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Abstract

Cardiac arrest is one of the leading causes of death and
represents maximal stress in humans. After restoration
of spontaneous circulation, post-cardiac arrest syn-
drome is the predominant disorder in survivors. Besides
the post-arrest brain injury, the post-resuscitation myo-
cardial stunning, and the systemic ischemia/reperfusion
response, this syndrome is characterized by adrenal
insufficiency, a disorder that often remains undiag-
nosed. The pathophysiology of adrenal insufficiency has
not been elucidated. We performed a comprehensive
search of three medical databases in order to describe
the major pathophysiological disturbances which are
responsible for the occurrence of the disorder. Based
on the available evidence, this article will help physi-
cians to better evaluate and understand the hidden yet
deadly post-cardiac arrest adrenal insufficiency.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Sudden cardiac death is one of the leading causes of death
in Burope as it affects 350000-700000 individuals per
year'!. Although restoration of spontaneous circulation
(ROSC) may be achieved, prognostication for cardiac ar-
rest victims remains dismal, as only 17% survive to hospi-
tal discharge"”. Patients with ROSC have not only suffered
a situation characterized by maximal stress, but are also go-
ing to pass through the “Clashing Rocks” of post-cardiac
arrest syndrome. This syndrome combines three major
pathophysiological processes, the post-arrest brain injury,
the post-cardiac arrest myocardial dysfunction, and the
systemic ischemia/reperfusion syndromem. Post-cardiac
arrest syndrome has been characterized as a sepsis-like
syndrome because it is associated with increased immuno-
inflammatory status, hemodynamic instability and multiple
organ dysfunction”. Recent studies have shown that adre-
nal insufficiency frequently occurs after ROSC and com-
promises the outcome of victims™, Although this matter
is not recent, the pathophysiology of post-arrest adrenal
insufficiency has not been elucidated.

The PubMed, CINAHL and Scopus databases were
comprehensively searched for relevant studies, using key-
words: “cardiac arrest”, “post-cardiac arrest syndrome”,
“adrenal insufficiency”. All human case reports, animal
studies, reviews and randomized controlled studies
were included in our search and cross-referencing was
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performed using the bibliographies from the articles ob-
tained. Selection of studies was based on the population,
outcomes, research method, and results of the studies.
Pediatric studies were not included.

In order to present significant science, lesser quality
studies were excluded from our research to reduce the
risk of errors and bias. More specifically, from 62 records
identified through database searching and 4 additional
records identified through other sources, 5 duplicates
were removed. The remaining articles were assessed for
cligibility and 4 articles were excluded due to systematic
errors. Finally, 57 articles were included in this qualitative
synthesis. This article reviews the basic pathophysiologi-
cal disturbances which are responsible for the emergence
of post-cardiac arrest adrenal insufficiency.

ANATOMY AND PHYSIOLOGY

The adrenal glands are located at the top of the kidneys
in the retroperitoneum. In each gland there are two dis-
tinct regions, an inner medulla which is richly innervated
by preganglionic sympathetic fibers and is the source of
catecholamines, and an outer cortex which secretes sev-
eral hormones.

The adrenal cortex, the outer portion of the adrenal
gland, secretes hormones directly into the bloodstream
which have an effect on the body’s metabolism, on chem-
icals in the blood, and on certain body characteristics.
These hormones are glucocorticoids, mineralocorticoids,
and androgens. Glucocorticoids have potent anti-inflam-
matory and immunosuppressive properties. The secretion
of these hormones is controlled by a close integration
between the nervous and endocrine systems!”. Cortisol
and other glucocorticoids are secreted in response to
adrenocorticotropic hormone (ACTH). In healthy sub-
jects, 90% of plasma cortisol is bound to globulin and
albumin, and only 10% is in the free or biologically active
form'.

