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Context: Adrenal insufficiency is considered to be prevalent during critical illness, although the
pathophysiology, diagnostic criteria, and optimal therapeutic strategy remain controversial. Dur-
ing critical illness, reduced cortisol breakdown contributes substantially to elevated plasma cortisol
and low plasma ACTH concentrations.

Objective: Because ACTH has a trophic impact on the adrenal cortex, we hypothesized that with
a longer duration of critical illness, subnormal ACTH adrenocortical stimulation predisposes to
adrenal insufficiency.

Design, Setting and Participants: Adrenal glands were harvested 24 hours or sooner after death
from 13 long intensive care unit (ICU)-stay patients, 27 short ICU-stay patients, and 13 controls. Prior
glucocorticoid treatment was excluded.

Main Outcome and Measure(s): Microscopic adrenocortical zonational structure was evaluated by
hematoxylin and eosin staining. The amount of adrenal cholesterol esters was determined by
Oil-Red-O staining, and mRNA expression of ACTH-regulated steroidogenic enzymes was
quantified.

Results: The adrenocortical zonational structure was disturbed in patients as compared with con-
trols (P � .0001), with indistinguishable adrenocortical zones present only in long ICU-stay patients
(P � .003 vs. controls). Adrenal glands from long ICU-stay patients, but not those of short ICU-stay
patients, contained 21% less protein (P � .03) and 9% more fluid (P � .01) than those from controls,
whereas they tended to weigh less for comparable adrenal surface area. There was 78% less
Oil-Red-O staining in long ICU-stay patients than in controls and in short-stay patients (P � .03), the
latter similar to controls (P � .31). The mRNA expression of melanocortin 2 receptor, scavenger-
receptor class B, member 1, 3-hydroxy-3-methylglutaryl-CoA reductase, steroidogenic acute reg-
ulatory protein, and cytochrome P450 cholesterol side-chain cleavage enzyme was at least 58%
lower in long ICU-stay patients than in controls (all P � .03) and of melanocortin 2 receptor,
scavenger-receptor class B, member 1, steroidogenic acute regulatory protein, and cytochrome
P450 cholesterol side-chain cleavage enzyme at least 53% lower than in short ICU-stay patients (all
P � .04), whereas gene expression in short ICU-stay patients was similar to controls.

Conclusion and Relevance: Lipid depletion and reduced ACTH-regulated gene expression in pro-
longed critical illness suggest that sustained lack of ACTH may contribute to the risk of adrenal
insufficiency in long-stay ICU patients. (J Clin Endocrinol Metab 99: 4214–4222, 2014)
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Critical illness, an example of severe physical stress, is
hallmarked by increased circulating levels of the

stress hormone cortisol. We have shown that, in contrast
to previous understanding, these high levels are to a large
extent explained by reduced cortisol breakdown, whereas
cortisol production is only moderately increased if at all
(1). Furthermore, plasma corticotrophin (ACTH) was
shown to be low throughout at least the first week of
critical illness (1), possibly explained by negative feedback
inhibition. Whereas reduced cortisol breakdown could be
interpreted as a beneficial adaptation of the body to main-
tain hypercortisolemia in an economic way, limiting the
need for energy-consuming cortisol production in times of
low energy availability, sustained low ACTH levels could
negatively affect structure and function of the adrenal cor-
tex. Indeed, ACTH exerts important trophic and struc-
tural effects on the adrenal cortex (2) and depletion of
ACTH in experimental models causes adrenal atrophy (3).
Furthermore, ACTH is responsible for both short- and
long-term regulation of steroidogenesis (4).

