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Life-threatening disease induces acute adaptive responses specific to the
stimulus and generalized responses when the disturbances are more extensive
and sustained [1]. An appropriate adaptation of the hypothalamic-pitu
itary-adrenal (HPA) axis to stress is essential for survival [2,3]. Increasing
circulating levels of adrenal steroids (eg, cortisol) are the consequence of
an acutely and markedly activated anterior pituitary (ie, adrenocorticotro-
pin hormone [ACTH]) and hypothalamic (eg, corticotropin-releasing hor-
mone [CRH] and vasopressin, also termed antidiuretic hormone [ADH])
response [4]. This response happens under the influence of higher cortical
functions, spinal and peripheral baroreceptors, among others. The acute
stress response adapts throughout the course of critical illness [5]. In addi-
tion, disease-related variations in the binding capacities of circulating
proteins (ie, cortisol-binding globulin and albumin) result in even more
fluctuating levels of free stress hormones during critical illness [6-10]. The
tissue and cellular responses to free circulating hormone levels vary substan-
tially based on the receptor and postreceptor levels (eg, by modulation of the
number and activity of cellular receptors or the activity of downstream
responses, respectively) [11-15]. The half-life of cortisol in the blood is
increased during stress owing to a decreased rate of hepatic extraction and
renal enzymatic inactivation of cortisol to cortisone by 11p-hydroxysteroid
dehydrogenase [16]. The immuno-neuro-endocrine interactions are bidirec-
tional, mutually potentiating and attenuating, and not fortuitous. Several
gluco- and mineralocorticoids modulate the immune response distinctively
[17]. On the other hand, cytokines (eg, tumor necrosis factor, interleukins,
and macrophage-migration inhibitory factor) and bacterial products (eg, en-
dotoxin) are able to modulate the response of the HPA axis at each level [1].
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Of course, ““critical illness” is not a simple disease entity, and, when scan-
ning the literature, one cannot evade the impression that this fact is some-
times neglected. Inducers of life-threatening critical stress include trauma,
burns, surgery, infections, and multiple other diseases typically associated
with variable levels of inflammation [18]. The mediator profile during these
distinct diseases varies substantially [19]. For didactic purposes, any attempt
to summarize hormonal changes during so-called ““critical illness” is oversim-
plistic and inherently problematic. These caveats need to born in mind before
drawing heroic therapeutic implications from allegedly promising hypotheses
for a disease syndrome in the absence of unequivocal scientific evidence.

Timing and profile of steroids during critical illness are essential

Cortisol (also called hydrocortisone or compound F) is considered the
primary active glucocorticoid and is essential for the adaptation and main-
tenance of stress homeostasis during critical illness. It is a pluripotent hor-
mone acting on all tissues to regulate pleiotropic and numerous aspects of
metabolism, growth, and physiologic functioning, being in this way essential
for survival in critical illness [20-22]. Characteristically, any acute insult will
result in an augmented release of cortisol and other adrenal steroids, among
other factors mediated by a sharp rise of circulating short-lived ACTH,
which, in turn, is driven by CRH, vasopressin, cytokines, and an upregu-
lated noradrenergic system, and other factors [5]. The production of cortisol
in the adrenocortical cells in response to ACTH occurs within minutes and
begins with the enzymatic cleavage of the side chain of cholesterol to gener-
ate pregnenolone and, by additional enzyme systems, cortisol (Fig. 1)
[23,24]. The normal feedback system might be altered because hypercortis-
olism is less suppressible by dexamethasone infusion in septic shock [25].
Moreover, the normal circadian rhythm of cortisol secretion, especially
the nadir during night time, is disturbed [26,27]. Reported plasma hormone
levels vary widely among studies. The persistence of pulsatile secretion may
explain the observed variability, and, accordingly, the accuracy of single
samples is potentially inadequate, as is true for all hormones [28]. Further-
more, the interindividual and interassay variability of cortisol and other ste-
roid assays measuring free or total hormone concentrations at different sites
and centers can be substantial [6,29,30].

Although the renin-angiotensin-aldosterone system is also activated [31],
the acute adaptive adrenal response to stress is typically seen as a shift from
mineralocorticoid production to a marked increase in glucocorticoid pro-
duction. In addition, in acute illness, the biologic effects of cortisol increase
owing to a decrease in cortisol binding globulin and an increase in receptor
sensitivity and number [1,10].

Metabolically, hypercortisolism acutely induces glycogen, fat, and pro-
tein breakdown so that energy becomes abundantly available to critical
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Fig. 1. Adrenal steroidogenesis and commonly used generic steroid drugs. 11-BHSD, 11 beta
hydroxysteroid dehydrogenase.

organs. Cortisol-mediated retention of intravascular fluid and an enhanced
ionotropic and vasopressor response to catecholamines and angiotensin 11
offer hemodynamic advantages in the “fight or flight” reflex. The acute ste-
roid excess can be interpreted as an attempt of the organism to mute its own
inflammatory cascade to protect against an overresponse of the endogenous
“fire brigade” [5].

This acute phase typically lasts for a few hours or days. If death or recov-
ery does not occur within a few days of intensive medical care, the critical
illness becomes protracted. Arguably, a protracted severe illness with inten-
sive care has not been critical during the evolution of mankind. Contempo-
rary medical technology through its artificial life support systems has
created conditions never before experienced by complex life forms [1]. Ac-
cordingly, the neuroendocrine response in this subsequent chronic phase
of illness may be considered to be insufficient rather than beneficial for
the adaptation to chronic disease.

Hormonally during the prolonged phase of critical illness of weeks to
months there is a dissociation between high plasma cortisol and low
ACTH levels, suggesting non-ACTH mediated mechanisms for regulation
of the adrenal cortex [32]. Cytokines and other circulating factors might sup-
press ACTH synthesis and secretion. For example, endothelin 1 [33], atrial
natriuretic peptides [33,34], and pro-adrenomedullin [35] are eclevated at
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stages when ACTH is suppressed. Moreover, despite an increase in plasma
renin activity, paradoxically, a decreased concentration of aldosterone is
found in protracted critical illness [36,37]. Upon recovery, normal responses
are seen, indicating the reversibility of this phenomenon.

