Endocrine and metabolic considerations in critically ill patients 3: New insights into the controversy of adrenal function during critical illness. – Boonen, Bornstein and Van den Berghe 2015

Main Points: 

1. ACTH independent regulators contribute to increased availability of cortisol during critical illness. 
2. Cortisol breakdown is suppressed during critical illness due to decreased expression and activity of metabolizing enzymes in liver and kidney. 
3. Raised plasma cortisol concentrations suppress plasma concentration of ACTH through negative feedback. 
4. Most total cortisol is bound to CBG (corticosteroid binding globulin) and therefore does not affect target tissues via activation of cortisol receptor as does the free form. 

· Hypothalamic-pituitary-adrenal axis 
· Increased exposure to cortisol helps to 
· Provide energy 
· Retain fluid 
· Increase cardiac output and BP 
· Induce appropriate immune response 
· Protect against excessive inflammation 
· Traditional concept of HPA axis activation in acute and chronic stress 
· Stress > corticotropin-releasing hormone (CRH) from the hypothalamus 
· CRH travels via hypophyseal portal system to the anterior pituitary corticotrophs > ACTH secretion (clinically measurable increase) 
· ACTH travels in circulation to adrenal cortex where it:
· binds melanocortin 2 receptor (MC2R) stimulating steroidogenesis 
· upregulates proteins important for steroidogenesis (long term effect) 
· hypervascularization and cellular adrenocortical hypertrophy or hyperplasia 
· increased number mitochondria, expansion of smooth ER and filopodia and decreased liposomes (which store cholesterol, substrate for GC biosynthesis)
· HPA axis response to critical illness 
· ACTH has pulsatile secretory pattern and circadian rhythm 
· In some studies, critically ill patients with trauma or sepsis have acutely raised plasma [ACTH] and [cortisol] for first 3 days of critical illness followed by steep fall in plasma [ACTH]. Plasma [cortisol] remained high.  
· Other studies show that critically ill patients had consistently lower than normal values of [ACTH] from the first day of hospitalization onward, remaining below normal for the first week of critical illness (“ACTH-cortisol dissociation”.) 
· Studies show that expression of pituitary ACTH is suppressed in chronic phase of critical illness. 
· Not due to organ damage > plasma [cortisol] not low 
· Not increased adrenocortical sensitivity to ACTH > normal secretory response to any endogenous concentration of ACTH. Also cortisol response is often low and ACTH signaling is suppressed in chronic phase. 
· Possibly negative feedback from high plasma cortisol 
· Alternative (ACTH-independent) activators of the adrenal cortex during critical illness 
· Sympathetic-adrenergic (medullary) system
· CRH can activate 
· Chromaffin cells play a part in increasing release of cortisol and catecholamines 
· Adrenomedullary dysfunction leads to cardiovascular instability and hypoglycemia 

