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outcome.3,4 As a result, it has proven difficult
identify patients who have suppressed adrenal 
therefore may benefit from administration of 
corticosteroids.

An alternative approach to this problem is to f
site of action of cortisol in the tissues as likely to ref
function more accurately. Recent research ha
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ABSTRACT

The concept of relative adrenal insufficiency in patients with 
severe sepsis continues to be controversial. This arises in part 
from the lack of an accepted “gold standard” for the diagnosis 
of adrenal insufficiency in the critically ill. Historically, 
assessment of adrenal function in this population has relied on 
measurement of plasma total cortisol level, in a blood sample 
taken either at random or as part of a corticotropin stimulation 
test. However, an alternative is to focus on the site of 
glucocorticoid activity within the tissues as a potentially more 
useful index of functional adrenal status.

We review the mechanisms known to affect tissue 
glucocorticoid activity and examine how they may be modified 
by critical illness. These include both free and interstitial cortisol 
concentrations, intracellular cortisol generation, and 
glucocorticoid-receptor activity and density. Changes in these 
factors are not reflected in plasma total cortisol concentrations, 
and more sophisticated techniques, including genetic 
transcriptional surveys, may be required to reveal the role of 
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glucocorticoid insufficiency in critical illness.

For editorial comment, see page 235. See also page 301.
Standard methods of assessing adrenal activity based on
measuring plasma cortisol concentration have been shown
to suffer numerous problems, including lack of reproducibil-
ity,1 large interassay variation,2 lack of agreement on diag-
nostic criteria, excessive variation, and poor correlation with
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ocus on the
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number of mechanisms by which glucocorticoid activity might
be modulated at a tissue level. An understanding of these
mechanisms, and how they change in critical illness, might
allow us clearer insight into how to measure adrenal function
in this population.

Glucocorticoids, of which cortisol is the primary example in
humans, circulate in both bound and free forms. At normal
levels of circulating cortisol, over 95% is bound to an α2-
globulin, cortisol-binding globulin, with a small fraction bound
to albumin. The remainder circulates as a free fraction, and it is
this portion that is biologically active.

Free plasma cortisol passes from the plasma to the intersti-
tium, and then through the cell membrane. Within the cell,
cortisol is subject to the action of the 11β-hydroxysteroid
dehydrogenase (11β-HSD) enzyme system. This enzyme sys-
tem exists as two isomers, 11β-HSD1 and 11β-HSD2, which
catalyse the interconversion of active cortisol and inactive
cortisone. Cortisol subsequently binds to the glucocorticoid
receptor, a cytoplasmic protein found in nearly all nucleated
cells. Once cortisol binds to the receptor, its ligand-binding
domain undergoes a conformational change, shedding heat
shock factors and migrating to the nucleus, where the recep-
tor binds to glucocorticoid response elements and influences
gene transcription. It is readily apparent that modification of
any of these steps could alter the expression of glucocorticoid
activity, independently of circulating total plasma cortisol con-
centration. These modifications include changes in plasma free
cortisol levels, factors influencing interstitial cortisol concentra-
tions, 11β-HSD activity, glucocorticoid receptor concentra-
tions, binding affinity, and translocation. There is evidence to
suggest that severe sepsis may influence most, if not all, of
these factors.

Plasma free cortisol

Most studies of adrenal function in patients with sepsis have
measured concentrations of total plasma cortisol, which

includes both bound and free forms. Plasma free cortisol levels
can vary because of changes in concentration or binding
affinity of cortisol-binding globulin, without a measured
change in total plasma cortisol. Currently, neither plasma free
cortisol nor cortisol-binding globulin measurements are gener-
ally available to the practising clinician.

