced tubular sensitivity to aldosterone, leading to
reduced secretion and responsiveness to aldosterone, an
effect possibly mediated by reduced mineralocorticoid
receptor expression.’®?’

Cyclosporine has been associated with a hyporenine-
mic hypoaldosteronism state that leads to hyperkalemia and
metabolic acidosis in transplant patients caused by tubular
insensitivity to aldosterone mediated by downregulation of
mineralocorticoid receptor expression.””” Normal or near
normal aldosterone levels have been described in this con-
dition, and treatment with fludrocortisone has been shown
to be beneficial.””*"

Other pharmacologic effects, which require further
exploration, include that of heparin therapy. Heparin has a
direct toxic effect on the adrenal zona glomerulosa cells and
has been shown to lead to a substantial reduction in plasma
aldosterone concentrations, even at low doses.*” Heparin-
induced hyperkalemia is a potentially life-threatening com-
plication that may occur in patients who have concurrent
renal dysfunction, type 4 renal tubular acidosis, metabolic
acidosis, and diabetes.*” Serum potassium and sodium
should be regularly monitored in these patients on initi-
ation of heparin therapy. Heparin-induced hyperkalemia
has been successfully treated using oral fludrocortisone.®
The underlying mechanism is unclear and may be medi-
ated by reduced numbers and affinity of adrenal angiotensin
IT receptors.®**1% Collectively, such routinely prescribed
agents may significantly alter renal and plasma aldosterone
concentrations, potentially counteracting effects of miner-
alocorticoids and their antagonists in some instances (mod-
erate or severe heart failure) or modifying compensatory
mechanisms in conditions such as septic shock.

Aldosterone Resistance and Hyperaldosteronism

The administration of potassium-sparing diuretics is the
most common cause of aldosterone resistance. These diuret-
ics act by antagonizing the action of aldosterone on the col-
lecting tubules, by competing for the aldosterone receptor
(spironolactone and eplerenone), or by closing the sodium
channels in the luminal membrane (amiloride and proba-
bly triamterene). Other pharmacologic agents implicated in
aldosterone resistance include antibiotics such as trimetho-
prim, which inhibit the collecting tubule sodium channel,
the site of action of aldosterone.*” More rarely, genetic dis-
orders are the cause.'”!

Hyperaldosteronism is a hallmark of chronic heart
failure. ' recep-
tor antagonism in moderate-to-severe heart failure has

The value of mineralocorticoid

been demonstrated to reduce morbidity and mortality
and is supported by well conducted trials, including the
Randomized ALdactone Evaluation Study (RALES) and

Mineralocorticoid Dysfunction in Critical lliness

the EPlerenone neuroHormonal Efficacy and the SUrvival
Study (EPHESUS) trials.'"™ The persistent and evidently
detrimental effects of chronic renin-angiotensin-aldoste-
rone system activation seen in chronic heart failure should
be distinguished from the acute renin-angiotensin-aldoste-
rone system activation seen in critical illness from trauma
and/or sepsis.'” The initial beneficial effects of renin-an-
giotensin-aldosterone system activation on sodium and
water balance, as seen in acute states such as trauma and
sepsis, become deleterious and maladaptive when sus-
tained, as seen in heart failure, because the counterregula-
tory mediators (natriuretic peptides types A and B) become
overwhelmed.'>!" In addition, long-term renin-angioten-
sin-aldosterone system activation as seen in congestive heart
failure results in cytokine- and growth factor-mediated
remodeling of the heart and vasculature.'”!"?

Mineralocorticoid Dysfunction during Critical
lliness

Physiologic responses to shock include increased secre-
tion of catecholamines, vasopressin, and activation of the
renin—angiotensin—aldosterone system. Decreased adrenal
production of aldosterone and stress-induced hypersecre-
tion of adrenocorticotropic hormone are additional features
that have been demonstrated in some patients in earlier
reports.'!!

More recently, plasma adrenocorticotropic hormone in
critical illness has been shown to be mostly low during the
early phase of ICU stay, correlating with higher than nor-
mal plasma free-cortisol levels."”> The rise in adrenocorti-
cotropic hormone and cortisol to supranormal levels was
a feature seen 1 week after ICU discharge in one study.'"
A concurrent adrenocorticotropic hormone/aldosterone
response was not demonstrated in this study. Feedback
inhibition mediated by high free-cortisol levels explains the
low adrenocorticotropic hormone in association with high
free-cortisol levels. Evidently hypothalamus—pituitary—ad-
renal axis alterations vary, depending on the etiology as well
as the phase of critical illness.'*!'"* Concurrent changes in
aldosterone levels during acute and prolonged critical ill-
ness warrant further investigation because they may help
clarify the role of mineralocorticoid supplementation in
these patients.