Cortisol cannot be stored in the adrenal gland, so its
availability depends on rapid synthesis within the adrenal
gland in case of stress. Cortisol is synthesized from cho-
lesterol in the zona fasciculata of the adrenal cortex. The
principal source of cholesterol for the adrenal glands is
circulating low-density lipoprotein (LDL) cholesterol and
to a lesser extent high-density lipoprotein cholesterol,
which is taken up via the LDL receptor (LDLR) and the
high-density lipoprotein receptor [scavenger-receptor
class B, member 1 (SCARB1)], respectively. Twenty per-
cent of the cholesterol required for adrenal cortisol syn-
thesis is newly produced within the adrenal cortex via
3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR)
(5). The cholesterol molecules are stored as cholesterol
esters in intracellular vesicles, in which they reside until
steroidogenesis starts. Whenever more cortisol is needed,
a cholesterol esterase rapidly mobilizes cholesterol out of
the lipid droplets to the cytoplasm, from which it is trans-
ported to the inner membrane of the mitochondria (5, 6).
This transport is mediated by the steroidogenic acute reg-
ulatory protein (STAR) (7, 8). Within the inner membrane
of the mitochondria, cytochrome P450 cholesterol side-
chain cleavage enzyme (CYP11A1) catalyzes the con-
version of cholesterol to pregnenolone, which is the
rate-limiting step in steroidogenesis. Afterward, multi-
ple enzymes regulate the further conversion of preg-
nenolone to cortisol (7).

Within minutes after onset of stress, ACTH acutely ac-
tivates its receptor, the melanocortin 2 receptor (MC2R),
on the adrenal cortex, which causes the release of choles-
terol from the lipid droplets and increases STAR expres-
sion (4). The more long-term impact of ACTH on the

adrenal cortex involves increased transcription of genes
encoding proteins for cholesterol uptake (SCARB1,
LDLR), cholesterol synthesis (HMGCR), and steroido-
genesis (STAR and CYP11A1) as such enhancing the syn-
thetic capacity of the cells by providing a reserve pool for
acute steroid demand (4, 5, 7, 9, 10). In addition, ACTH
has a direct stimulatory effect on the expression of its own
receptor (MC2R), which amplifies the adrenal responsive-
ness to ACTH (11). Considering the extensive acute and
chronic impact of ACTH on the adrenal cortex, persis-
tently low ACTH concentrations profoundly affect the
structure and function of the adrenal cortex. This is illus-
trated by the phenotype of proopiomelanocortin (POMC)
deficiency in a knockout mouse model and in human pa-
tients, characterized by the loss of adrenocortical zona-
tional structure, adrenocortical lipid depletion, reduced
ACTH signaling, and adrenal atrophy/failure (3, 12, 13).

We hypothesized that low plasma ACTH concentra-
tions during prolonged critical illness are associated with
reduced trophic ACTH effects on the adrenal cortex, re-
flected by fewer lipid droplets and reduced gene expres-
sion of ACTH-regulated enzymes. Such effects could pre-
dispose to symptomatic adrenal failure in the prolonged
phase of critical illness (14). To test this hypothesis, we
studied adrenal glands, harvested postmortem, from pa-
tients who died in the intensive care unit (ICU) after a short
or a prolonged critical illness and compared these with
adrenal glands from individuals who died acutely out of
the hospital. We quantified alterations in size, weight, and
microscopic structure of the adrenal glands, the adreno-
cortical storage of cholesterol esters, and mRNA expres-
sion of different key ACTH-regulated proteins of the ste-
roidogenic pathway.

Materials and Methods

Patients and study samples
From patients who died in the ICU and for whom an autopsy

was requested by the attending physician, adrenal glands were
harvested for this study. Patients who were on chronic gluco-
corticoid treatment during the preceding 3 months or who had
received acute glucocorticoid treatment within 7 days prior to
the day of death were excluded. For comparison, adrenal glands
were harvested at the occasion of a planned autopsy from indi-
viduals who suddenly died out of the hospital, further referred to
as control subjects, in collaboration with the emergency and
forensic departments of the Leuven University Hospital. Control
subjects who were known to suffer from chronic illnesses or were
treated with glucocorticoids were excluded. All adrenal glands
were harvested within 24 hours of death.

The Leuven University Hospital permits postmortem tissue
sampling for academic purposes whenever a patient or his/her
legal representative consented upon hospital admission. This is
performed via a hospital-wide information and consent proce-
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dure, requiring active opting out when not consenting, with opt-
ing out remaining possible until the time of death. The study
protocol was approved by the Institutional Ethical Review Board
of the KU Leuven (ML6625). The study was registered at Inter-
national Standard Randomized Controlled Trial Number Reg-
ister (number ISRCTN49306926).