ACTH is secreted under the control of the hypotha-
lamic peptide, corticotrophin-releasing hormone, and
binds to receptors in the plasma membrane of cells in
the zona fasiculata and reticularis of the adrenal glandw’gj.
Hormone-receptor engagement activates adenyl cyclase,
leading to elevated intracellular levels of cyclic adenosine
monophosphate which leads ultimately to activation of
the enzyme systems involved in biosynthesis of cortisol
from cholesterol. Any type of physical or mental stress
results in elevation of the cortisol concentration in blood.
In contrast, cortisol secretion is suppressed by classical
negative feedback loops.

The adrenal medulla, the inner part of the adrenal
gland, secretes the catecholamines epinephrine and nor-
epinephrine. Catecholamines are produced mainly by
the chromaffin cells of the adrenal medulla from further
metabolic modification of dopamine. Catecholamines are
released in response to stress and are water-soluble (50%
bound to plasma proteins) molecules.
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ADRENAL GLAND DURING CARDIAC
ARREST

The onset of cardiac arrest causes a unique situation
which is characterized by maximal stress. The loss of
blood flow results in the withdrawal of hypotension-
induced baroreflex and an increase in vascular resis-
tance'”. Shortly after the arrest, the blood flow to the
adrenal glands is gradually reduced and minimizes in a
few seconds™"". The acute onset of ischemia activates
the sympathetic system and norepinephrine is released by
the adrenal glands and the sympathetic nerve terminals' .
Despite the 10- to 100-fold elevation in endogenous
plasma catecholamines, the adrenal blood flow not only
remains inadequate, but after a while it worsens due to
adrenal microvessel contraction!”. Adrenomedullin, a
vasodilator peptide with a half-life of about 20 min, is
partly responsible for this phenomenon as it dampens
baroreflex-driven responses and buffers sympathetic
actions"". The resulting anoxia has a major impact on
the function of the adrenal gland which may already be
compromised by preexisting conditions affecting the
hypothalamic-pituitary-adrenal axis'”.

The cellular response to oxygen is coordinated by the
hypoxia-inducible factor (HIF) and its regulator, the Von
Hippel-Lindau tumor suppressor protein“()]. HIF1 con-
sists of a heterodimer of two proteins, the HIF1-o which
accumulates under hypoxic conditions and activates tran-
scription of endothelial nitric oxide synthase (eNOS), and
the HIF1-f3 which is constitutively expressedm’m. Hypox-
ia also induces p53 protein accumulation and initiation
of apoptosis, while p53 directly interacts with HIF1-o
and limits hypoxia-induced expression of HIF1-¢/"”. If
the restoration of blood flow is not recovered quickly,
the adrenal gland damage will be permanent due to cell
death™?,

In response to the stress of global ischemia, various
inflammatory cytokines are synthesized and released™,
while the complement cascade is activated resulting in
chemotaxis and adherence of polymorphonuclear leuko-
cytes (PMNs)"”, increased vascular permeability, activa-
tion of blood coagulation, platelet activation, and endo-
thelial and tissue damagemzq. At the same time, toxic
reactive oxygen species (ROS) and cytokines, two of the
factors responsible for post-arrest adrenal insufficiency,
are released from the activated PMNs (Table 1). In addi-
tion, the activated platelets release vasoactive substances
causing vasoconstriction which is further enhanced by
expression of cyclooxygenase-2 in response to hypoxia
and ischemia, the presence of several cytokines, and by
increased oxidative stress”?,

Intracellular acidosis which is established shortly after
the development of anoxia causes mitochondrial oxida-
tive phosphorylation to stop resulting in adenosine tri-
phosphate (ATP) depletion and acceleration of anaerobic
glycolysis. The concentration of pyruvate increases and
hydrogen ions and lactate are produced™. The prolonga-
tion of ischemia further decreases the intracellular pH,

February 4, 2012 | Volume1 | Issuel |



Chalkias A et al. Post-cardiac arrest adrenal insufficiency

Cardiac arrest

l l

I MOP 1 Blood coagulation Loss of blood flow
| pHi
Anoxia
Cell death

Ischemia <— t Vasospasm

l l l

Sympathetic activation PLT activation t ROS

Cell membrane damage

Figure 1 The main pathophysiological disturbances occurring in the adrenal gland during cardiac arrest. MOP: Mitochondrial oxidative phosphorylation; pHi:

Intracellular pH; PLT: Platelets; ROS: Reactive oxygen species.