Metabolically, there is a delay and suppression of anabolic processes,
resulting in typical features of prolonged critical care cachexia, including
breakdown of muscle tissue, loss of lean body mass, polyneuropathy, gener-
alized tissue wasting, and dystrophy [38—41]. These changes resemble the
features of Cushing’s syndrome, in which a subtle (ie, average cortisol pro-
duction rate of 36 mg/d) and prolonged (ie, months to years) corticoid
excess leads to severe morbidity and, if left untreated, to a mortality rate
of more than 50% within 5 years [42].

Dehydroepiandrosterone sulfate (DHEAS) is the most abundant adrenal
steroid in the human circulation. The adrenals secrete DHEA and DHEAS,
but only DHEA is considered biologically active, mediating its action
mainly indirectly via downstream conversion to sex steroids and intermedi-
ate steroids with potentially distinct properties (Fig. 1) [43]. The conversion
of DHEA sulfotransferase (SULT2A1) is the rate-limiting step regulating
the equilibrium between DHEA and DHEAS [44]. SULT2A1 is downregu-
lated in sepsis [45], which suggests that circulating DHEAS levels may not
appropriately reflect the biologically active DHEA pool. DHEA administra-
tion showed beneficial effects on experimental induced sepsis in rodents
[46-51]. Serum cortisol is increased while DHEAS is decreased in septic
shock and trauma patients, especially if moribund [52,53]; however, when
compared with the level in healthy controls, DHEA is significantly increased
in sepsis but decreased after trauma. Most severely ill patients have higher
cortisol and lower DHEA and a significantly higher cortisol to DHEA ratio.
Similarly, the cortisol to DHEA ratio is significantly increased in nonsurvi-
vors of septic shock whereas the ratio in survivors does not differ from that
in controls [52]. In another study [54], lowered DHEAS and androstene-
dione levels could be measured in chronically ill males but not in ill females.
17a-OH-progesterone and 17a-OH-pregnenolone levels in subgroups of the
patients suggested a probable enzymatic block in the 3-5-pathway of andro-
gen biosynthesis in severe illness.

These findings have been interpreted as a shift from adrenal androgen to-
ward glucocorticoid biosynthesis. Accordingly, acute and sustained hypogo-
nadism in both sexes is virtually always observed during any critical illness
[55,56]. This constellation suggests a stress-induced intra-adrenal shift of
pregnenolone metabolism away from the mineralocorticoid and adrenal an-
drogen pathway toward the glucocorticoid pathway, indicating a resetting
between the immunostimulatory (DHEA) and immunosuppressive (cortisol)
adrenocortical hormones [1,53,57,58]. This mechanism may ultimately also
fail, as indicated by the 20-fold higher incidence of adrenal insufficiency seen
in critically ill patients over the age of 50 years who had been treated in the
intensive care unit for more than 14 days [59].
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The question of a normal or abnormal response

Increased circulating cortisol levels seem to reflect an increasing severity
of illness (Fig. 2) [60,61], and mortality associated with untreated adrenal in-
sufficiency increases with the severity of the acute stress [62]. Similarly, peri-
and postoperative basal cortisol concentrations reflect the degree of surgical
stress [63,64]. Peak cortisol levels are achieved in the immediate postopera-
tive period, around the time of extubation [65,66]. Cortisol levels after major
surgery resemble the levels during the acute phase of septic shock [60,67,68].
Although in the acute phase of critical illness, the secretory activity of the
HPA axis is essentially maintained or augmented, it starts to diminish dur-
ing the chronic phase, that is, after a few weeks of protracted critical illness
[60,69]. Nonsurvivors of sepsis and patients with relative adrenal insuffi-
ciency had the lowest DHEAS values, suggesting that DHEAS might be
a prognostic marker and a sign of exhausted adrenal reserve in critical illness
[53]. During severe illness, co-morbidities such as head injury or adrenal
hemorrhage, pharmacologic agents (eg, etomidate, opioids, ketokonazole),
or inflammatory mediators (eg, tumor necrosis factor-a, interleukins) can
impair the proper stress response of the HPA axis [70]. The interindividual
range of measured serum cortisol in a given stress situation is wide [71,72].
The characteristics and extent of the HPA response also vary in different age
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Fig. 2. Circulating cortisol levels in different severities of disease and infection. ANOVA, anal-
ysis of variance; APACHE II, acute physiologic and chronic health evaluation II score; SIRS,
systemic inflammatory response syndrome. (Data from Muller B, Becker KL, Schachinger H,
et al. Calcitonin precursors are reliable markers of sepsis in a medical intensive care unit.
Crit Care Med 2000;28(4):977-83.)
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groups, namely, in children [73]. This dispersion of results complicates the
differentiation of a normal from an abnormal adrenal response in the course
of acute illness. In addition, critical illness can alter and impair the proper
stress response of the HPA axis [70].

The terms relative or functional adrenal insufficiency have been proposed
for hypotensive septic critically ill patients who show hemodynamic im-
provement upon cortisol administration. In these patients, the cortisol
levels, despite being within the normal reference range or even elevated,
are still considered inadequate for the severity of stress, and the patient
may be unable to respond to any additional or protracted stress [70].

Corticosteroid insufficiency is difficult to discern clinically and must be
actively sought by the treating physician. There are no clinical indicators
(eg, eosinophilia, vasopressor dependence, or hemodynamic response)
with proven diagnostic accuracy, partly because of a lack of a reference
standard [74,75]. The life-threatening dangers of stress in untreated absolute
adrenal insufficiency are undisputable. In contrast, there is a debate con-
cerning the definition of relative adrenal insufficiency, its treatment, and
the identification of patients at risk [1,70,74,76,77].