· Immune system
· Interaction between adrenocortical cells and resident macrophages 
· Interaction between blood immune cells and the vasculature 
· IL-6 and other ACTH-independent pathways can lead to chronic hyperstimulation of adrenal cortex in absence of increased pituitary secretion of ACTH. (dissociation between ACTH and cortisol release) 
· Cytokines and immune mediators released from macrophages, monocytes, other immune cells directly stimulate or inhibit cortisol release from adrenocortical cells 
· Direct interaction between viral and bacterial pathogens and adrenocortical cells, which express TLR which respond to presence of Gram negative or Gram positive bacteria (but this is not primary mechanism of activation of HPA axis, immune cells are)
· TLR signaling in immune cells but not adrenocortical cells > LPS induced adrenal inflammation and HPA axis stimulation 
· Adipokines 
· Released from adipose tissues 
· Adipokines and neuropeptides and immune mediators implicated in ACTH independent activation of adrenal cortisol regulation 
· Splanchnic nervous system 
· Can directly activate neuro-adrenocortical axis
· Cortisol production and Metabolism during critical illness 
· Morning rate of cortisol production on moderately increased (less than double) in critically ill patients with SIRS and unchanged in those without SIRS compared to controls even when there were increased plasma total and free [cortisol]
· Plasma clearance of [cortisol] less than half normal in critically ill patients, regardless if inflammation. 
· Plasma T ½ 5 times longer in critically ill patients 
· Reduced expression/activity of cortisol metabolizing enzymes (5-reductases and 5-reductases in liver and 11-hydroxysteroid dehydrogenase 2 (11-HSD2) in the kidneys 
· Suggests that suppression of breakdown of cortisol leads to increased plasma [cortisol] 
· Both nocturnal ACTH and cortisol pulsatile and total secretion rates were reduced in critically ill patients > reduction in hormonal pulse masses (but unchanged number of pulses) 
· Dose responses between [ACTH] and cortisol secretory response unchanged 
· 24 hour rates of cortisol production during critical illness may not be higher, or may be only moderately higher, than production during health. 
· Effect of cortisol at the tissue level during critical illness 
· 90% of total cortisol concentration in circulation is bound to corticosteroid-binding globulin (CBG) which will not activate the cortisol receptor on tissues expressing it
· [CBG] decreased in early septic shock and multiple trauma > higher [free circulating cortisol] 
· Two forms of CBG
· Intact CBG
· CBG cleaved by neutrophil elastase (lower affinity for cortisol)
· Increases [free cortisol] at site of neutrophil action > increased cortisol to sites of inflammation 
· High fever (42°C = 107.6°F) [free cortisol] in blood increases by three times. 
· Free cortisol is better for assessment of hypercortisolemia in critical illness than total cortisol 
· Meaning of free or bound cortisol in circulation during critical illness should be interpreted in light of regulated GC receptor (GR) expression and signaling. 
· Alternative splicing of GR mRNA, GR expression, GR affinity, GR translocation regulated and could be tissue specific during critical illness 
· Other mechanisms of corticosteroid resistance during critical illness 
· Increased expression of GR (dominant negative isoform of GR)
· Downregulation of GR
· Reduced translocation to the nucleus 
· Less functional polymorphisms 
· Inadequate adrenocortical response to critical illness 
· Absolute adrenal failure 
· 2 reasons 
· known primary or secondary adrenocortical insufficiency 
· critical illness associated acquired loss of adrenal function 
· causes 
· hemorrhage in adrenal gland 
· adrenocortical ischemia/apoptosis 
· drugs that interfere with/impair cortisol production 
· ACTH suppression induced negative changes on integrity and function of the adrenal glands 
· ACTH secretion pulsatility is needed to maintain normal cellular function in adrenal gland and target tissues (prevents desensitization of transcriptional responses.) 
· Pulsatile ACTH and pulsatile cortisol secretion are reduced in critical illness. 
· Chronic exogenous GC treatment > adrenal cortex hypertrophy 
· Other (congenital abnormalities, polyglandular autoimmune disorders, trauma, infectious diseases, coagulation disorders, liver diseases, mental disorders, some non-steroid drugs, etc) 
· Relative adrenal failure/critical illness related corticosteroid insufficiency 
· State during critical illness in which concentrations of plasma cortisol, although higher than in health, and not high enough to cope with level of stress caused by illness. 
· Adrenal gland is functionally normal and maximally activated, but still insufficient when challenged 
· Any level of HPA axis could be affected 
· Mechanisms 
· Pro-inflammatory cytokines induce tissue resistance to ACTH or compete with ACTH at receptor level 
· Decreased GC delivery /action due to altered function of CBG or changes in [GR]/affinity 
· Impaired blood supply to pituitary gland > pituitary ischemia > accumulation of NO or central neuropeptides > decreased hormonal secretion of ACTH 
· Hemorrhage > Addisonian-like crisis 
· Others: oxidative stress, different neuropeptides, substrate deficiency (low circulating cholesterol), interfering drugs 
· Diagnostic criteria???
· Annane et al 
· No longer recommended per 2008 guidelines 
· Incremental response of plasma cortisol < 9 ug/dL after injection of 250 ug ACTH and high baseline cortisol concentration (>34 ug/dL) to ID patients at high risk of death 
· 1 ug stimulation (not extensively studied) 
· Random total cortisol < 10 ug/dL 
· [bookmark: _GoBack]Total plasma cortisol = adrenal production and secretion + distribution + binding + elimination 
· Cortisol is secreted in pulsatile manner 
· Plasma cortisol concentrations do not entirely represent GC signaling 


QUESTIONS: 

1. True or False: In critical patients who do not have SIRS cortisol production is increased relative to healthy patients. 
 
