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SYNOPSIS
The adrenal cortices produce a variety of steroid hormones (corticosteroids) that play vital roles in
a number of physiologic processes, including: electrolyte and fluid balance; cardiovascular
homeostasis; carbohydrate, protein and lipid metabolism; immune and inflammatory responses;
and sexual development and reproductive function. While permanent adrenocortical insufficiency
is rare in all species, emerging evidence in both human and equine medicine suggests that
transient, reversible adrenocortical dysfunction resulting in cortisol insufficiency frequently
develops during critical illness. This syndrome is termed relative adrenal insufficiency (RAI) or
critical illness-related corticosteroid insufficiency (CIRCI), and can contribute substantially to
morbidity and mortality associated with the primary disease. Thus, this review will primarily
cover the mechanisms, diagnosis and clinical consequences of adrenocortical insufficiency, with
particular focus on our current understanding of RAI/CIRCI in horses and foals.
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The adrenal cortices produce a variety of steroid hormones (corticosteroids), including
mineralocorticoids (e.g., aldosterone), glucocorticoids (e.g., cortisol), and adrenal androgens
(e.g., dehydroepiandrosterone, DHEA). These corticosteroids play vital roles in a number of
physiologic processes, including: electrolyte and fluid balance; cardiovascular homeostasis;
carbohydrate, protein and lipid metabolism; immune and inflammatory responses; and
sexual development and reproductive function. Like other endocrine organs, adrenocortical
dysfunction may manifest as either abnormal increases or decreases in activity. Increased
adrenocortical activity (hyperadrenocorticism) may occur in horses with Pituitary Pars
Intermedia Dysfunction, but primary hyperadrenocorticism and permanent adrenocortical
insufficiency (hypoadrenocorticism, Addison's Disease) are rare in horses. However,
emerging evidence in both human and equine medicine suggests that transient, reversible
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adrenocortical dysfunction resulting in cortisol insufficiency frequently develops during
critical illness. This syndrome is termed relative adrenal insufficiency (RAI) or critical
illness-related corticosteroid insufficiency (CIRCI), and can contribute substantially to
morbidity and mortality associated with the primary disease. Thus, this review will primarily
cover the mechanisms, diagnosis and clinical consequences of adrenocortical insufficiency,
with particular focus on our current understanding of RAI/CIRCI in horses and foals.

I. ADRENOCORTICAL ANATOMY AND PHYSIOLOGY
The adrenal glands are located at the craniomedial aspect of each kidney, and each gland is
divided into an outer cortex that secretes corticosteroids and an inner medulla that secretes
catecholamines. The adrenal cortices are divided into 3 cellular zones: 1) the outer zona
glomerulosa; 2) the middle zona fasciculata, which is the largest zone and comprises 75% of
the weight of the entire adrenal gland; and 3) the narrow inner zona reticularis.1 Cells in the
zona glomerulosa are primarily responsible for the secretion of mineralocorticoids (e.g.,
aldosterone), while zona fasciculata cells synthesize and secrete glucocorticoids (e.g.,
cortisol). Cells in the zona reticularis also secrete small amounts of glucocorticoids, but
predominantly produce adrenal androgens such as DHEA and androstenedione.

All corticosteroid hormones are structurally similar and share a common synthetic pathway
(Figure 1). All steroid hormones are synthesized from cholesterol, and contain a common
sterol backbone with three 6-carbon and one 5-carbon rings. Steroid hormone synthesis
occurs in the mitochondria and endoplasmic reticulum, and begins with mitochondrial
uptake of cytoplasmic cholesterol via the steroidogenic acute regulatory (StAR) transporter
protein.3 Binding of a regulatory hormone to adrenocortical cell surface receptors stimulates
cyclic AMP-mediated uptake of circulating plasma lipoproteins and liberation of cholesterol
via lysosomal lipases to provide the major source of such cholesterol for steroid hormone
synthesis.1 De novo cholesterol synthesis also occurs in the adrenal cortex and can provide
an alternative source of cytoplasmic cholesterol for corticosteroid synthesis.1

Once cholesterol is taken up into the mitochondrion via StAR, it is converted to
pregnenolone via side chain cleavage enzyme (p450scc, cholesterol desmolase). Both
cholesterol delivery to the mitochondria via StAR and p450scc-catalyzed pregnenolone
synthesis have been proposed as the rate limiting step in corticosteroid biosynthesis.4, 5 All
other steroid hormones are derivatives of pregnenolone; which specific steroids are
produced by a particular adrenocortical cell depends on which biosynthetic enzymes are
expressed in that cell (Figure 1).1, 6