A simple and widely used test is the stimulation of cortisol with injection
of synthetic ACTH (Synacthen) in hypotensive critically ill patients. A basal
level of cortisol of greater than 935 nmol/L combined with an increase (A) of
cortisol less than 250 nmol/L (9 pg/dL) after stimulation with 250 pg of
ACTH has been associated with a mortality rate of 80%, arguably pointing
to a relative adrenal insufficiency [60]. Nevertheless, circulating ACTH levels
after a standard injection of 250 pg of ACTH are extremely high (10,00—
60,000 pg/mL) and much higher than the 100 to 300 pg/mL found after
stimulation with 1 pg of synthetic ACTH [68,74,78]. Because the 250-pg
ACTH stimulation test induces supraphysiologic ACTH concentrations,
the 1-pg synthetic ACTH test has been suggested to be more sensitive to di-
agnose adrenocortical insufficiency [79]. In healthy individuals, 1 pg is the
lowest ACTH dose to cause a maximal cortisol response, and there is no di-
urnal variation of cortisol response to submaximal ACTH stimulation [79].
There is a stress-dependent dissociation of the cortisol response to increas-
ing doses of synthetic ACTH in situations of stress, as shown during strong
surgical stress (Fig. 3) [61]. Accordingly, in stressed patients without HPA
disease, cortisol concentrations are higher after stimulation with 250 pg as
compared with 1 pg of ACTH. The adrenal reserve is not completely used
and is not the limiting organ in this model of strong surgical stress.

What is really measured with adrenal stimulation tests [74,80]? Is an ad-
ditional rise in cortisol upon ACTH stimulation of any clinical significance,
namely, the arguably decisive increment (A) in serum cortisol concentration
of 250 nM (9 pg/dL) from baseline [81]? In the study by Widmer and co-
workers, approximately 40% of surgical patients did not achieve this target
change in cortisol, yet none of them sustained any adverse clinical conse-
quences from severe surgical stress without glucocorticoid substitution
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Fig. 3. Variable cortisol response to ACTH. Squares denote mean; boxes denote + standard
error of the mean; and whiskers denote + 1.96 x standard error of the mean. For subjects in
Group A and B, the mean values of each subject over all 4 days is shown. In Group C, basal
and peak cortisol concentrations increased, whereas the basal ACTH levels and basal ACTH/
basal cortisol ratio decreased during the operation (all P < .001). Overview shows the basal
(purple) and peak cortisol concentrations after stimulation with 1 pg (red) and 250 pg (blue)
of ACTH in subjects in Group A, B, and C. Basal (P < .00001 for trend) and peak cortisol
(after 1 ng ACTH: P = .07, after 250 ng ACTH: P = .02) concentrations increased in the three
stress groups (A, B, C3). To convert cortisol from nmol/L into pg/dL, divide by 27.7. (Adapted
from Widmer IE, Puder JJ, Konig C, et al. Cortisol response in relation to the severity of stress
and illness. J Clin Endocrinol Metab 2005;90(8):4582.)

[61]. Indeed, in the setting of severe illness and stress, the use of the low-dose
(1-ug) ACTH stimulation test may increase the number of overdiagnosed
patients [82,83]. Because of the circadian rhythm in healthy individuals,
basal cortisol levels are lower in the evening than in the morning, yet the
stimulated cortisol levels will be similar. This observation is true regardless
of whether the stimulation is performed by using ACTH [84], insulin hypo-
glycemia [85], metyrapone [86], or CRH [87]; therefore, the incremental rise
(A) of cortisol is inherently negatively correlated with basal cortisol levels
and not a useful parameter. Furthermore, the interindividual variability of
different cortisol and other steroid hormone assays performed at different
sites can be substantial [29]. This variability calls for a complete rethinking
of the term relative adrenal insufficiency [80].

Treatment

Whether “iatrogenic’ hypercortisolism during critical illness is truly needed
and beneficial remains uncertain. Even a continuous, intended-to-be-physiologic
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“low-dose” infusion of hydrocortisone results in several fold higher levels
(up to 3000-5000 nM) as compared with maximal endogenous hypercortis-
olism reached during the severest near-death stress in patients with intact
adrenal reserve [88,89]. Concerning the treatment of relative adrenal insuffi-
ciency in patients with septic shock, one single large trial found a reduction
of mortality; however, this change occurred only post hoc in the subgroup of
patients with an impaired rise (A) of cortisol less than 250 nM (<9 ng/dL)
30 minutes after the injection of 250 ug of synthetic ACTH [81]. Previously
published criteria for the prognostic characterization of critical illness from
the same group were not considered [60]. The large confidence interval of
pre- and poststimulation cortisol levels in this study reveals that the patients
were heterogeneous and clearly included a sizable number of patients with
true “‘absolute” adrenal insufficiency, potentially skewing the results [90].
Furthermore, in contrast to all other studies, in this trial, oral fludrocorti-
sone was added to the intravenous administration of hydrocortisone [81].
The administration of tablets in critically ill patients may be cumbersome;
therefore, fludrocortisone is often omitted in routine intensive care. Unfor-
tunately, as the researchers in this study state, there was “‘no interest in for-
mally demonstrating a deleterious effect of corticosteroids™ [81]. Suggesting
thereafter that corticosteroids do not have potential for harm in critically ill
septic patients is untenable [91]. Despite these limitations, this study had
a landslide impact on the management of critically ill patients by affecting
not only patients who had vasopressor-refractory septic shock but also and,
albeit, unproven, other ‘“‘therapy-refractory” intensive care unit patients
with milder or even without infections. Possibly, the administration of ste-
roids was so welcomed and became fashionable because the time had come
to resurrect past rites (Fig. 4). In the context of such controversy, the prema-
ture publication of preliminary data from small underpowered studies in
high-impact journals is of little help [92]. Some intensivists argued that a
hemodynamic improvement can be observed after the administration of
“stress doses” (ie, 50 to 200 mg) of hydrocortisone, justifying its administra-
tion to reduce the harmful doses of catecholamines needed to maintain
blood pressure. In this context, the question was raised whether one should
use hydrocortisone as a therapy to improve the charts or the outcome of
patients [93].