We wanted to investigate the impact of duration of critical
illness. To this end, control subjects who died suddenly out of
hospital were compared with patients who died after a long ICU
stay (�7 d) and with patients who died after a short ICU stay (�7
d). The sample size was determined by the a priori calculated
need of at least 13 patients in each group to detect a difference in
lipid staining of about 50% in long ICU-stay patients, with a
power of 80% and certainty of 95%. Harvesting continued until
this minimal number was reached and all patients who did not
have any exclusion criteria and from whom adrenal glands were
harvested within 24 hours after death were kept in the study.

Processing of adrenal glands
Immediately after harvesting, adrenal glands were processed

for the different analyses. After cleaning from adherent fat, ad-
renal glands were weighed and photographed to estimate surface
area with Image J 1.44p software (Wayne Rasband, National
Institutes of Health, Bethesda, Maryland). Adrenal tissue in-
tended for paraffin embedding was immediately placed in 6%
paraformaldehyde. Adrenal tissue intended for cryostat section-
ing were snap frozen in liquid nitrogen cooled isopentane,
whereas tissue intended for gene expression was immediately
snap frozen in liquid nitrogen and stored at �80°C until the time
of analysis. All the analyses were performed on the left adrenal
gland of each patient.

To quantify water content, approximately 50 mg of adrenal
gland tissue was weighed before and after 20 hours of lyophili-
sation (SpeedVac concentrator; Thermo scientific). The differ-
ence in weight divided by the start weight represented the water
fraction of the tissue. To determine the total protein content,
adrenal samples (�100 mg) were weighed and homogenized in
4� Nonidet P-40-glycerol lysis buffer with phosphatase and pro-
tease inhibitors, using ceramic beads and a Precellys 24 homog-
enizer (6000 rpm, 45 sec; Bertin Technologiesance). Protein con-
tent was quantified using Coomassie protein assay reagent
(Pierce Biotechnology Inc).

Microscopic analysis of the adrenocortical
zonational structure

After embedding in paraffin, 5-�m-thick sections were
stained with hematoxylin and eosin (HE). To evaluate adreno-
cortical zonational structure, HE sections were scored semiquan-
titatively based on the identification of the three zones in the
adrenal cortex at a �5 magnification using a Leica DM3000
microscope. Two investigators, blinded for group allocation,
evaluated all sections separately, and any discrepancy between
them was resolved by consensus. Adrenocortical zonational
structure was graded as follows: 0�, when the three adrenocor-
tical zones were clearly distinguishable, 1�, for those with a mod-
erately distorted zonational structure, and 2�, when the different
zones were no longer distinguishable.

Quantification of cholesterol ester storage in the
adrenal glands

To quantify cholesterol esters stored in the adrenal gland,
Oil-Red-O (ORO) staining was performed on 10-�m-thick fro-
zen tissue sections. ORO is a red dye used for staining neutral
lipids and therefore stains the cholesterol esters in the lipid drop-
lets of the adrenal cortex. Sections were dried at room temper-
ature, fixed in propylene glycol, and stained overnight in 0.5%
ORO (Sigma-Aldrich) in propylene glycol and counterstained
with hematoxylin. Digital microscopic images of the ORO stain-
ings were analyzed for the amount of redness per surface unit and
the intensity of this redness with an in-house-developed com-
puter algorithm from a plug-in for ImageJ 1.44p. In short, the
stained areas were quantified by training a classification algo-
rithm to detect staining in the brightness and color saturation
channels of the digitized images. This allows the differently
stained areas to be extracted from the overall image, after which
their respective surface areas can be calculated by the number of
image pixels present in them. As a preprocessing step, image
artifacts such as dust spots or staining drops were removed man-
ually. For the intensity of the red staining, the maximal and
minimal redness (interpreted as pixel saturation) was determined
for each individual image and labeled, respectively, 1 and 0.
Every pixel was evaluated against this scale. The mean of all
values for all pixels represented the intensity of the staining. The
product of the intensity and amount of redness per tissue surface
was considered to represent the total amount of available cho-
lesterol esters.