2. True or False: In critically ill patients, cortisol secretion is suppressed relative to the [ACTH].
 
3. What are the two forms of CBG and which form can help increase the concentration of free cortisol? 

4. List 3 potential causes for critical illness associated loss of adrenal function.

5. List 2 potential mechanisms of relative adrenal failure.

ANSWERS: 

6. True or False: In critical patients who do not have SIRS cortisol production is increased relative to healthy patients. 
a. False: Cortisol production was not increased in this patient population, and only moderately increased (less than double) in those with SIRS. The high cortisol levels in these patients are due instead reduced expression and activity of cortisol metabolizing enzymes. 
7. True or False: In critically ill patients, cortisol secretion is suppressed relative to the [ACTH] 
a. False: dose responses between [ACTH] and cortisol secretory response is preserved, but both are suppressed due to high circulating total and free plasma cortisol. 
8. What are the two forms of CBG and which form can help increase the concentration of free cortisol? 
a. Intact CBG and CBG cleaved by neutrophil elastase. Cleaved CBG has lower affinity for cortisol > increases concentration of free cortisol at site of neutrophil activation (inflammation.) 
9. List 3 potential causes for critical illness associated loss of adrenal function?
a. Hemorrhage in the adrenal gland 
b. Adrenocortical ischemia/apoptosis 
c. Drugs that interfere with/impair cortisol production 
d. ACTH suppression induced changes in integrity and function of adrenal glands 
10. List 2 potential mechanisms of relative adrenal failure:
a. Pro-inflammatory cytokines cause tissue resistance to ACTH/compete with ACTH R’ 
b. Decreased GC delivery or action (altered function of CBG, [GR] or GR affinity 
c. Pituitary ischemia (decreased ACTH production)
d. Adrenal cortex hemorrhage > Addisonian like crisis 
e. Neuropeptides
f. Oxidative stress
g. Decreased substrate (cholesterol)
h. Interfering drugs



Critical illness related corticosteroid insufficiency in a dog with septic shock. 
Peyton and Burkitt 2009