Glucocorticoids: Synthesis, Secretion and Systemic Effects
Glucocorticoids are the predominant adrenal corticosteroid and the most prevalent
circulating steroid hormone. Their synthesis is regulated by the hypothalamic-pituitary-
adrenal (HPA) axis (Figure 2), and they play an integral role in the endocrine response to
stress. The HPA axis is activated when physiologic, pathophysiologic, or environmental
stressors activate peripheral and central nervous system components, whose signals are then
interpreted and integrated in the hypothalamus. Activation of the hypothalamic
paraventricular nuclei culminates in the release of the peptide hormone corticotropin-
releasing hormone (CRH) into the hypothalamic-hypophyseal portal vessels. CRH then acts
locally in the adjacent anterior pituitary gland to activate type 1 CRH-receptors on the cell
surface of pituitary corticotroph cells to induce the release of adrenocorticotropic hormone
(ACTH, corticotrophin) into the systemic circulation.7

ACTH binds cell surface receptors (melanocortin 2 receptor, MC2R) on adrenocortical cells
and stimulates the adrenal glands to primarily synthesize and secrete cortisol, but to a less
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extent also aldosterone. Five ACTH receptor types have been characterized in humans, the
majority of which bind both ACTH and α- and γ-melanocyte stimulating hormone (α- and γ-
MSH).8 MC2R is the only ACTH receptor type that is expressed in the human adrenal
cortex, and the only type that does not bind MSH.8 MC2R is a G protein-coupled
transmembrane receptor that acts via adenylate cyclase to increase cyclic AMP levels, which
then activate a variety of enzymes critical for cortisol synthesis.8 At present, melanocortin
receptor subtype expression in the equine adrenal cortex has not been characterized, but is
presumed to be similar to that in humans.

The critical enzymes necessary for cortisol synthesis are expressed in zona fasciculata cells,
and include 3-β-hydroxysteroid dehydrogenase (3-β-HSD), 17-α-hydroxylase, 21-α-
hydroxylase, and 11-β-hydroxylase (Figure 1).3 This latter enzyme catalyzes the final step in
cortisol synthesis from the 11-deoxycortisol precursor molecule, and is present only in
glucocorticoid-producing cells.3

Cortisol is not stored in adrenocortical cells, but rather is secreted into the systemic
circulation immediately following ACTH-induced synthesis.5 Like all steroid hormones,
cortisol is lipophilic and thus is transported in the plasma predominantly bound to plasma
proteins including cortisol-binding globulin (CBG) and albumin.9 In most adult mammals,
including horses, approximately 90% of circulating cortisol is bound.6, 9-12 As cortisol
receptors are located in the cytoplasm of steroid-responsive cells, though, it is only the free,
unbound portion of circulating cortisol that is available to enter cells via diffusion across the
plasma membrane and to bind these intracellular glucocorticoid receptors (GRs).13

Binding of cortisol to the cytoplasmic GR causes conformational changes that allow
dissociation of regulatory heat shock proteins (HSPs), permitting the cortisol-GR complex to
dimerize, localize to the nucleus, bind DNA at glucocorticoid-response-elements (GREs),
and regulate transcription of glucocorticoid-responsive genes.1 In humans, there are two GR
isoforms, GRα and GRβ, but GRβ appears to be transcriptionally inactive and may function
as an endogenous inhibitor of GRα activity.13 To the authors’ knowledge, equine GR
isoforms and their respective activities are not well characterized.

Many cell types are sensitive to glucocorticoids, permitting cortisol to exert diverse effects
necessary for stress responses to both health and disease. Essential glucocorticoid-mediated
physiologic responses include maintenance of blood pressure, provision of energy to tissues,
and control of an appropriate inflammatory response.1, 5, 14 The sum of cortisol's systemic
effects serves to reduce the physiologic stressors that initially activated the HPA axis to
ultimately reduce HPA axis tone. In addition, cortisol itself acts via negative feedback
mechanisms at hypothalamic, pituitary and adrenal levels to further down-regulate HPA axis
activity. Thus, with an intact HPA axis, plasma cortisol concentrations are maintained at a
level appropriate for the existing degree of physiologic stress.