mRNA expression of ACTH-regulated key proteins
of the steroidogenic pathway

Total mRNA was extracted from adrenal gland tissue (�30 mg)
using Qiazol lysis reagent (QIAGEN) and subsequently purified
with RNAeasy minicolumns (QIAGEN). Samples were treated
withdeoxyribonuclease toremoveallgenomicDNA,and1�gtotal
mRNA was reverse transcribed using random hexamers. cDNA
levels of genes regulated by ACTH signaling [for cholesterol uptake
and synthesis (SCARB1, LDLR, and HMGCR) and crucial genes
for steroidogenesis (MC2R, STAR, and CYP11A1)] were quanti-
fied in real time with the TaqMan gene expression assays using the
StepOnePlus system (Applied Biosystems) (Hs00196245_m1,
4310884E, Hs02758991_g1, Hs03928985_g1, Hs00167984_
m1, Hs00986559_g1, Hs00300820_s1, Hs00969821_m1,
Hs00181192_m1, and Hs00168352_m1). Individual samples
with a copy number coefficient of variation greater than 20%
were reanalyzed. Data were expressed relative to expression 18S
ribosomal 5 RNA (RNA18S5), a housekeeping gene of which the
expression was not altered neither by critical illness nor by the
duration of illness, and as a fold difference from the mean of the
control subjects.

To exclude confounding effects of RNA degradation that may
have occurred during the postmortem period, mRNA expression
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
evaluated with two different primer sets designed to amplify frag-
mentsat twodistinctexons, (exons6and7andexon3).Toevaluate
the relative proportion of the adrenal gland medulla in the tissue
samples, cDNA levels for neurofilament light-polypeptide (NEFL),
a marker for neuronal elements, were also quantified.
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Statistical analyses
Statistical analyses were performed with JMP (version10.0;

SAS Institute Inc). Data are presented as means 	 SD or medians
with interquartile range (IQR), as appropriate. All experimental
results were analyzed with a nonparametric Wilcoxon singed
rank test. Comparison of proportions was done by �2 testing.
Associations between parameters were analyzed with linear re-
gression. The Pearson determination (R2) coefficient was calcu-
lated and its significance analyzed by ANOVA. No corrections
were made for multiple comparisons. The a priori-defined pri-
mary comparison was that between long ICU-stay patients and
control subjects because this is where the hypothesized differ-
ences were expected. Two-sided values of P � .05 were consid-
ered statistically significant.

Results

The study comprised adrenal glands harvested from 13
long-stay ICU patients, 27 short ICU-stay patients, and 13
control subjects. The characteristics of patients and con-
trol subjects are described in Table 1.

Weight, size, and microscopic zonational structure
of the adrenal glands

The weight of the adrenal glands, corrected for body
weight, was not different among the groups [median 0.10
IQR (0.07–0.12) g/kg in the control subjects, 0.10 (0.08–
0.12) g/kg in the short ICU stay patients and 0.08 (0.06–
0.10) g/kg in the long ICU stay patients (all P � .08)]. Also,
the adrenal surface area was similar for all groups [10.2
(8.8–12.2) cm2 in control subjects, 11.2 (9.1–13.7) cm2 in
the short ICU stay patients, and 11.1 (9.3–16.5) cm2 in the
long ICU stay patients (all P � .25)].