· 15 month old castrated male Standard Poodle 
· 27 kg 
· vomiting, aspiration pneumonia 
· RDVM 
· Febrile 106.0 F 
· Mild thrombocytopenia 145x109 L
· WBC normal 9.0 x 109 L
· Neutrophils normal 5.7 x 109 L 
· Rads > pneumonia 
· TX with crystalloids, ampicillin, enrofloxacin
· ER clinic 
· Hospitalized overnight 
· Tachypneic, dyspneic and febrile (104.5 F), SpO2 82% on room air 
· Leukopenia 1.1 x 109 L
· Neutropenia 0.64 x 109 L, moderately toxic
· Thrombocytopenia 109 x 109 L 
· PT normal 15, aPTT prolonged 117
· plasma D dimer normal (250-500 ug/L)
· Treatments
· 8L/min O2 through nasal cannula 
· enrofloxacin, ticarcillin/clavulanic acid, crystalloids
· FFP – 2 units for suspected DIC 
· SpO2 81-90% on oxygen 
· Persistently febrile 
· Vomit and regurgitated overnight
· William R. Pritchard Vet Med Teaching Hospital
· PE
· Presentation obtunded, weak femoral pulses, HR 130 bpm 
· RR 50 brpm with increased effort and decreased cranioventral bronchovesicular sounds bilaterally  
· Rectal temp 105.0 F 
· Dx sepsis secondary to aspiration pneumonia 
· Diagnostics 
· Leukopenia 5.7 x 109 L
· Neutropenia 1.31 x 109 L with degenerative left shift 3.54 x 109 L bands
· CHEM WNL
· NA 145 mmol/L (low normal)
· K 3.5 mmol/L (low normal)
· U/S WNL
· CXR: severe consolidation of right cranial, middle and caudal lung lobes and left cranial lung lobe 
· Arterial blood gas FiO2 21%: 
· PaO2 53.3 mmHg (80-100)
· P:F ratio = 253 (> 400)
· Treatments: 
· O2 cage 70% FiO2
· Ticarcillin/clavulanic acid, enrofloxacin, metronidazole 
· Dyspnea and pulmonary function worsened over 5 hours 
· Anesthesia with midazolam,, oxymorphone, propofol and intubated
· Too unstable for airway wash 
· PPV initiated
· Arterial serum lactate 5.3 mmol/L (<1 ref) 
· 1 L crystalloid IV bolus 
· arterial catheter for monitoring direct BP 
· MAP 75-80 mmHg post bolus (60-100)
· Arterial serum lactate 3.5 mmol/L 
· UOP 2 mL/kg/h 
· 1 hour after institution of PPV MAP decreased to 50 mm Hg 
· positive fluid balance 1.3 L
· ACT 140 s (60-120 s) 
· FFP (13 mL/kg)with no improvement in MAP 
· Dopamine 7.5 ug/kg/min IV 
· Plasma infusion 2.5 mL/kg/hr IV 
· Isotonic crystalloid solution (5 mL/kg/hr IV) 
· MAP 50 mmHg 30 mins after start Dopamine 
· ACTH stim test 
· 250 ug cosyntropin IV 
· 3 days later results showed baseline serum cortisol concentration of 0.16 umol/L (5.6 ug/dL) 
· post stim 0.15 umol/L (5.5 ug/dL) 
· cortisol = -0.01 umol/L (-0.1 ug/dL), consistent with CIRCI, risk of hypotension and decreased survival
· Hydrocortisone 0.5 mg/kg IV (5 hours after start dopamine) 
· Equivalent to a prednisone dose of 0.5 mg/kg/day
· Within 2 hours MAP increased to 70 mmHg
· Remained  75 mmHg while receiving dopamine (5 ug/kg/min) 
· Arterial serum lactate 1.4 mmol/L 
· Dopamine CRI d/c 8 hours after first hydrocortisone dose and MAP stayed above 80 mmHg without pressor support for remainder of stay 
· Hydrocortisone continued at 0.5 mg/kg IV q6hrs x 4 days, then 0.5 mg/kg IV q8hrs on day 5, then q12hrs on day 8. 
· Shown to improve pressor response to alpha agonists in septic shock humans, use associated with stabilized BP and early vasopressor weaning
· Structurally identical to endogenous cortisol in dogs and humans
· Intrinsic mineralocorticoid activity that may support intravascular volume and short duration of HPA axis suppression. 
· 4 days after start PPV 	
· P:F ratio increased to 313
· Weaned from vent 
· O2 cage 40-60%
· Day 6 hospitalization room air, PaO2 95 mmHg at FiO2 21%
· GI signs treated with 
· Metoclopramide, ondansetron, famotidine, NG tube with intermittent gastric suction, sucralfate 
· Total parenteral nutrition with gradual weaning to enteral low fat diet.
· Suspected GE from dietary indiscretion, resolved with supportive tx 
· Discharged 11 days after presentation on broad spectrum abx (clavamox, enrofloxacin, metronidazole), gastroprotectants (famotidine), low fat diet and saline nebulization and coupage 
· 4 weeks later: BAR, CXR, CBC, CHEM, ACTH stim performed 
· CXR: resolving pneumonia 
· CBC/CHEM: WNL
· ACTH Stim 
· Weeks after d/c GC therapy 
· Pre 0.03 umol/L
· Post 0.32 umol/L 
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