Mineralocorticoids: Synthesis, Secretion and Systemic Effects
Mineralocorticoids (e.g. aldosterone) are produced in small quantities relative to
glucocorticoids, but have equally important physiologic roles. Angiotensin II and plasma
potassium are the primary stimulants of aldosterone synthesis and secretion, but acute
release of ACTH also induce aldosterone synthesis to a lesser degree. The renin-angiotensin-
aldosterone system is activated by hypovolemia/hypotension or increases in plasma
osmolality, and culminates in adrenocortical aldosterone secretion. Alternatively, or in
conjunction with the above mechanisms, increased serum potassium concentration also
stimulates aldosterone secretion. Both angiotensin II and potassium increase transcription of
the aldosterone synthase gene in zona glomerulosa cells via calcium-mediated activation of
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cAMP response elements – angiotensin II by receptor-mediated activation of phospholipase
C and potassium via opening of voltage-gated calcium channels.5

Like glucocorticoids, aldosterone circulates in the plasma bound to albumin or CBG, and
primarily acts by binding cytosolic mineralocorticoid receptors (MRs) and altering
transcription of genes necessary for sodium and potassium transport.15 MRs are
predominantly expressed in sodium-transporting epithelia in the distal renal tubules and
colon, with lesser expression in the rest of the intestinal tract and the heart.5 Aldosterone
induces transcription of an aldosterone-regulated kinase that increases activity of apical
membrane sodium channels.15 The net effect of this is increased sodium flux across
epithelial cells, resulting in increased renal and intestinal sodium and water resorption and
concurrent stimulation of potassium excretion via the basolateral Na+/K+ ATP-ase.15

Mineralocorticoids are vital for appropriate fluid and electrolyte balance, and
mineralocorticoid deficiency rapidly results in hyponatremia, hyperkalemia, and
hypovolemia.

Adrenal androgens: Synthesis, Secretion and Systemic Effects
In adult males, circulating androgens are primarily of testicular origin, but in females more
than half of plasma androgens may originate from the adrenal cortices. ACTH is necessary
for the synthesis and secretion of adrenal androgens, but another factor (or factors) that is as-
yet-unidentified is also required for adrenal androgen synthesis.5 Like other adrenal steroids,
adrenal androgens are transported in the plasma bound to albumin and CBG, and act via
cytosolic steroid hormone receptors to modulate gene transcription. Adrenal androgens –
such as DHEA and androstendione – can be extraglandularly metabolized to active
testosterone and estrogens, and play a particular important role in early pubertal sexual
development in most species. Increased adrenal androgen production is postulated to play a
role in mares with estrus-related behavior problems, though this has not been definitively
proven.16

II. METHODS FOR DIAGNOSIS OF ADRENOCORTICAL INSUFFICIENCY
Testing methods used to diagnose adrenocortical insufficiency in both human and veterinary
medicine fall into two general categories: 1) assessment of endogenous basal adrenocortical
activity by measurement of circulating or excreted hormone concentrations; and 2) dynamic
assessment of adrenocortical responsiveness by assessment of hormone production
following administration of exogenous regulatory hormones.17

In general, measurement of basal plasma hormone concentrations offers a rapid and safe
means of assessing adrenocortical function. Well-established commercial radio- or
chemiluminescent immunoassays are readily available for measurement of equine cortisol
and can provide results rapidly.6, 17 Commercial immunoassays are also available for most
other adrenal corticosteroids, and measurement of aldosterone and adrenal androgens has
been described in horses.18-20 However, cortisol and other adrenal steroids are typically
secreted in a pulsatile fashion and plasma concentrations can vary widely during a 24-hour
period in both healthy and sick individuals with time of day, season, emotional state, and
moment-to-moment changes in physiologic stressors.5, 17 Thus, documentation of a single
random low basal concentration of any steroid hormone should be interpreted with caution
as true steroid deficiency is not always indicated.

Assessment of cortisol concentrations in conjunction with regulatory hormone (ACTH,
CRH) concentrations can provide a more comprehensive picture of HPA axis function.
Plasma CRH and ACTH concentrations are easily assessed in most species via
commercially available immunoassays, but as the majority of CRH is secreted into the
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hypothalamic-hypophyseal portal vessels rather than into the systemic circulation, accurate
measurement of CRH requires sophisticated sampling methodology. In addition, while in
healthy individuals ACTH and cortisol concentrations are fairly closely correlated, ACTH-
cortisol dissociation is not uncommon during illness.21