Plasma renin activity has been shown to be frequently
elevated in critical illness. The associated inappropriately
low aldosterone levels have resulted in the changes being
described as hyperreninemic hypoaldosteronism.'>!"® Such
a state of dissociation between plasma renin and aldoste-
rone levels has been previously associated with hypoten-
sion and is interpreted to represent a state of aldosterone
deficiency.!'>!"7

The first description of selective hypoaldosteronism
(hyperreninism with hypoaldosteronism) in hemody-
namically unstable critically ill patients was in a subset
of 18 critically ill patients.""” In this single-center study,
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which enrolled 28 patients, a spectrum of aldosterone
responsiveness was demonstrated in 18 patients with per-
sistent hypotension. Although plasma renin activity was
increased in all participants (21.6 £ 7.2ng - ml™' - h™"),
plasma aldosterone levels were inappropriately low in 18
patients (1 to 9ng/dl). This subgroup had a high mortal-
ity rate (78% wvs. 30% for the high-aldosterone group, P
< 0.001). A defect at the level of the zona glomerulosa
was suggested by the lack of an aldosterone response to
an infusion of angiotensin II or adrenocorticotropic hor-
mone in this group.'” Although the study was small and
the methods used to measure both aldosterone and renin
have since been improved, it nevertheless highlighted that
there exists a population of hemodynamically unstable
critically 1ll patients with hypoaldosteronism despite high
"7 These findings suggest that as
much as there is a subset of critically ill hemodynamically

plasma renin activity.

unstable patients with inappropriately low cortisol levels,
similar (or corresponding) changes affecting aldosterone
may coexist in this population.

In a similar study, which included 83 critically ill patients,
plasma renin activity, angiotensin II, potassium, and adreno-
corticotropic hormone levels were measured. Plasma renin
activity was found to be greater than 2.0ng - ml™" - h™"in 59
patients, and plasma renin and aldosterone were found to be
dissociated in 24 patients.'”® Those with an impaired aldo-
sterone response to renin (plasma aldosterone—to—plasma
renin activity ratio less than 2) had mean aldosterone levels
of 19 * 5 ng/dl compared with significantly higher mean
aldosterone levels of 48 + 6 ng/dl (P < 0.5) in those with an
appropriate renin response to aldosterone.''® Patients with a
plasma aldosterone—to—plasma renin activity ratio less than
2 (defined as inappropriately low) had a significantly higher
mortality rate (75%) than those with an plasma aldoste-
rone—to—plasma renin activity ratio of 2 or more (46%; P
< 0.001).'®

Similar findings have been described in pediatric sep-
tic shock.""!% Inappropriately low aldosterone levels were
demonstrated in a pediatric critically ill population encom-
passing 60 children. Of these patients, 31 were admitted
with acute meningococcal disease, and 29 had other diag-
noses (major surgery, severe respiratory infection). Plasma
renin activity was measured in 15 participants with menin-
gococcal disease, 80% of whom (12 of 15) had demonstra-
ble aldosterone/plasma renin activity ratios of less than 2 on
admission.'"’

Patients with meningococcal sepsis had mean plasma
aldosterone levels of 427.5 + 88.1 pg/ml (96.7% of val-
ues within the normal range for age for healthy children),
whereas the levels were 1,489.2 + 2442 pg/ml (P <
0.0001) for the group with other diagnoses (59.3% of val-
ues above the normal range for age for healthy children).'”
The meningococcal sepsis group had a higher predicted risk
of mortality compared with the nonmeningococcal sep-
sis group (32.3% vs. 9.4%) and had higher levels of serum
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cortisol.'” Interestingly, those with the highest plasma
aldosterone levels had the lowest cortisol measurements on
admission. All participants survived.