Multiple studies were performed by opinion leaders from both sides, not
surprisingly yielding opposite conclusions, especially with regard to dosing
of the steroids and the interpretations of the change in cortisol after
ACTH stimulation [71,74,94-98]. The comparison of different studies in sys-
tematic reviews and meta-analyses is inherently problematic, because the pa-
tient groups included differ widely in terms of underlying diagnosis (eg,
patients sustaining infections, acute lung injury, acute respiratory distress
syndrome, burns, malaria, and other entities), inclusion criteria (eg, all con-
secutive patients versus subgroups of selected patients, different severities of
infection ranging from sepsis to severe sepsis to refractory septic shock), and
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Fig. 4. A historical view of the use of steroids in the treatment of sepsis showing “‘ups and
downs.” (Adapted from F.M. Brunkhorst, MD, personal communication, 2006.)

the timing of inclusion (on admission, during the early phase of critical
illness, and during the course of disease after failing to respond to other
supportive interventions such as the administration of fluids and catechol-
amines). In part, patients were post hoc dichotomized based on an allegedly
inadequate response in the ACTH stimulation test [81] or “basal” cortisol
levels [90]. The remedies tested were diverse and included hydrocortisone
[97], methylprednisolone [99], dexamethasone [100], fludrocortisone [81],
and even DHEA [101-103] in part combined and among others. The circu-
lating half-life (T,,), biologic effects, and potency of these drugs vary
widely. Similarly, the correlation between a given circulating T, of a gluco-
corticoid and its duration of action is poor [21]. Dosages applied in critically
ill patients ranged from so-called ‘“‘supraphysiological” [97] to “low-dose”
[81] to “high dose” [99,100]. The use of these terms is not validated given
the fact that one is unable to determine and monitor the true needs for
a given individual with a specific critical disease at a certain time point.
All of the different steroids administered have markedly distinct biologic ef-
fects, which is self-evident based on their variable structure (see Fig. 1). Sub-
tle differences in the biochemistry of steroid hormones can alter the biologic
response dramatically. For example, the only difference between the “male”
hormone testosterone and the “female’” hormone estradiol (see Fig. 1) is the
interchangeable oxidation of a hydroxyl side group. Nevertheless, pheno-
typic differences between both sexes can be impressive. In this context, the
differences between the steroids used therapeutically in critical illness, in-
cluding but not limited to glucocorticoids and mineralocorticoids, are
even more important and should not be neglected.

Upon cessation, any short or long-term exposure to ““supraphysiological”
glucocorticoid dosages will expose the patient subsequently to the risk of
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“absolute” insufficiency of the HPA axis, that is, Addison’s syndrome. This
iatrogenic complication can be life threatening in stress situations (eg, recur-
rence of the critical illness). Rapid restoration of ACTH release with CRH
infusion suggests that the suppression of the HPA axis after iatrogenic
hypercortisolism is predominantly due to reduced CRH secretion [104].
The extent and duration of this functional deficiency is unpredictable,
may last from weeks to years, and is largely independent of the dose and du-
ration of steroid therapy [105,106]. This observation has led to the conser-
vative practice of replacing glucocorticoid before an anticipated stress in
any patient who has received supraphysiologic dosages of glucocorticoids
within the past year [22,107].

There is little definitive advice to offer concerning the use of pharmaco-
logic doses of glucocorticoids in critical illness in general, especially in
critically ill patients who do not meet the criteria for “relative adrenal insuf-
ficiency.” The alleged benefits should be weighed against the proven dangers
of therapy, such as hyperglycemia [108,109] and a suppression of the immune
response [96,99,110-112]. In comatose patients with cerebral malaria, high-
dose dexamethasone treatment has been proven deleterious [113]. The ebb
and flow of attitudes regarding the usefulness of large-dose steroid treatment
in spinal cord injured patients, also referred to as “CRASH-landing of
steroids” based on the acronym of a seminal study, is a case in point
[114-116]. The clinical frustrations of dealing with severe sepsis and its high
mortality rate may tempt many clinicians to use corticosteroids; however, our
urge to do something should not tempt us to do anything. Adhering to the
results of current randomized controlled trials is the best guide to clinical
practice. More rigorously controlled multicenter studies are required to fur-
ther clarify this complex clinical enigma. The results of one such trial, the on-
going CORTICUS study, are anxiously awaited by intensivists [117].

Summary

The interindividual differences in the extent, timing, and modulators of
the HPA response during distinct critical illnesses are not trivial. The correct
assessment of the adequate individual stress response in severe disease is un-
resolved. The accurate substitution of the subtle and varying needs of an al-
legedly disturbed HPA axis is problematic. If we do not learn from previous
mistakes regarding the characterization, interpretation, substitution, and
suppression of allegedly abnormal endocrine responses in severe and acute
diseases, we will continue to repeat them [118,119]. Inappropriate assump-
tions will lead to inappropriate administrations of potentially life-saving ste-
roids and, ultimately, contradict our principal aim in medicine of “‘primum
non nocere.” Further randomized controlled trials are needed to unravel
this complex and important clinical problem before widespread therapy
can be advocated.



HYPOTHALAMIC-PITUITARY-ADRENAL AXIS 833

References

[1] Vermes I, Beishuizen A. The hypothalamic-pituitary-adrenal response to critical illness.
Best Pract Res Clin Endocrinol Metab 2001;15(4):495-511.

[2] Ledingham IM, Watt I. Influence of sedation on mortality in critically ill multiple trauma
patients. Lancet 1983;1(8336):1270.

[3] Absalom A, Pledger D, Kong A. Adrenocortical function in critically ill patients 24 h after
a single dose of etomidate. Anaesthesia 1999;54(9):861-7.

[4] Nylen ES, Muller B. Endocrine changes in critical illness. J Intensive Care Med 2004;19(2):
67-82.

[5] Van den Berghe G. The neuroendocrine response to stress is a dynamic process. Best Pract
Res Clin Endocrinol Metab 2001;15(4):405-19.