Dynamic tests are designed to circumvent some of these limitations. The most commonly
used dynamic test to diagnose cortisol insufficiency is the ACTH stimulation test, during
which the cortisol response to exogenous synthetic ACTH (usually ACTH1-24, cosyntropin)
is measured. Typically, in the classic “high-dose” ACTH stimulation test, serum cortisol
concentration is measured just prior to and 30-90 minutes after intravenous or intramuscular
administration of a supraphysiologic quantity of ACTH (1.0-2.0 μg/kg, approximately 100 –
250 μg in people and foals). This high-dose ACTH stimulation test produces a maximal
adrenal response, so an inadequate increase in cortisol concentration in this test is used to
diagnose both absolute, irreversible adrenal insufficiency (e.g., Addison's disease) and
transient RAI/CIRCI.5, 22-24

However, the high-dose ACTH stimulation test may be less sensitive for diagnosis of the
transient, reversible HPA axis suppression that occurs in RAI/CIRCI. In some patients with
RAI/CIRCI, the adrenal gland fails to produce an appropriate cortisol response to
physiologic concentrations of ACTH but may still respond adequately to supraphysiologic
ACTH concentrations.25, 26 A measurable cortisol response can be produced by
administration of lower ACTH doses (0.01-0.2 μg/kg, 1-10 μg in people and foals ),25, 26

and such “low-dose” stimulation tests may more accurately diagnose RAI/CIRCI in
critically ill patients.25-27

It is important to note, however, that both the high-dose and low-dose ACTH stimulation
tests only evaluate the adrenal component of the HPA axis. Therefore, patients with cortisol
insufficiency due to impaired HPA axis function at the hypothalamic and/or pituitary levels
may produce an appropriate cortisol response to exogenous ACTH, and may be falsely
interpreted as having intact HPA axis function. The CRH stimulation test is occasionally
used to assess function of the higher levels of the HPA axis function, and is most helpful for
distinguishing among adrenocortical, hypothalamic and pituitary failure if both ACTH and
cortisol concentrations are measured before and after CRH stimulation.5 Effects of various
doses of ovine CRH on cortisol concentrations in adult horses have been determined, and a
CRH stimulation test protocol for use in horses has been described.28 However, this test is
expensive and in people is less sensitive for the diagnosis of HPA axis hypofunction than
other means,29 so the CRH stimulation test is not currently recommended as a first-line
means of HPA axis assessment.

The metyrapone test may be more useful for assessing the integrity of the entire HPA axis.
In people, metyrapone (30 mg/kg), a specific inhibitor of the adrenocortical steroidogenic
enzyme 11-β-hydroxylase, is administered orally at midnight.5, 30 Because 11-β-
hydroxylase catalyzes the conversion of 11-deoxycortisol to cortisol in the last step of
adrenocortical cortisol synthesis, metyrapone administration results in a fall in circulating
cortisol concentrations. With an intact HPA axis, this drop in plasma cortisol stimulates
increased HPA axis activity, resulting in increased CRH and ACTH secretion and
subsequent stimulation of adrenocortical cortisol synthesis. However, since the last step in
cortisol synthesis is inhibited by metyrapone, cortisol concentrations remain low while
concentrations of the precursor 11-deoxycortisol rise. A decrease in cortisol concentrations
to below 7.0 μg/dl 8-10 hours after metyrapone administration confirms that 11-β-
hydroxylase suppression was adequate. Increases in ACTH and 11-deoxycortisol
concentrations at this time suggest an intact HPA axis, while low ACTH and 11-
deoxycortisol suggest HPA axis dysfunction at the hypothalamic and/or pituitary levels.5, 30
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However, if ACTH concentrations increase but 11-deoxycortisol remains low, primary
adrenocortical dysfunction is implied. Measurement of 11-deoxycortisol is described in the
horse,31 but commercial assays are not readily available in all clinical settings, and many
assays require a cumbersome extraction step. Furthermore, while intravenous infusions of
metyrapone have been described in horses,32 oral metyrapone has not been used for HPA
axis function assessment in ill horses to date.

The insulin tolerance test (ITT) is currently considered the gold-standard test for diagnosis
of HPA axis hypofunction,33 and has been described in both foals34 and adult horses.35 In
the ITT, hypoglycemia is induced by administration of exogenous insulin, and the cortisol
response to the physiologic stress of this hypoglycemia is measured. A blunted or absent
increase in cortisol following hypoglycemia implies HPA axis dysfunction. ACTH can also
be measured in conjunction with cortisol to differentiate between adrenal and central HPA
axis dysfunction. However, given the risks associated with severe hypoglycemia such as is
induced in the ITT,33 as well as the potential for pre-existing glucose derangements or
peripheral insulin resistance during severe illness,36 the clinical utility of the ITT in
critically ill patient is limited.