Taken together, these studies suggest that inappropri-
ately low aldosterone levels despite high plasma renin
activity occur, much like evidence of inappropriately low
cortisol and adrenal androgen secretion''® may occur in
the critically ill, potentially as an adaptive response aimed
at increasing cortisol production. Recent studies suggest-
ing the presence of this entity in the critically ill and its
association with organ dysfunction have since been pub-
lished.”*!"?! Renin has been suggested as a marker of tissue
perfusion and prognosis in the critically ill.”®

The Role of Mineralocorticoid Supplementation during
Critical lliness

Several clinical trials have examined the role of mineralo-
corticoid supplementation in critical illness. However, an
adequately powered study comparing fludrocortisone to a
matched control group has not yet been performed. Notably,
the role of mineralocorticoid replacement in patients with
septic shock is not discussed in recent consensus statements
(Society of Critical Care Medicine, European Society of
Intensive Care Medicine 2017).5%12212

124 investigated 300 patients with septic shock
who had undergone a short corticotropin test, allocated to a
7-day period of treatment with a 50-mg intravenous bolus
of hydrocortisone administered every 6h and a 50-pg daily
dose of nasogastrically delivered fludrocortisone or placebo.
The patients were characterized as either responders or
nonresponders to the corticotropin test. Of these, 229 were
classified as nonresponders and 70 as responders (1 patient
withdrew consent). Of the responders, 115 were randomized
to the placebo group, and 114 were randomized to the corti-

Annane et al.

costeroid group. Of the nonresponders, 34 were randomized
to the placebo group, and 36 were randomized to the corti-
costeroid group. Treatment with low doses of hydrocortisone
and fludrocortisone was found to significantly reduce the risk
of death in patients with septic shock and relative adrenal
insufficiency (so-called nonresponders; 73 deaths (63%) in
the placebo group and 60 deaths (53%) in the corticosteroid
group; hazard ratio, 0.67; 95% CI, 0.47 to 0.95; P = 0.02),
suggesting that mineralocorticoid therapy combined with
glucocorticoid therapy confers a mortality benefit in patients
with septic shock. Apart from the methodologic concerns
that have been raised regarding the utility and accuracy of
the short synacthen test in critical illness, the bioavailability
of a single dose of fludrocortisone administered in this study
(50-pg tablet daily) 1s debatable. A single dose (50 pg) was
shown to lead to undetectable plasma levels in one third of
patients with septic shock in one study.®® Mineralocorticoid
insufficiency was not specifically reported.

Corticosteroid Treatment and Intensive Insulin Therapy
for Septic Shock in Adults (COIITSS) was a randomized, 2
X 2 factorial trial with a primary objective of assessing the
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efficacy of intensive insulin therapy in patients with septic
shock treated with hydrocortisone and, as a secondary objec-
tive, assessing the benefit of fludrocortisone as an oral dose
of 50 pg administered for 7 days. The study consisted of 509
patients with septic shock presenting with multiple organ
dysfunction (Sequential Organ Failure Assessment score of 8
or more) who received hydrocortisone (50-mg bolus at 6-h
intervals for 7 days). Of these, 245 received fludrocortisone
in combination with hydrocortisone administered as a daily
single oral dose (50 pg).

With regards to the secondary objective, 105 (42.9%) of
245 patients treated with fludrocortisone died, and 121 of
264 (45.8%) in the control group died (relative risk, 0.94;
95% CI, 0.77 to 1.14; P = 0.50). Neither aldosterone levels
nor plasma renin levels were assessed in this study. However,
the study was not adequately powered to detect a clini-
cally relevant treatment effect, and no significant effect was
observed.'®

More recently, 1,241 patients from 34 centers were
enrolled over a 7-yr period in the Activated Protein C and
Corticosteroids for Human Septic Shock (APROCCHSS)
trial. Overall, 614 patients were randomized to receive a
combination of a 60-mg hydrocortisone IV bolus every 6h
and 50 pg of fludrocortisone via nasogastric tube for 7 days,
whereas 627 patients received placebo.! Ninety day all-cause
mortality at ICU discharge was lower among those who
received hydrocortisone plus fludrocortisone than among
those who received placebo (35.4% vs. 41.0%; P = 0.04).
The hydrocortisone-fludrocortisone group also had more
vasopressor-free and organ failure—free days. However, in this
study, the role of fludrocortisone in improving outcomes was
not well delineated for a number of reasons. Fludrocortisone
was administered concurrently with high doses of hydro-
cortisone (240mg daily). Such a dose of hydrocortisone
would have sufficient mineralocorticoid activity. The relative
mineralocorticoid potencies of hydrocortisone and fludro-
cortisone are 1 and 12, respectively, and a dose of 20mg of
hydrocortisone provides a mineralocorticoid effect equiv-
alent to 0.1mg of fludrocortisone. The mineralocorticoid
effect of the dose of hydrocortisone given in the study
would therefore have amounted to an equivalent of a total
of 1.2mg (1,200 pg) per day of fludrocortisone.'* Clinical
evidence for activation of the mineralocorticoid receptor at
high doses of hydrocortisone also exists.”"'** Additionally,
few data exist on the bioavailability of multiple oral fludro-
cortisone dosing in patients with septic shock.®