The limited available data suggest that plasma free cortisol is
a more accurate marker of adrenal function in the critically ill
than total plasma cortisol. Hamrahian et al5 found, in 66
critically ill patients, that there was a greater relative increase in
free compared with total plasma cortisol concentrations.
Patients with hypoproteinaemia had lower total plasma cortisol
concentrations than patients without hypoproteinaemia,
whereas plasma free cortisol concentrations did not differ
significantly between the two groups. Similarly, Ho et al
investigated 74 patients with sepsis or septic shock and showed
that plasma free cortisol concentrations better reflected illness
severity than total plasma cortisol concentrations.6

We have collected data from our institution that indicate
plasma free cortisol shows a relatively greater response to a
low-dose corticotropin stimulation test than total plasma
cortisol, suggesting free cortisol is a more sensitive measure for
diagnosing adrenal insufficiency. However, no large-scale out-
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come studies have as yet compared plasma free cortisol with
plasma total cortisol as a marker of adrenal insufficiency in
patients with septic shock, and its superiority has not been
definitively established.

Interstitial cortisol concentrations
Interstitial cortisol concentrations reflect the glucocorticoid pool
available to pass through the cell membrane and bind to the
glucocorticoid receptor. Although these concentrations are
closely related to the plasma free cortisol concentration, other
factors are likely to have an influence. Neutrophil elastase, an
enzyme released from polymorphonuclear leukocytes, cleaves
cortisol from cortisol-binding globulin, and thus may increase
local interstitial cortisol levels at sites of inflammation.7 Addi-
tional mechanisms include changes in interstitial fluid volume,
increased capillary “leakage” and reduced peripheral tissue
perfusion, all of which are likely to occur in patients with sepsis.

We undertook a pilot study to measure interstitial cortisol
levels using a microdialysis technique in critically injured
patients with severe burns (unpublished data). These data
revealed significantly increased interstitial cortisol concentra-
tions that were poorly correlated with plasma free cortisol
values. To our knowledge, this is the first study of its type in the
intensive care population and appears to support the hypothe-
sis that plasma cortisol concentrations are not the sole deter-
minant of glucocorticoid availability to the tissues.

11β-hydroxysteroid dehydrogenase
The recognition of the 11β-HSD enzyme system has pro-
foundly affected our understanding of glucocorticoid physiol-
ogy. Of the two isoforms of this enzyme, 11β-HSD1 appears to
be primarily a reductase, converting inactive cortisone to
cortisol, thus generating active glucocorticoid at a pre-receptor
level. Conversely, 11β-HSD2 functions physiologically only in
the dehydrogenase mode, catalysing the conversion of cortisol
to cortisone. Its major site of action is the kidney, where it
functions to inactivate cortisol before the latter binds and
activates the mineralocorticoid receptor.

Exponentially increasing research in the past decade on the
11β-HSD system has confirmed its central place in glucocorti-
coid metabolism. Abnormalities of the system have been
implicated in the pathogenesis of obesity, hypertension, and
the metabolic syndrome.8 Genetically modified mice that
produce excess 11β-HSD1 develop obesity, hypertension and
dyslipidaemia; conversely, knockout 11β-HSD1 mice are resist-
ant to these conditions. However, despite the interest in this
field, very few studies have examined the role of the 11β-HSD
system in critical illness.

Some of the difficulty in this field arises from the fact that
the enzyme system is intracellular, and its activity is tissue-
dependent. However, an index of overall 11β-HSD activity can
be obtained by examining the ratio of total plasma cortisol to

total plasma cortisone. This ratio gives information on the “set
point” of the 11β-HSD equilibrium, indicating if it is in favour
of cortisol generation or inactivation.

Previous research showed an increase in the cortisol to
cortisone ratio in postoperative cardiac patients, as well
as a correlation between the cortisol to cortisone ratio
and C-reactive protein level in a non-selected general hospital
population.9,10 We published the first data examining cortisol
to cortisone ratios in patients with critical illness and showed
that these ratios are significantly elevated in those with sepsis
and trauma.11 This suggests an increase in intracellular cortisol
generation in this cohort of patients, independent of circulat-
ing plasma cortisol concentration. Further support for this
hypothesis comes from recent data from our laboratory exam-
ining tissue expression of 11β-HSD1 in an animal model of
sepsis. Samples of liver and adipose tissue from rats that had
undergone laparotomy and caecal perforation (sepsis model)
were compared with tissue from control rats. Quantitative
analysis of 11β-HSD1 expression showed highly significant
increases in rats with sepsis compared with control rats.