Some of the physiologic consequences of CIRCI may be associated with cortisol resistance
in peripheral tissues rather than circulating cortisol insufficiency.37-40 In such cases, the
above tests may suggest intact HPA axis function, with appropriate endogenous cortisol
concentrations and normal responses to dynamic testing, despite clinical evidence of cortisol
insufficiency such as persistent hypotension and inflammatory dysregulation. Unfortunately,
methodology for assessing cortisol activity at the tissue level is currently limited,37-40and is
not readily available for use in clinical patients with suspected RAI/CIRCI.

III. CURRENT UNDERSTANDING OF ADRENOCORTICAL FUNCTION IN
HEALTHY FOALS AND ADULT HORSES
Horses

Basal cortisol concentrations in healthy adult horses at rest are reported in the approximate
range of 1.1 to 14.3 μg/dl (30 to 395 nmol/L), consistent with resting cortisol concentrations
in other domestic animal species.19, 28, 41-45 In addition to the pulsatile (ultradian) rhythm
to corticosteroid secretion described above, adult horses exhibit a circadian rhythm to
cortisol secretion similar to other species, with peak secretion in the morning and the nadir
in the evening.5, 32, 44 This circadian, rhythm, though, is easily disrupted in horses by
simple routine changes.32 Cortisol responses to ACTH stimulation testing in adult horses are
described, and suggest adults horses show a comparable dose-dependent effect of exogenous
ACTH on cortisol concentrations as is described in other species.5, 45, 46 In general, an
approximately 2.5-to-5-fold increase in cortisol concentration is observed within 30 minutes
after administration of a 0.1 – 10 μg/kg dose of exogenous ACTH (cosyntropin).46

Administration of higher doses (2-10 μg/kg) result in a sustained and greater, (5-10 fold)
increase in cortisol concentration by 90 to 180 minutes after ACTH administration.46

Reported resting plasma concentrations of aldosterone and androstenedione in healthy adult
horses have also been described. Basal aldosterone concentrations have been described
within a range of approximately 14 to 50 pg/ml.18, 19, 47 Androstenedione concentrations in
adult horses reportedly fall within a range of <0.050 to 0.986 ng/ml.16, 19 Sex and age
variations in adrenal androgen concentrations may be relevant19 but at present are poorly
understood in horses.
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Foals
HPA axis function in the fetal and neonatal foal has been investigated in several studies with
a variety of methodologies, and does differ from both adult horses and other mammalian
species in key ways that may impact the neonatal foal's ability to respond to stress.
Compelling evidence shows that maturation of the HPA axis occurs in the days just prior to
parturition and continues during the first several weeks of life, much later than is described
in other species.48-51 For example, premature foals have lower serum cortisol concentrations
(< 3 μg/dl) in the two hours after birth than full-term foals (12-14 μg/dl).51 Concurrently,
premature foals exhibit significantly higher endogenous ACTH concentrations than term
foals (650 pg/ml vs 300 pg/ml at 30 minutes postpartum).51

These low baseline cortisol and concurrent high ACTH concentrations in premature foals
imply that foals may have impaired adrenocortical sensitivity to ACTH, limited cortisol
synthetic capacity, or both, as compared to adult horses. ACTH stimulation tests support this
theory, as premature foals show a blunted cortisol response to exogenous ACTH, with only
a 28% increase in plasma cortisol 30 to 60 minutes following stimulation, as compared with
a 208% increase in normal term foals.48 MC2R density or activity has not been described in
foals or horses of any age, but there is some evidence to suggest that the fetal foal's adrenal
gland may be incapable of synthesizing cortisol until very late in gestation.
Immunohistochemical localization showed that key steroidogenic enzymes necessary for
cortisol synthesis (p450scc and 3-β-HSD) are absent or present in very low amounts until
just prior to parturition in the foal,52, 53 much later than is described in other species.54

Furthermore, adrenocortical function may not be fully mature at birth even in full-term foals.
By 12-24 hours of age, mean basal cortisol concentrations are lower in healthy neonatal
foals (approximately 2.0 to 3.6 μg/dl) than reported mean concentrations in healthy adult
horses (approximately 3-7 μg/dl), despite comparable or higher concurrent ACTH
concentrations in foals.16, 42, 55-57 This apparent decreased cortisol response to endogenous
ACTH in the neonatal foal is supported by further evidence of limited cortisol responses to
exogenous ACTH in the same study: in neonatal foals during the first week of life, the
increase in cortisol concentration following administration of both a low (10 μg) and a high
(100 μg) dose of ACTH was approximately half that seen in adult horses in response to a
comparable dose of ACTH.46, 56 Insulin-induced cortisol responses in foals within 12 hours
of birth are also less than half of the responses achieved in 7 to 14 day old foals.34