Table 1 Causes of post-cardiac arrest adrenal insufficiency

Adrenal gland ischemia and anoxia

Increased inflammatory response

Oxidative stress

Ischemia/reperfusion injury

Activation of apoptosis and programmed cell death
Malfunction of hypothalamic-pituitary-adrenal axis
Down-regulation of adrenal cell membrane receptors
Adrenomedullin secretion

Abnormalities in nitric oxide production

Drugs administered during cardiopulmonary resuscitation
Low levels of cortisol binding protein
Hypoalbuminemia

while damage to the cell membrane by ROS leads to a
progressive increase in membrane permeability and se-
vere derangements of intracellular electrolytes (Figure 1).

PATHOPHYSIOLOGICAL DISORDERS
DURING CARDIOPULMONARY
RESUSCITATION

During optimal cardiopulmonary resuscitation (CPR), the
cardiac output is between 25% and 40% of pre-arrest val-
ues™, Although the peak systolic arterial pressure ranges
between 60 and 80 mmHg""*?, the adrenal gland blood
flow is minimal as most of the blood pumped out of the
heart supplies the brain and coronary arteries. The exact
amount of blood supplying the adrenal glands during
CPR is unknown. However, based on the available evi-
dence, it should not differ significantly from the amount
of blood which flows before the initiation of resuscita-
tion™. Regarding this issue, two possibilities exist; either
the adrenal glands remain anoxic and/or a small amount
of blood is flowing into the glands. In the first case, the
resuscitability of the glands is further compromised as

cell death continues due to the prolongation of ischemia.
In the second case, the small amount of blood flowing
into the glands promotes the onset of the ischemia/re-
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perfusion response (I/R) which is characterized by ROS
generation and neutrophil activation. Despite the delete-
tious effects of I/R, the low concentrations of oxygen
which are transferred to the adrenal glands enhance the
production of small amounts of ATP which contribute
to tissue sutrvival.

Due to the systemic I/R tresponse, blood coagulation
is activated which, together with the effect of catechol-
amines and the accumulation of activated PMNs and
platelets result in microvascular obstruction”. These ef-
fects are responsible for the low concentration of serum
cortisol which is often observed at the end of cardiac at-

rest",

POST-RESUSCITATION PERIOD

After ROSC, hemodynamic instability and left ventricu-
lar dysfunction are the main characteristics of survivors
(Figure 2). Although arterial hypotension serves as a
stimulus for continued endogenous catecholamine syn-
thesis and release, such a relationship has not been dem-
onstrated"”. Prengel ¢ a/”” found that the concentrations
of plasma catecholamines after ROSC are initially high
but gradually decrease during the immediate and eatly
post-resuscitation periodm. One possible explanation for
this phenomenon is that when ROSC is recovered, the
high concentrations of endogenous and exogenous cat-
echolamines begin to metabolize. The “stunned” adrenal
glands fail to synthesize and release these substances or
release small amounts due to several reasons. First, the
function of the glands is dependent not only on the num-
ber of the cells which survived the period of extreme an-
oxia, but, also, on the effect of preexisting conditions af-
fecting the hypothalamic-pituitary-adrenal axis' . Second,
the I/R syndrome inactivates several metabolic enzymes
and injures the cells which survived””. Third, synthesis
and release may decrease after down regulation of the
cell’s receptors due to the increased concentrations of
plasma catecholamines. Another reason is the increased
concentration of adrenomedullin which is secreted in
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Figure 2 The main pathophysiological disturbances occurring in the adrenal gland after restoration of spontaneous circulation. ROSC: Restoration of spon-
taneous circulation; LVD: Left ventricle dysfunction; HPA: Hypothalamic-pituitary-adrenal axis; I/R: Ischemia/reperfusion.