[6] Ho JT, Al-Musalhi H, Chapman MJ, et al. Septic shock and sepsis: a comparison of total
and free plasma cortisol levels. J Clin Endocrinol Metab 2006;91(1):105-14.

[7] Polderman KH, van Zanten A, Girbes AR. Free cortisol and critically ill patients. N Engl J
Med 2004;351(4):395-7 [author reply: 395-7].

[8] Khan T, Kupfer Y, Tessler S. Free cortisol and critically ill patients. N Engl J Med 2004;
351(4):395-7 [author reply: 395-7].

[9] Hamrahian AH, Oseni TS, Arafah BM. Measurements of serum free cortisol in critically ill
patients. N Engl J Med 2004;350(16):1629-38.

[10] Beishuizen A, Thijs LG, Vermes I. Patterns of corticosteroid-binding globulin and the free
cortisol index during septic shock and multitrauma. Intensive Care Med 2001;27(10):
1584-91.

[11] Webster JI, Sternberg EM. Role of the hypothalamic-pituitary-adrenal axis, glucocorti-
coids and glucocorticoid receptors in toxic sequelae of exposure to bacterial and viral prod-
ucts. J Endocrinol 2004;181(2):207-21.

[12] Prigent H, Maxime V, Annane D. Science review: mechanisms of impaired adrenal function
in sepsis and molecular actions of glucocorticoids. Crit Care 2004;8(4):243-52.

[13] Silverstein R, Johnson DC. Endogenous versus exogenous glucocorticoid responses to
experimental bacterial sepsis. J Leukoc Biol 2003;73(4):417-27.

[14] BriegelJ. Cortisolin critically ill patients with sepsis: physiologic functions and therapeutic
implications. Wien Klin Wochenschr 2000;112(8):341-52.

[15] Manary MJ, Muglia LJ, Vogt SK, et al. Cortisol and its action on the glucocorticoid recep-
tor in malnutrition and acute infection. Metabolism 2006;55(4):550—4.

[16] Melby JC, Edghal RH, Spink WW. Secretion and metabolism of cortisol after injection of
endotoxin. J Lab Clin Med 1960;56:50-62.

[17] RinaldiS, Adembri C, Grechi S, et al. Low-dose hydrocortisone during severe sepsis: effects
on microalbuminuria. Crit Care Med 2006;(Jul):17.

[18] Alarifi AA, van den Berghe GH, Snider RH, et al. Endocrine markers and mediators in
critical illness. 3rd edition. Philadelphia: J.B. Lippincott; 2001.

[19] Nylen ES, Alarifi AA. Humoral markers of severity and prognosis of critical illness. Best
Pract Res Clin Endocrinol Metab 2001;15(4):553-73.

[20] Munck A, Guyre PM, Holbrook NJ. Physiological functions of glucocorticoids in stress
and their relation to pharmacological actions. Endocr Rev 1984;5(1):25-44.

[21] Axelrod L. Corticosteroid therapy. In: Becker KL, editor. Principles and practice of endo-
crinology and metabolism. 3rd edition. Philadelphia: Lippincott Williams & Wilkins; 2001.
p. 751-64.

[22] Lynn LD. Adrenocortical insufficiency. In: Becker KL, editor. Principles and practice of
endocrinology and metabolism. 3rd edition. Philadelphia: Lippincott Williams & Wilkins;
2001. p. 739-43.

[23] Manna PR, Dyson MT, Eubank DW, et al. Regulation of steroidogenesis and the steroido-
genic acute regulatory protein by a member of the cAMP response-element binding protein
family. Mol Endocrinol 2002;16(1):184-99.



834 SCHUETZ & MULLER

[24] Stocco DM, Clark BJ. Regulation of the acute production of steroids in steroidogenic cells.
Endocr Rev 1996;17(3):221-44.

[25] Perrot D, Bonneton A, Dechaud H, et al. Hypercortisolism in septic shock is not suppress-
ible by dexamethasone infusion. Crit Care Med 1993;21(3):396-401.

[26] Naito Y, Fukata J, Tamai S, et al. Biphasic changes in hypothalamo-pituitary-adrenal func-
tion during the early recovery period after major abdominal surgery. J Clin Endocrinol
Metab 1991;73(1):111-7.

[27] Aun F, Mclntosh TK, Lee A, et al. The effects of surgery on the circadian rhythms of
cortisol. Int Surg 1984;69(2):101-5.

[28] Voerman HJ, Strack van Schijndel RJ, Groeneveld AB, et al. Pulsatile hormone secretion
during severe sepsis: accuracy of different blood sampling regimens. Metabolism 1992;
41(9):934-40.

[29] Steele BW, Wang E, Palmer-Toy DE, et al. Total long-term within-laboratory precision of
cortisol, ferritin, thyroxine, free thyroxine, and thyroid-stimulating hormone assays based
on a College of American Pathologists fresh frozen serum study: do available methods meet
medical needs for precision? Arch Pathol Lab Med 2005;129(3):318-22.

[30] Zaloga GP, Marik P. Hypothalamic-pituitary-adrenal insufficiency. Crit Care Clin 2001;
17(1):25-41.

[31] O’Leary E, Hubbard K, Tormey W, et al. Laparoscopic cholecystectomy: haemodynamic
and neuroendocrine responses after pneumoperitoneum and changes in position. Br J
Anaesth 1996;76(5):640—4.

[32] Hinson JP, Vinson GP, Kapas S, et al. The role of endothelin in the control of adrenocor-
tical function: stimulation of endothelin release by ACTH and the effects of endothelin-1
and endothelin-3 on steroidogenesis in rat and human adrenocortical cells. J Endocrinol
1991;128(2):275-80.

[33] Vermes I, Beishuizen A, Hampsink RM, et al. Dissociation of plasma adrenocorticotropin
and cortisol levels in critically ill patients: possible role of endothelin and atrial natriuretic
hormone. J Clin Endocrinol Metab 1995;80(4):1238-42.