Furthermore, this decreased adrenocortical responsiveness appears to persist during the first
few months of life, as 12-week-old foals showed significantly greater cortisol responses to a
low-dose (0.1 μg/kg) ACTH stimulation test than younger foals.58 The specific cause of
these impaired cortisol responses in neonatal foals is not known, but regardless of the
causative mechanism or mechanisms, this evidence of fetal and neonatal HPA axis
immaturity is certain to impact, and may possibly impair, the foal's ability to respond to
physiologic stress and disease during the neonatal period.

In contrast to cortisol, newborn foals appear to be able to mount a substantial aldosterone
response to hypovolemia/hyponatremia;20,61 in fact, one study suggested that the
aldosterone response in foals appears to be exaggerated in comparison to that in adult horses
and may reflect differences in tubular sensitivity to aldosterone between neonates and adults.
20 However, well-established reference ranges for plasma aldosterone or adrenal androgens
concentrations in foals are not currently available.
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IV. ADRENOCORTICAL INSUFFICIENCY
General Mechanisms of Adrenocortical Dysfunction Resulting in Cortisol Insufficiency

Cortisol insufficiency can result from HPA axis impairment at one or several levels, and
may be transient or permanent.5 Permanent HPA axis dysfunction results from destruction
of one or more glandular components of the axis, and is infrequent in both human and
veterinary medicine. Immune-mediated adrenocortical destruction (e.g., Addison's Disease)
is the most common manifestation of permanent HPA axis hypofunction in both human and
veterinary patients,5, 62 but has not been described in horses to date. Patients with Addison's
Disease cannot mount an appropriate cortisol response to stress and thus frequently present
with hemodynamic instability and collapse.5, 62 Aldosterone deficiency, in addition to
cortisol deficiency, is a typical feature of Addison's Disease, and results in fluid and
electrolyte derangements that contribute to the development of hypovolemia, hypotension
and cardiovascular collapse in affected individuals.5, 62

Irreversible adrenocortical, hypothalamic or pituitary destruction may also result from
neoplastic infiltration, or from invasion of the glands by infectious organisms, but is rare in
all species.62, 63 Severe adrenocortical hemorrhage and necrosis resulting in adrenal
insufficiency – Waterhouse-Friderichsen syndrome – is also described in both people and
horses with septic and endotoxic shock, and is believed to result from vascular
derangements and ischemia associated with the primary disease. 64 Finally, congenital
abnormalities in CRH-R1, MC2R, or GR receptor structure or function and congenital
absence of synthetic enzymes necessary for pituitary or adrenocortical hormone synthesis
are described in people, and can also result in HPA axis hypofunction.5

While irreversible HPA axis hypofunction due to destruction of HPA axis components is
uncommon,5, 25, 65, 66 recent evidence suggests that transient HPA axis dysfunction (RAI/
CIRCI) may occur in a substantial number of critically ill patients with a variety of
conditions, including acute respiratory distress syndrome,23, 24 major trauma,67 and
cardiothoracic surgery.68 The predominant diseases, though, associated with the
development of RAI/CIRCI in people and infants are sepsis and septic shock.22, 25, 27, 39,
69-72 RAI/CIRCI can result from temporary suppression of HPA axis activity at one or more
levels, resulting in: 1) inhibition of CRH and/or ACTH secretion, 2) decreased sensitivity to
CRH or ACTH at their respective target tissues, 3) exhaustion of adrenocortical cortisol
synthetic capacity (“loss of adrenal reserve”), or 4) impaired response to cortisol in the
peripheral tissue resistance.14, 23, 39