response to increased epinephrinem}. Finally, post-cardiac
arrest brain injury is responsible for the degeneration of
selectively vulnerable neuron subpopulations over a pe-
riod of houts to daysm. Degeneration of hypothalamus
and/or pituitary gland will result in failure of the hypo-
thalamic-pituitary-adrenal axisP’,

There is a negative correlation between the interval
from collapse to the start of CPR and the plasma cortisol
level after ROSC™™, Adrenal insufficiency, a consequence
of anoxia and high concentrations of epinephrine dur-
ing cardiac arrest and CPR intervals” | is correlated with
poor outcome. The chemical changes that occur during
cardiac arrest predispose to a massive burst of ROS and
cytokine production during the first minutes of ROSC
which directly inhibit adrenal cortisol synthesis'*"*",
Morteover, some drugs administered during CPR inhibit
the activity of enzymes involved in cortisol synthesism.
The resulting low concentration of cortisol not only ad-
versely affects the post-resuscitation hemodynamic status,
but decreases the production of nitric oxide (NO) which
possesses anti-inflammatory and anti-ischemic proper-
ties™™. Endothelial NO is a second messenger which is
produced by eNOS. NO production is stimulated by a
variety of mechanical forces, such as shear stress and
cyclic strain, and humoral factors including acetylcholine,
vascular endothelial growth factor, and angiotensin- 11",
Exposure of adrenal endothelial cells to hemodynamic
disturbances during cardiac arrest and CPR results in the
activation of several signal transduction pathways lead-
ing to eNOS activation. eNOS plays a crucial role in the
state of blood vessel vasodilatation, modulates platelet
aggregation as well as platelet and PMN adhesion to the
endothelium, and can interact with various proteins re-
sulting in inhibition of apoptosisl44j. During cardiac arrest
and after ROSC, the abnormalities in NO production
contribute to the occurrence of adrenal insufficiency and
low cortisol creating a harmful vicious cycle® .

EVALUATION OF ADRENAL FUNCTION

The incidence of adrenal insufficiency in the critically ill is
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30%-60%, while its most prominent manifestation is hypo-
tension which is refractory to Vasopressorsls(]‘sz]. Other clini-
cal manifestations of adrenal insufficiency (such as electro-
Iyte abnormalities and hyperpigmentation) ate not specific
enough to suggest the diagnosis. In mild or chronic cases,
the hemodynamic changes are often a reflection of hypo-
volemia, while in acute adrenal failure the hemodynamic
changes ate similar to those of hyperdynamic shock.

Adrenal insufficiency should be suspected in any re-
suscitated patient who develops an unstable or reduced
blood pressure of unclear etiology, or has hypotension
that is refractory to fluid resuscitation and vasopressors.
However, the disorder may not be evident clinically and
has to be uncovered by biochemical evidence of abnor-
mal adrenal responsivenesslso]. Unfortunately, there is not
enough evidence to support the use of the ACTH test in
cardiac arrest patients. This test not only uniquely explores
the adrenal reserve, rather than the entire hypothalamic-
pituitary-adrenal axis, but, also, it is pootly reproducible.
Moreover, the results may not be immediately available
and may vary depending on the assay used for analysis.
In addition, cortisol transport proteins in blood are di-
minished in acutely ill patients, while cytokines released
during the post-resuscitation period can blunt end-organ
responsiveness to cortisol”™. Consequently, blood cortisol
levels may underestimate the severity of abnormal adrenal
responsiveness in patients with ROSC.

CONCLUSION

Post-cardiac arrest adrenal insufficiency contributes to
poort survival. The etiology of this disorder is multifacto-
rial and its severity varies. Unless diagnosed early, most
patients will suffer refractory shock. This article encom-
passes all the available evidence and presents the patho-
physiology and the diagnostic limitations of post-cardiac
arrest adrenal insufficiency.
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