[34] Morgenthaler NG, Struck J, Christ-Crain M, et al. Pro-atrial natriuretic peptide is a prog-
nostic marker in sepsis, similar to the APACHE II score: an observational study. Crit Care
2005;9(1):R37-45.

[35] Christ-Crain M, Morgenthaler NG, Struck J, et al. Mid-regional pro-adrenomedullin as
a prognostic marker in sepsis: an observational study. Crit Care 2005;9(6):R816-24.

[36] Davenport MW, Zipser RD. Association of hypotension with hyperreninemic hypoaldos-
teronism in the critically ill patient. Arch Intern Med 1983;143(4):735-7.

[37] Zipser RD, Davenport MW, Martin KL, et al. Hyperreninemic hypoaldosteronism in the
critically ill: a new entity. J Clin Endocrinol Metab 1981;53(4):867-73.

[38] Wilmore DW. Catabolic illness: strategies for enhancing recovery. N Engl J Med 1991;
325(10):695-702.

[39] Souba WW. Cytokine control of nutrition and metabolism in critical illness. Curr Probl
Surg 1994;31(7):577-643.

[40] Weekers F, Van den Berghe G. Endocrine modifications and interventions during critical
illness. Proc Nutr Soc 2004;63(3):443-50.

[41] Vanhorebeek I, Van den Berghe G. Hormonal and metabolic strategies to attenuate catab-
olism in critically ill patients. Curr Opin Pharmacol 2004;4(6):621-8.

[42] Schteingart DE. Cushing syndrome. In: Becker KL, editor. Principles and practice of endo-
crinology and metabolism. 3rd edition. Philadelphia: Lippincott Williams & Wilkins; 2001.
p. 723-38.

[43] Arlt W. Dehydroepiandrosterone replacement therapy. Semin Reprod Med 2004;22(4):
379-88.

[44] Hammer F, Subtil S, Lux P, et al. No evidence for hepatic conversion of dehydroepiandros-
terone (DHEA) sulfate to DHEA: in vivo and in vitro studies. J Clin Endocrinol Metab
2005;90(6):3600-5.



HYPOTHALAMIC-PITUITARY-ADRENAL AXIS 835

[45] Kim MS, Shigenaga J, Moser A, et al. Suppression of DHEA sulfotransferase (Sult2Al)
during the acute-phase response. Am J Physiol Endocrinol Metab 2004;287(4):E731-8.

[46] Hildebrand F, Pape HC, Harwood P, et al. Are alterations of lymphocyte subpopulations in
polymicrobial sepsis and DHEA treatment mediated by the tumour necrosis factor (TNF)-
alpha receptor (TNF-RI)? A study in TNF-RI (TNF-RI(—/-)) knock-out rodents. Clin
Exp Immunol 2004;138(2):221-9.

[47] Hildebrand F, Pape HC, Hoevel P, et al. The importance of systemic cytokines in the path-
ogenesis of polymicrobial sepsis and dehydroepiandrosterone treatment in a rodent model.
Shock 2003;20(4):338—-46.

[48] Oberbeck R, Dahlweid M, Koch R, et al. Dehydroepiandrosterone decreases mortality rate
and improves cellular immune function during polymicrobial sepsis. Crit Care Med 2001;
29(2):3804.

[49] Ben-Nathan D, Padgett DA, Loria RM. Androstenediol and dehydroepiandrosterone
protect mice against lethal bacterial infections and lipopolysaccharide toxicity. J Med
Microbiol 1999;48(5):425-31.

[50] Angele MK, Catania RA, Ayala A, et al. Dehydroepiandrosterone: an inexpensive steroid
hormone that decreases the mortality due to sepsis following trauma-induced hemorrhage.
Arch Surg 1998;133(12):1281-8.

[51] Matsuda A, Furukawa K, Suzuki H, et al. Dehydroepiandrosterone modulates toll-like
receptor expression on splenic macrophages of mice after severe polymicrobial sepsis.
Shock 2005;24(4):364-9.

[52] Arlt W, Hammer F, Sanning P, et al. Dissociation of serum dehydroepiandrosterone and
dehydroepiandrosterone sulfate in septic shock. J Clin Endocrinol Metab 2006;91(7):
2548-54.

[53] Beishuizen A, Thijs LG, Vermes I. Decreased levels of dehydroepiandrosterone sulphate in
severe critical illness: a sign of exhausted adrenal reserve? Crit Care 2002;6(5):434-8.

[54] Luppa P, Munker R, Nagel D, et al. Serum androgens in intensive-care patients: correla-
tions with clinical findings. Clin Endocrinol (Oxf) 1991;34(4):305-10.

[55] Nierman DM, Mechanick JI. Hypotestosteronemia in chronically critically ill men. Crit
Care Med 1999;27(11):2418-21.

[56] Spratt DI. Altered gonadal steroidogenesis in critical illness: is treatment with anabolic
steroids indicated? Best Pract Res Clin Endocrinol Metab 2001;15(4):479-94.

[57] Parker LN, Levin ER, Lifrak ET. Evidence for adrenocortical adaptation to severe illness.
J Clin Endocrinol Metab 1985;60(5):947-52.

[58] Reincke M, Lehmann R, Karl M, et al. Severe illness: neuroendocrinology. Ann N'Y Acad
Sci 1995;771:556-69.

[59] Barquist E, Kirton O. Adrenal insufficiency in the surgical intensive care unit patient.
J Trauma 1997;42(1):27-31.

[60] Annane D, Sebille V, Troche G, et al. A 3-level prognostic classification in septic shock
based on cortisol levels and cortisol response to corticotropin. JAMA 2000;283(8):1038-45.

[61] Widmer IE, Puder JJ, Konig C, et al. Cortisol response in relation to the severity of stress
and illness. J Clin Endocrinol Metab 2005;90(8):4579-86.

[62] Zaloga GP. Sepsis-induced adrenal deficiency syndrome. Crit Care Med 2001;29(3):688-90.

[63] Chernow B, Alexander HR, Smallridge RC, et al. Hormonal responses to graded surgical
stress. Arch Intern Med 1987;147(7):1273-8.