The specific mechanisms leading to the development of RAI/CIRCI are poorly understood,
but may involve a combination of factors, including: 1) direct damage to HPA axis
components from the primary disease, 2) inhibition of cortisol production by medications
used to treat the primary disease, and/or 3) suppression of activity of one or more
components of the HPA axis by infectious organisms or the host's own immune and
inflammatory response.23, 25, 26, 39 Periods of hypotension associated with hypovolemic or
septic shock can result in decreased adrenal perfusion and ischemic injury to the
metabolically active adrenocortical cells.64, 73 If this occurs for prolonged periods or to an
extreme degree the damage may be irreversible, as seen in patients with Waterhouse-
Friderichsen syndrome described above, but milder circulatory insults may result in transient
injury and impaired function. In addition, the anesthetic agent etomidate, which is used
frequently in critically ill people and animals, is known to directly inhibit adrenocortical
cortisol synthesis by inhibiting 11-β-hydroxylase,74 the enzyme that catalyzes the key last
step in the synthesis of active cortisol. Several antimicrobial agents, (e.g., ketoconazole and
rifampin), which are often used in septic people and animals, also can inhibit adrenal steroid
synthesis.23
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It is the patient's own immune and inflammatory response, though, that appears to play the
most vital role in the development of RAI/CIRCI during critical illnesses such as sepsis.
Bacterial components such as endotoxin (the lipopolysaccharide component of gram
negative bacterial cell walls) and host pro-inflammatory cytokines participate in initiating
and maintaining the HPA axis response to sepsis. These factors can directly stimulate HPA
axis activity at the multiple levels, ultimately resulting in stimulation of cortisol synthesis
and secretion.39, 64, 75-77

However, bacterial ligands and inflammatory cytokines may also be capable of suppressing
HPA axis function at one or more levels, in the face of an overwhelming bacterial infection
or excessive host inflammatory response. For example, inducible nitric oxide synthase-
mediated death of hypothalamic neurons in cardioregulatory centers has been described in
patients that died of septic shock, and may be involved in HPA axis dysfunction in such
patients.78 Bacterial endotoxin has been shown to directly decrease pituitary CRH receptor
gene expression in both rats and cattle.79, 80 In addition, TNF-α can directly impair both
pituitary ACTH release and adrenocortical cortisol synthesis.23 Finally, cholesterol
availability for corticosteroid synthesis may be limited during sepsis, as several studies have
shown decreased levels of plasma high-density lipoprotein (HDL) in critically ill individuals
and correlated these decreased HDL levels with blunted cortisol responses to ACTH
stimulation testing.23

Furthermore, several studies suggest that peripheral tissue cortisol resistance may develop in
some critically ill patients. Specifically, impaired GR binding affinity has been documented
in an ovine model of acute lung injury81 and in a rodent burn model.38 This effect was
partially ameliorated in the rodent model when TNF-α and IL-1β were reduced by
neutralizing antibodies.38 Furthermore, nuclear localization of cortisol-GR complexes was
impaired in human leukocytes cells exposed to plasma from patients that died of acute
respiratory distress syndrome.40 Thus, the complex relationship between endocrine and
immune regulation of HPA axis function determines overall cortisol production and activity
during sepsis. Any imbalance in these interactions can result in absolute or functional
cortisol insufficiency and may play a critical role in the pathogenesis of RAI/CIRCI.

Critical Illness Related Corticosteroid Insufficiency (CIRCI) in Foals
Our current understanding of HPA axis function in critically ill horses and foals is limited,
but several studies suggest that RAI/CIRCI may indeed occur in septic neonatal foals. One
case report of transient HPA axis dysfunction, as evidenced by both a low basal cortisol
concentration and an impaired cortisol response to a high-dose ACTH stimulation test, has
been described in a septic neonatal foal.82 In addition, two independent studies that
measured basal ACTH and cortisol concentrations in healthy and septic neonatal foals found
significantly increased ACTH:cortisol ratios in non-surviving septic foals.83, 84 Such high
ACTH:cortisol ratios, with high ACTH concentrations and low corresponding cortisol
concentrations, suggest HPA axis dysfunction at the level of the adrenal gland may occur in
the septic full-term foal.

HPA axis function has been further characterized in hospitalized foals using ACTH
stimulation tests in two studies.85, 86 Neither study identified a significant difference in peak
or delta cortisol responses between groups of age-matched healthy and ill foals in response
to a low- dose ACTH stimulation test (0.1 μg/kg)86 or in response to a paired low-dose (10
μg) / high-dose (100 μg) ACTH stimulation test.85 However, when human diagnostic criteria
for RAI/CIRCI24 were adapted and applied to a group of 72 hospitalized foals,
approximately 50% of all hospitalized foals and approximately 40% of septic foals met these
criteria.85 Furthermore, increased disease severity and poorer prognoses were correlated
with decreased cortisol responses to ACTH stimulation in foals in both studies. Specifically,
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non-surviving foals had significantly lower cortisol responses to low-dose ACTH
stimulation as compared to survivors,86 and foals that met criteria for RAI/CIRCI (as
characterized by an inadequate cortisol response to a high-dose ACTH stimulation test) had
a significantly greater incidence of shock, multiple organ dysfunction syndrome, and non-
survival than foals with an adequate cortisol response to ACTH.85