The combined evidence from the above-mentioned
studies indicates that the additive beneficial role of flud-
rocortisone to hydrocortisone is clearly challenging to
delineate.'” Notably, the mineralocorticoid receptor is
permissive of the binding of various ligands. The action of
cortisol on the mineralocorticoid receptor can be both as
an agonist and an antagonist, depending on the underly-
ing pathophysiology.'”® Under normal conditions, cortisol
binds to the mineralocorticoid receptor but does not lead

Mineralocorticoid Dysfunction in Critical lliness

to its activation (mineralocorticoid antagonistic effect). In
conditions of tissue damage and in the presence of reactive
oxygen species, cortisol activates the receptor and acts as a
mineralocorticoid agonist.'*

Such variable effects of cortisol at receptor level may
support the argument for concurrent fludrocortisone
administration in critical illness; however, this contention
requires support through investigations that will take into
account the assessment of mineralocorticoid (dys)function
(defined pathology), the bioavailability of orally adminis-
tered fludrocortisone (effectively administered treatment),
and more proximal endpoints such as shock resolution (well
defined response to treatment).

Hyperreninemic Hypoaldosteronism in Trauma: Are
Trauma Patients Mineralocorticoid-deficient?

The first demonstration of mineralocorticoid deficiency in
a cohort of trauma patients was in a study consisting of 32
trauma patients admitted in hemorrhagic shock.' In this
study, mineralocorticoid deficiency (plasma aldosterone—to—
plasma renin activity ratio less than 2) was found in 48% of
trauma patients at ICU admission.’*® Normal aldosterone
levels were demonstrated in patients with and without min-
eralocorticoid deficiency; however, markedly elevated renin
levels were demonstrable only in the mineralocorticoid-de-
ficiency cohort (P < 0.0033)."° Patients with mineralocor-
ticoid deficiency were more likely to be hypotensive during
the study period, required more blood products and crystal-
loids, and were at higher risk of acute kidney injury.'* This
was a single-center study limited by methodologic concerns
in addition to the small sample size. All patients were admin-
istered etomidate, an adrenal mitochondrial 11B-hydroxylase
inhibitor, for intubation. The enzyme 11f-hydroxylase is
required for the conversion of both 11-deoxycortisol to
cortisol and 11-deoxycorticosterone to corticosterone and
subsequently to aldosterone and has been shown to contrib-
ute significantly to adrenal insufficiency in critical illness.'”

Apart from sepsis and trauma, hyperreninemic hypoal-
dosteronism has since been described in murine models of
hypoxia, chronic physiologic stress, and acute hemorrhage.
These conditions have also been associated with a reduc-
tion in plasma aldosterone levels despite rising adrenocor-
ticotropic hormone and renin levels.”*"! The failure of
aldosterone levels to increase after angiotensin II or adre-
nocorticotropic hormone infusions suggests that damage
to the zona glomerulus is a cause of the hyperreninemic
hypoaldosteronism syndrome, with recovery of normal
plasma renin and aldosterone ratios in survivors, suggesting
a reversible cause.''®!'"” The clinical significance of pharma-
cologic reversal of these changes is not yet validated; how-
ever, early identification of these patients may help identify
potential therapeutic avenues and improve prognostication.
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Additional Theoretical Gonsiderations in
Critical lliness