[64] Mohler JL, Michael KA, Freedman AM, et al. The serum and urinary cortisol response to
operative trauma. Surg Gynecol Obstet 1985;161(5):445-9.

[65] Udelsman R, Norton JA, Jelenich SE, et al. Responses of the hypothalamic-pituitary-ad-
renal and renin-angiotensin axes and the sympathetic system during controlled surgical
and anesthetic stress. J Clin Endocrinol Metab 1987;64(5):986-94.

[66] Donald RA, Perry EG, Wittert GA, et al. The plasma ACTH, AVP, CRH and catechol-
amine responses to conventional and laparoscopic cholecystectomy. Clin Endocrinol
(Oxf) 1993;38(6):609—15.



836 SCHUETZ & MULLER

[67] Rothwell PM, Udwadia ZF, Lawler PG. Cortisol response to corticotropin and survival in
septic shock. Lancet 1991;337(8741):582-3.

[68] Marik PE, Zaloga GP. Adrenal insufficiency in the critically ill: a new look at an old prob-
lem. Chest 2002;122(5):1784-96.

[69] Vanden Berghe G, de Zegher F, Bouillon R. Clinical review 95: acute and prolonged critical
illness as different neuroendocrine paradigms. J Clin Endocrinol Metab 1998;83(6):
1827-34.

[70] Cooper MS, Stewart PM. Corticosteroid insufficiency in acutely ill patients. N Engl J Med
2003;348(8):727-34.

[71] Ligtenberg JJ, Zijlstra JG. The relative adrenal insufficiency syndrome revisited: which
patients will benefit from low-dose steroids? Curr Opin Crit Care 2004;10(6):456—60.

[72] Rady MY, Johnson DJ, Patel B, et al. Cortisol levels and corticosteroid administration fail
to predict mortality in critical illness: the confounding effects of organ dysfunction and sex.
Arch Surg 2005;140(7):661-8 [discussion: 669].

[73] Joosten KF, de Kleijn ED, Westerterp M, et al. Endocrine and metabolic responses in chil-
dren with meningoccocal sepsis: striking differences between survivors and nonsurvivors.
J Clin Endocrinol Metab 2000;85(10):3746-53.

[74] Beishuizen A, Thijs LG. Relative adrenal failure in intensive care: an identifiable problem
requiring treatment? Best Pract Res Clin Endocrinol Metab 2001;15(4):513-31.

[75] Beishuizen A, Vermes I, Hylkema BS, et al. Relative eosinophilia and functional adrenal
insufficiency in critically ill patients. Lancet 1999;353(9165):1675-6.

[76] Ligtenberg JJ, Tulleken JE, van der Werf TS, et al. Unraveling the mystery of adrenal fail-
ure in the critically ill. Crit Care Med 2004;32(6):1447-8 [author reply: 1448].

[77] Marik PE. Unraveling the mystery of adrenal failure in the critically ill. Crit Care Med 2004;
32(2):596-17.

[78] Marik PE, Zaloga GP. Adrenal insufficiency during septic shock. Crit Care Med 2003;
31(1):141-5.

[79] Dickstein G, Spigel D, Arad E, et al. One microgram is the lowest ACTH dose to cause
a maximal cortisol response: there is no diurnal variation of cortisol response to submaxi-
mal ACTH stimulation. Eur J Endocrinol 1997;137(2):172-5.

[80] Dickstein G. On the term “‘relative adrenal insufficiency” or what do we really measure with
adrenal stimulation tests? J Clin Endocrinol Metab 2005;90(8):4973—4.

[81] Annane D, Sebille V, Charpentier C, et al. Effect of treatment with low doses of hydrocor-
tisone and fludrocortisone on mortality in patients with septic shock. JAMA 2002;288(7):
862-71.

[82] Hockings GI, Strakosch CR, Jackson RV. Secondary adrenocortical insufficiency: avoid-
ing potentially fatal pitfalls in diagnosis and treatment. Med J Aust 1997;166(8):400-1.

[83] Nye EJ, Grice JE, Hockings GI, et al. Adrenocorticotropin stimulation tests in patients
with hypothalamic-pituitary disease: low dose, standard high dose and 8-h infusion tests.
Clin Endocrinol (Oxf) 2001;55(5):625-33.

[84] McGill PE, Greig WR, Browning MC, et al. Plasma cortisol response to synacthen (beta-1—
24 Ciba) at different times of the day in patients with rheumatic diseases. Ann Rheum Dis
1967;26(2):123-6.

[85] Nathan RS, Sachar EJ, Langer G, et al. Diurnal variation in the response of plasma pro-
lactin, cortisol, and growth hormone to insulin-induced hypoglycemia in normal men.
J Clin Endocrinol Metab 1979;49(2):231-5.

[86] Berneis K, Staub JJ, Gessler A, et al. Combined stimulation of adrenocorticotropin and
compound-S by single dose metyrapone test as an outpatient procedure to assess hypotha-
lamic-pituitary-adrenal function. J Clin Endocrinol Metab 2002;87(12):5470-5.

[87] DeCherney GS, DeBold CR, Jackson RV, et al. Diurnal variation in the response of plasma
adrenocorticotropin and cortisol to intravenous ovine corticotropin-releasing hormone.
J Clin Endocrinol Metab 1985;61(2):273-9.



HYPOTHALAMIC-PITUITARY-ADRENAL AXIS 837

[88] Keh D, Boehnke T, Weber-Cartens S, et al. Immunologic and hemodynamic effects of
“low-dose” hydrocortisone in septic shock: a double-blind, randomized, placebo-
controlled, crossover study. Am J Respir Crit Care Med 2003;167(4):512-20.

[89] Oppert M, Reinicke A, Graf KJ, et al. Plasma cortisol levels before and during “low-dose”
hydrocortisone therapy and their relationship to hemodynamic improvement in patients
with septic shock. Intensive Care Med 2000;26(12):1747-55.

[90] Sessler CN. Steroids for septic shock: back from the dead? (Con). Chest 2003;123(5 Suppl):
482S-9.