In concert, these studies provide evidence that RAI/CIRCI occurs in critically ill and septic
neonatal foals with comparable frequency and impact as in septic people, and suggest that
the mechanisms and management of RAI/CIRCI in critically ill foals warrant further
investigation. At present, cortisol replacement therapy in the form of hydrocortisone at
approximately 1-4 mg/kg/day is recommended for the management of RAI/CIRCI in septic
people and infants.24, 87 Such therapy has not been critically evaluated in neonatal foals to
date, but recent evidence suggests that in healthy 2-to-6-day-old foals, a short tapering
course of hydrocortisone (1.3 mg/kg/day divided q 4 hours IV) has potentially beneficial
anti-inflammatory effects without significantly impairing innate immune function.88

Adrenocortical Insufficiency in Adult Horses
Adrenocortical insufficiency is not well described in adult horses. Transient adrenal
insufficiency characterized by low basal ACTH and cortisol concentrations and impaired
cortisol responses to ACTH stimulation testing has been described in one horse following
abrupt cessation of long term anabolic steroid supplementation.89 A syndrome of adrenal
exhaustion resulting in lethargy, anorexia, and poor performance is also anecdotally
described in race horses, and has been attributed to adrenal insufficiency associated with
long-term steroid administration or chronic stress.66 However, measurement of basal cortisol
concentrations and ACTH stimulation testing in race and endurance horses has not provided
convincing evidence for adrenal insufficiency in these equine athletes.66, 90 Decreased
cortisol responses to ACTH are also described in mares with abnormal estrus related
behavior,16 but the clinical significance of this behavior is not known. The potential for
iatrogenic adrenal insufficiency associated with HPA axis suppression by exogenous
steroids, though, should be considered in horses on chronic glucocorticoid or anabolic
steroid supplementation, and care should to avoid abrupt cessation of such therapy.

In addition, the adrenal gland is extremely vulnerable to ischemic injury associated with
endotoxic or hypovolemic shock in horses as in many other species. Adrenocortical
hemorrhage, and necrosis similar to the human Waterhouse-Friedrichsen syndrome, is a
common finding at necropsy examination of adult horses that succumbed to acute severe
gastrointestinal disease and other diseases associated with endotoxic shock.73 In theory,
such adrenal injury could contribute to long-term adrenocortical insufficiency in surviving
horses, though this has not been documented in horses to date. Further, to the authors’
knowledge, classic hypoadrenocorticism (Addison's Disease) resulting from immune-
mediated adrenocortical destruction and manifesting with glucocorticoid and
mineralocorticoid deficiency has not been described in horses.

Hypoaldosteronism
In people, primary hypoaldosteronism is uncommon, and most frequently occurs as a result
of congenital defects in some component of the aldosterone biosynthetic pathway.5
Hypoaldosteronism is also reported in renal diseases that damage the juxtaglomerular
apparatus integral to function of the renin-angiotenin-aldosterone system and peripheral
resistance to aldosterone are also reported in people.5 To the authors’ knowledge, such
syndromes have not been described in horses. However, hypoaldosteronism is a documented
cause of renal tubular acidosis in people,91 and should not be overlooked as possible cause
of RTA in horses.
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Sex Steroid Insufficiency
Adrenal androgen deficiency can result in abnormal or delayed sexual development, but due
to the relatively greater contribution of gonadal androgens to sexual development, clinical
disease associated with sole defects in adrenal androgen production are uncommon in all
species,93 and have not been described in horses to the authors’ knowledge.
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Figure 1.
Biosynthetic pathway for adrenal corticosteroids. The enzymes responsible for catalyzing
each biotransformation are shown in the black boxes over the arrows. SCC = side chain
cleavage enzyme. 3-β-HSD = 3-β-hydroxysteroid dehydrogenase. DHEA =
dehydroepiandrosterone.
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Figure 2.
The hypothalamic-pituitary-adrenal (HPA) axis. Stimulatory interactions are illustrated with
solid arrows and + signs, and inhibitory interactions (negative feedback) are illustrated with
dashed arrows and – signs. CRH = corticotropic releasing hormone. ACTH =
adrenocorticotropic hormone.
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