The Role of Adrenocorticotropic Hormone

The role of adrenocorticotropic hormone in the regula-
tion of aldosterone production is normally minimal but
may become important under specific conditions.?>!¥>1%
Hypersecretion of adrenocorticotropic hormone has been
demonstrated in vitro (cultured bovine cells) and may theo-
retically lead to reduced aldosterone synthesis by diverting
precursors in this pathway to the production of cortisol in
conditions of physiologic stress.''" Using bovine zona glo-
merulosa cells exposed to various concentrations of adre-
nocorticotropic hormone, Braley et al.''' demonstrated
increased 17d-hydroxylase activity in zona glomerulosa
cells, suggesting a shift from aldosterone to cortisol produc-
tion. Histological and immunohistochemical studies suggest
that a difference exists between bovine and human adre-
nal morphology and function, making the extrapolation of
such data to humans debatable."* High levels of adrenocor-
ticotropic hormone have been described in patients under-
going surgery and are seen in the acute phase of critical
illness."*>'** More recently, in critical illness, adrenocorti-
cotropic hormone—cortisol dissociation has been described.
Adrenocorticotropic hormone levels have been shown to
be variable in various phases of disease, with the initial rise
in acute disease being subsequently followed by low—adre-
nocorticotropic hormone levels in chronic critical illness.'*
Mechanisms responsible for this may include negative feed-
back inhibition mediated by increased free cortisol availabil-
ity and suppression of adrenocorticotropic hormone release
mediated by circulating bile acids in the acute phase of crit-

ical illness.!™

Effects of Electrolytes and Fluid Shifts

Volume expansion may theoretically contribute to decreased
adrenal production of aldosterone in some patients with
critical illness. The stimulation of aldosterone release by
potassium should also be considered.?**® A concurrent lack
or relative lack of cortisol in some patients with adrenal
insufficiency may stimulate ADH secretion, as a result of
loss of negative feedback control, leading to further water

retention and hyponatremia.'?*'%*

Challenges Relating to the Diagnosis of
Mineralocorticoid Insufficiency in Critical lliness

Previous investigators have shown that 40 to 65% of crit-
ically ill patients have high plasma renin activity and low
plasma aldosterone concentrations.!"”'"® The currently well
accepted definition of critical illness—associated hyper-
reninemic hypoaldosteronism is defined by a plasma aldo-
sterone—to—plasma renin activity ratio of less than 2, which
corresponds to the 98th percentile of the control popu-
lation."” This current definition is based on values used
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in non—critically ill patients with mineralocorticoid defi-
ciency. There are currently no internationally accepted
standardized methodologies of assessment, and reference
material and reporting units for both aldosterone and renin
also differ.®*"**1* The diagnosis of hypoaldosteronism based
on renin and aldosterone measurements using reference
ranges obtained from non—critically ill populations poses a
number of challenges.

Measurement of Plasma Renin Activity

The measurement of plasma renin activity is based on: (a)
indirect measurement of the combined effect of angio-
tensinogen and renin; (b) indirect renin concentration
measurement, which involves the ex vivo addition of angio-
tensinogen to the assay; and (c) more recently, direct immu-
noradiometric measurements (fig. 3).'*'"'* Plasma renin
activity has previously relied on the quantification of the
cumulative generation of angiotensin I and not the direct
quantification of renin per se.'**'*> Plasma renin activity is,in
turn, reliant on the available levels of renin substrate (angio-
tensinogen) and measures the combined effect of angioten-
sinogen levels and renin.

Not much is known about levels of angiotensino-
gen in critical illness. Angiotensinogen, an 0.2-globulin,
released primarily by the liver, has been shown to be reduced
in liver dysfunction and congestive heart failure and to be
elevated by factors such as adrenal insufficiency, cortico-
steroid therapy, and estrogen levels."**!'*> Higher circulat-
ing levels of angiotensinogen are found in women and
in those on estrogen-replacement therapy and contra-
ceptives.'*? This indicates that measurements of plasma
renin activity overestimate circulating renin levels in the
face of high levels of angiotensinogen in the assay.'”

Low renin levels found in conditions of low angio-
tensinogen levels may underestimate the active renin
concentration when plasma renin activity is mea-
sured."® When measured using direct assays, renin levels
are shown to be suppressed in women compared with
men, in premenopausal women more than postmeno-
pausal women, and in postmenopausal women using
estrogen therapy than in postmenopausal women with-
out estrogen replacement.'”® Direct immunometric
measurements of renin are currently used, although not
Widely.14l’142

The implications of varying methods of plasma renin
activity measurement in the critically ill setting are cur-
rently unclear; however, this variability in measurement
methods highlights potential concerns with the compara-
tive use of data from older studies where plasma renin activ-
ity was measured indirectly, as well as the effect that changes
in the plasma concentration of angiotensinogen may have
on angiotensin II synthesis and as a result, indirect renin
concentration measurements.'”'¥