[91] MilloJ. Corticosteroids for patients with septic shock. JAMA 2003;289(1):41 [author reply:
43-4].

[92] Confalonieri M, Urbino R, Potena A, et al. Hydrocortisone infusion for severe community-
acquired pneumonia: a preliminary randomized study. Am J Respir Crit Care Med 2005;
171(3):242-8.

[93] Briegel J. Hydrocortisone and the reduction of vasopressors in septic shock: therapy or only
chart cosmetics? Intensive Care Med 2000;26(12):1723-6.

[94] Minneci PC, Deans KJ, Banks SM, et al. Meta-analysis: the effect of steroids on survival
and shock during sepsis depends on the dose. Ann Intern Med 2004;141(1):47-56.

[95] Annane D, Bellissant E, Bollaert PE, et al. Corticosteroids for severe sepsis and septic
shock: a systematic review and meta-analysis. BMJ 2004;329(7464):480.

[96] Rady MY, Johnson DJ, Patel B, et al. Corticosteroids influence the mortality and morbidity
of acute critical illness. Crit Care 2006;10(4):R101.

[97] Bollaert PE, Charpentier C, Levy B, et al. Reversal of late septic shock with supraphysio-
logic doses of hydrocortisone. Crit Care Med 1998;26(4):645-50.

[98] Annane D, Bellissant E, Bollaert PE, et al. Corticosteroids for treating severe sepsis and
septic shock. Cochrane Database Syst Rev 2004;(1):CD002243.

[99] Bone RC, Fisher CJ Jr, Clemmer TP, et al. A controlled clinical trial of high-dose methyl-
prednisolone in the treatment of severe sepsis and septic shock. N EnglJ Med 1987;317(11):
653-8.

[100] Sprung CL, Caralis PV, Marcial EH, et al. The effects of high-dose corticosteroids in pa-
tients with septic shock: a prospective, controlled study. N Engl J Med 1984;311(18):
1137-43.

[101] Frantz MC, Prix NJ, Wichmann MW, et al. Dehydroepiandrosterone restores depressed
peripheral blood mononuclear cell function following major abdominal surgery via the
estrogen receptors. Crit Care Med 2005;33(8):1779-86.

[102] Jarrar D, Kuebler JF, Wang P, et al. DHEA: a novel adjunct for the treatment of male
trauma patients. Trends Mol Med 2001;7(2):81-5.

[103] Dhatariya KK. Is there a role for dehydroepiandrosterone replacement in the intensive care
population? Intensive Care Med 2003;29(11):1877-80.

[104] Gomez MT, Magiakou MA, Mastorakos G, et al. The pituitary corticotroph is not the rate
limiting step in the postoperative recovery of the hypothalamic-pituitary-adrenal axis in
patients with Cushing syndrome. J Clin Endocrinol Metab 1993;77(1):173-7.

[105] Henzen C, Suter A, Lerch E, et al. Suppression and recovery of adrenal response after short-
term, high-dose glucocorticoid treatment. Lancet 2000;355(9203):542-5.

[106] Graber AL, Ney RL, Nicholson WE, et al. Natural history of pituitary-adrenal recovery
following long-term suppression with corticosteroids. J Clin Endocrinol Metab 1965;25:
11-6.

[107] Symreng T, Karlberg BE, Kagedal B, et al. Physiological cortisol substitution of long-term
steroid-treated patients undergoing major surgery. Br J Anaesth 1981;53(9):949-54.

[108] Van den Berghe G, Wilmer A, Hermans G, et al. Intensive insulin therapy in the medical
ICU. N Engl J Med 2006;354(5):449-61.

[109] Van Den Berghe G, Wouters D, Weekers F, et al. Intensive insulin therapy in critically ill
patients. N Engl J Med 2001;345:1359-67.



838 SCHUETZ & MULLER

[110] Spencer MT, Bazarian JJ. Evidence-based emergency medicine/systematic review abstract:
are corticosteroids effective in traumatic spinal cord injury? Ann Emerg Med 2003;41(3):
410-3.

[111] Galandiuk S, Raque G, Appel S, et al. The two-edged sword of large-dose steroids for spi-
nal cord trauma. Ann Surg 1993;218(4):419-25 [discussion: 425-17].

[112] Muller B, Peri G, Doni A, et al. High circulating levels of the IL-1 type II decoy receptor in
critically ill patients with sepsis: association of high decoy receptor levels with glucocorti-
coid administration. J Leukoc Biol 2002;72(4):643-9.

[113] Warrell DA, Looareesuwan S, Warrell MJ, et al. Dexamethasone proves deleterious in ce-
rebral malaria: a double-blind trial in 100 comatose patients. N Engl J Med 1982;306(6):
313-9.

[114] Roberts 1, Yates D, Sandercock P, et al. Effect of intravenous corticosteroids on death
within 14 days in 10008 adults with clinically significant head injury (MRC CRASH trial):
randomised placebo-controlled trial. Lancet 2004;364(9442):1321-8.

[115] Edwards P, Arango M, Balica L, et al. Final results of MRC CRASH, a randomised pla-
cebo-controlled trial of intravenous corticosteroid in adults with head injury—outcomes
at 6 months. Lancet 2005;365(9475):1957-9.

[116] Sauerland S, Maegele M. A CRASH landing in severe head injury. Lancet 2004;364(9442):
1291-2.

[117] LaRosa SP. Use of corticosteroids in the sepsis syndrome: what do we know now? Cleve
Clin J Med 2005;72(12):1121-7.

[118] Kass EH. High-dose corticosteroids for septic shock. N Engl J Med 1984;311(18):1178-9.

[119] Meduri GU. A historical review of glucocorticoid treatment in sepsis: disease pathophysi-
ology and the design of treatment investigation. Sepsis 1999;312-38.



	The Hypothalamic-Pituitary-Adrenal Axis in Critical Illness
	Timing and profile of steroids during critical illness are essential
	The question of a normal or abnormal response
	Treatment
	Summary
	References