Alterations in the glucocorticoid receptor

The glucocorticoid receptor is part of the nuclear hormone
receptor superfamily of ligand-activated transcription factors.
Only one gene is known to encode for the receptor, located on
chromosome 5. Two isomers of the receptor have been
described, GRα and GRβ. The latter is generated by alternative
splicing at the ninth exon, and does not bind ligand. Because
of this functional inactivity, it was initially thought to be a
minor gene product, but it is now believed to act as a primary
inhibitor of GRα. Increased expression of GRβ in patients with
rheumatoid arthritis is associated with glucocorticoid resist-
ance. However, the glucocorticoid receptor gene is mostly
expressed as the GRα isomer, which is the functionally active
form. It appears that the receptor undergoes post-translational
modification, which significantly affects its function.

Before binding to glucocorticoid, the cytoplasmic glucocorti-
coid receptor forms a multiprotein complex with several
proteins, including heat-shock proteins, co-chaperones, and
various protein kinases. Binding of glucocorticoid to the ligand
domain of the receptor results in dissociation from the multi-
protein complex and translocation of the receptor-ligand com-
plex into the cell nucleus. Translocation occurs within 30
minutes of exposure of the cell to glucocorticoid and results in
binding to specific DNA binding sites, termed glucocorticoid
response elements (GREs). GREs can have positive or negative
effects on transcription, affecting an estimated 2000 genes.

Sepsis and critical illness may significantly affect glucocorti-
coid receptor function. A decrease in GRα-binding capacity has
been noted in a sheep model of acute lung injury.12 Pariante
and colleagues showed that interleukin-1α reduced glucocorti-
coid receptor translocation and glucocorticoid receptor-medi-
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ated gene transcription in a mouse fibroblast cell line,13 while
tumour necrosis factor α has also been shown to impair
glucocorticoid receptor-mediated transcription.14 Meduri et al
showed a reduction in GRα nuclear staining in immunohisto-
chemical analysis of lung tissue from patients with acute
respiratory distress syndrome (ARDS) that was not resolving.15

In a study examining peripheral blood monocytes from
patients with sepsis, Molijn et al did not observe a decrease in
glucocorticoid-receptor numbers, but did show decreased
binding affinity.16

Glucocorticoid-regulated gene expression
It can be seen from the preceding review that the available
evidence does not allow a clear statement of the effects of
critical illness on tissue glucocorticoid activity. Observed changes
in plasma free cortisol and interstitial cortisol, and evidence of
upregulation of 11β-HSD1, indicate increased glucocorticoid
activity; conversely, the effect on glucocorticoid receptor num-
bers and action appears to be inhibitory. A solution to this
apparent impasse may be to examine the “final pathway” of
glucocorticoid activity — targeted gene expression.

Recent studies using microarray analysis and real-time quan-
titative polymerase chain reaction tests have allowed the
primary target genes for glucocorticoid receptor to be identi-
fied in human cell lines.17 This potentially allows the conduct of
genome-wide transcriptional surveys to identify how strongly
cortisol signals register on the entire transcriptome. Studies
using this technique have investigated the possibility of tissue
glucocorticoid resistance in patients suffering chronic psycho-
logical stress.18 To date, there have been no similar studies in
patients with critical illness.

Conclusions
There is extensive evidence to suggest that, in critical illness, a
number of mechanisms can influence the expression of corti-
sol activity at a tissue level, and this may be a reason for the
observed inadequacy of total plasma cortisol as a reliable
marker of adrenal function is this setting.

However, these mechanisms may have competing effects in
either increasing or decreasing glucocorticoid expression, and
their clinical relevance and magnitude has yet to be deter-
mined. Examining the final common pathway of gene expres-
sion may be a potentially useful technique in resolving this
complex question.
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