Plasma renin activity has been validated for use in
non—critically ill patients for the investigation of primary
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Fig. 3. Methods for renin measurement. Figure modified from Fischer et al.,'*> with permission from Oxford University Press and the

European Society of Cardiology. HSD, hydroxysteroid dehydrogenase.

and secondary hypoaldosteronism. In the non—critical care
setting, plasma renin activity and serum aldosterone mea-
surements should be performed after 3h in the upright
or seated position, which increases renin and aldosterone
release in normal individuals.'”® The normal concentration
of plasma renin activity has been shown to be 1 pmol/1.'*
Currently, no reference ranges exist for the critically ill
population.

Aldosterone Levels Are Difficult to Interpret in Isolation

In the setting of renal impairment, the use of homogenous
immunoassays (which do not require a separation step to dis-
tinguish bound from unbound labeled antibody or antigen)
has been shown to result in marked overestimation of aldo-
sterone levels, possibly because of antibody cross-reactivity
with uncleared aldosterone metabolites.'*" Aldosterone lev-
els determined by high-performance liquid chromatography
and tandem mass spectrometry are more accurate and should
d."*1% However, because of the cost implications and
technical demands associated with high-performance lig-
uid chromatography and tandem mass spectrometry systems,

be use
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radioimmunoassays and automated immunoassays are still used
in many laboratories, and radioimmunoassays are the method
of choice.* Most importantly, there is currently no pub-
lished standardized high-performance liquid chromatography
and tandem mass spectrometry reference method or standard
reference material available."” Such variability in analytic
methods presents challenges to diagnosis and screening, as well
as leading to uncertainty such as in the interpretation of out-
comes from clinical investigations of aldosterone disorders.

Effect of Concurrent Pharmacotherapy

The use of drugs that impair aldosterone release, such as
nonsteroidal antiinflammatory drugs, angiotensin inhibi-
tors, calcineurin inhibitors, heparin, or B-adrenergic block-
ers has been discussed and should be considered as possible
causes of hypoaldosteronism in the critically ill. The pres-
ence of preexisting disease such as chronic kidney disease,
diabetes-associated hyporeninemic hypoaldosteronism, and
HIV infection are other potential confounders of measure-
ments occurring in critical illness.'
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Other factors that may interfere with the assessment
include differentiating preexisting hyporeninemic hypoal-
dosteronism from hyperreninemic hypoaldosteronism asso-
ciated with critical illness and the prognostic and clinical
implications of low renin levels in this population, as well as
the effects of volume depletion or hypotension on plasma
renin activity measurements. Patients with primary adrenal
insufficiency are characterized by both low serum aldoste-
rone and low cortisol concentrations but may have a high
plasma renin activity because of concurrent volume deple-
tion and/or hypotension.

Pathophysiology and Clinical Manifestations of
Hypoaldosteronism

In patients without critical illness, a loss of mineralocorti-
coid activity results in dehydration associated with increased
renal sodium excretion, metabolic acidosis, and hyperkale-
mia. Despite the role of aldosterone in sodium retention,
hypoaldosteronism is not typically associated with prom-
inent sodium wasting because there are compensatory
mechanisms that help retain sodium, such as the effect of
angiotensin II and norepinephrine.®

Unlike isolated aldosterone deficiency, there are a num-
ber of unique factors that affect aldosterone release, as well
as sodium and water balance, in the critically ill population.
These include the effects of drug therapy, such as phar-
macologic inhibition of angiotensin II and impairment of
aldosterone release by heparin therapy, calcineurin inhibi-
tors, and nonsteroidal antiinflammatory drugs.

Therapeutic Implications

Fludrocortisone Replacement

Therapy with both glucocorticoids and mineralocorticoids
is routinely instituted for primary adrenal insufficiency
because these patients have low serum aldosterone and cor-

tisol concentrations.®

Either hydrocortisone, cortisone ace-
tate, or dexamethasone can be used and should be titrated
to clinical response (blood pressure, body weight, signs of
glucocorticoid excess). Mineralocorticoid replacement
should be instituted in those with a confirmed deficiency
state with fludrocortisone (50 to 100 pg in adults).®

The benefits of fludrocortisone replacement in patients
with septic shock are debatable and not yet well described.
The pharmacokinetics of a single oral dose (50 pg) of flud-
rocortisone in adult patients with septic shock were inves-
tigated in a single-center study consisting of 21 adults.®
Fludrocortisone plasma concentrations were measured by
liquid chromatography—mass spectrometry tandem analysis,
before and repeatedly until 18h after the oral dose. Plasma
levels were found to be highly variable and undetectable
in one third of patients in this study. The pharmacokinet-
ics of daily dosing and of higher doses of fludrocortisone,
as well as other factors that may influence fludrocortisone
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bioavailability in the critically ill, still requires further
investigation.

Novel Therapeutic Options

A number of therapeutic agents for the management of cate-
cholamine-resistant shock are currently under investigation.

Angiotensin Il Infusion Therapy. Currently,no pharmacologic
agents in routine clinical use
angiotensin—aldosterone system in the treatment of septic
shock. The addition of angiotensin II may be beneficial,
however.”" Angiotensin II for the Treatment of High-
Output Shock 3 (ATHOS-3) was a phase III, multicenter,
double-blind, randomized controlled trial, which aimed
to compare the efficacy and safety of angiotensin II

support the renin—

versus placebo in catecholamine-resistant shock.'”" The
trial consisted of 321 patients.* The primary endpoint
was a mean arterial pressure (MAP) of 75 mmHg or an
increase in MAP by 10 mmHg within 3h of infusion
initiation. The average MAP was 66 mmHg. Patients with
a low cardiac output were excluded from the study. Of
the patients in the angiotensin group, 70% reached the
primary endpoint compared with 23% of the placebo
group. The angiotensin group had a reduced mortality
(46%) compared with the placebo group (54%; P = 0.12)
but was not powered for this endpoint. There was no
difference in the frequency of adverse events between the
groups.*

Because of the exclusion of patients with a low cardiac
output, as well as the fact that the study was not powered to
detect a mortality benefit, the mortality benefit and safety
profile of angiotensin II infusion therapy in low cardiac
output states is thus currently unknown. Angiotensin II as
a potent vasoconstrictor will likely be appropriate because
cotherapy in conditions in which cardiac contractility is
reduced.'®'* Additionally, as discussed, cross-talk exists
between angiotensin II and aldosterone beyond the role of
the latter in mineralocorticoid effects, the implications and
clinical relevance of which remain uncertain. Angiotensin
acts on the zona glomerulosa, stimulating the release of
aldosterone, which leads to increased sodium reabsorp-
tion and a subsequent increase in extracellular and blood
fluid volume.” Further cross-talk mechanisms between
aldosterone and angiotensin II also appear to be import-
ant in the development of endothelial dysfunction, cellu-
lar proliferation, and hypertrophy and in diseases such as
hypertension.'>

Currently, the results of a randomized, placebo-con-
trolled trial that aims to evaluate the effect of LJPC-501
(angiotensin IT) infusion on mean arterial pressure, as well as
the safety and tolerability of LJPC-501 in pediatric patients,
are awaited.”® Additionally, a number of experimental and
clinical studies assessing novel agents that modulate the
renin—angiotensin—aldosterone system in the management
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of diseases such as congestive heart failure, myocardial isch-
emia, and hypertension are currently underway."’

A substantial change in our understanding of the
renin—angiotensin—aldosterone system has occurred over
the last decade. The classical components of the system have
now been expanded to include new enzymes and receptors,
bringing into perspective the possibility of new avenues for
investigation.®'

Conclusions

Hyperreninemic hypoaldosteronism associated with a high
mortality rate has been previously described in critically
ill patients with shock.Variable plasma levels of aldosterone
are seen in critical illness, as well as an impaired adrenal
aldosterone response to increased levels of renin. However,
the assessment of hypoaldosteronism, as well as the role of
mineralocorticoid replacement in the critically ill, remains
a challenge, while the effect of angiotensin II in shock states
remains untested.

Summary of Key Points

There is renewed interest in the role of renin—angioten-
sin—aldosterone in critical illness. The available evidence is
limited compared with what is known about the glucocor-
ticoid axis. Whether mineralocorticoid deficiency exists as
a relevant pathophysiologic entity in critical illness and the
role of fludrocortisone treatment remain unknown. Further
studies investigating these issues are warranted.
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