The fraction water in adrenal glands from long ICU-
stay patients [76% (IQR 72–78)] was larger than in those
from control subjects [69% (IQR 62–74); P � .01],
whereas no difference was observed between short ICU-
stay patients [72% (IQR 67–76)] and controls (P � .22) or
between the 2 ICU patient groups (P � .08). There was
21% less protein per milligram tissue in adrenal glands
from long ICU-stay patients [74 �g/mg (IQR 67–78)] than

Table 1. Characteristics of ICU Patients and Control Subjects

Controls
Subjects
(n � 13)

Short
ICU-Stay
Patients
(n � 27)

Long
ICU-Stay
Patients
(n � 13)

P Value
Control
Subjects
vs Short
ICU-Stay
Patients

P Value
Control
Subjects
vs Long
ICU-Stay
Patients

P Value
Short vs
Long
ICU-Stay
Patients

Demography and anthropometry
Gender, number male, % 9 (69) 14 (52) 9 (69) .29 1.0 .29
Age, y (mean 	 SD) 40.8 	 17.5 69.7 	 12.6 67.6 	 14.1 �.0001 .0017 .62
BMI, kg/m2) (mean 	 SD) 24.9 	 4.8 26.0 	 5.5 25.8 	 3.9 .34 .40 .86

Admission characteristics
Diagnostic group on

admission, n, %
N.A. .92

Cardiovascular 7 (26) 3 (23)
Respiratory/esophageal-lung

surgery
10 (37) 4 (31)

Abdominal/gastro intestinal/hepatic 6 (22) 3 (23)
Other 4 (15) 3 (23)

APACHE II (mean 	 SD) N.A. 34.6 	 9.9 34.8 	 6.0 .70
SIRS, n, % N.A. 27 (100) 12 (92) .14
Sepsis, n, % N.A. 18 (67) 11 (85) .23

Patient characteristics at study time
Cause of death

Refractory shock N.A. 12 (44) 0 (0) .004
Therapy withdrawal forfutility N.A. 15 (56) 13 (100)
Sudden out-of-hospital deatha 13 (100) N.A. N.A.

SIRS, n, % N.A. 26 (96) 12 (92) .58
Sepsis, n, % N.A. 16 (59) 11 (85) .10
Duration of stay in ICU prior to

death, d [median (IQR)]
N.A. 2 (1–5) 16 (13–21) �.0001

Time interval between death and
autopsy, h [mean 	 SD]

17.5 	 4.5 15.0 	 6.8 15.4 	 4.8 .28 .31 .79

Abbreviations: APACHE II, Acute Physiology and Chronic Health Evaluation II; N.A., not available; SIRS, systemic inflammatory response syndrome.
The BMI is the weight in kilograms divided by the square of the height in meters. APACHE II ranges from 0 to 71, with higher scores indicating a
greater severity of illness. SIRS is determined by the BONE criteria.
a Sudden out-of-hospital deaths comprised the following: trauma (n � 2), cardiac arrest (n � 4), drowning (n � 2), electrocution (n � 1), gunshot
(n � 1), acute hemorrhage (n � 1), pulmonary embolism (n � 1), and sudden unexpected death of epilepsy (n � 1).
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in those from control subjects [94 �g/mg (IQR 71–101),
P � .03] and also 23% less protein in short ICU-stay pa-
tients [72 �g/mg (IQR 66–83)] than in control subjects
(P � .02). Adrenal protein content in both ICU patient
groups was similar (P � .89).

Microscopic semiquantitative scoring revealed dis-
turbed adrenocortical zonational structure in both ICU
patient groups as compared with control subjects (P �
.0001) (Figure 1). As compared with the control subjects,
an indistinguishable zonational structure was signifi-
cantly more often present only in the long ICU-stay pa-
tients (P � .003).

Quantification of adrenal cholesterol ester storage
Computerized quantification of the ORO staining re-

vealed that in adrenal glands from long ICU-stay patients,
there were 78% less cholesterol esters stored than in those
from controls (P � .03) and also 78% less than in those from
short ICU-stay patients (P � .03), whereas short ICU-stay
patients were not different from controls (Figure 2).

mRNA expression of ACTH-regulated proteins of
the steroidogenic pathway

To assess any confounding effect of postmortem loss of
mRNA quality, the degree of mRNA degradation was in-
vestigated. For this purpose, glyceraldehyde-3-phosphate
dehydrogenase mRNA expression was measured with two
primers directed toward a different exon. There was a tight
correlation between the expression using both primers
(R2 � 0.94; P � .0001), suggesting that RNA degradation
was limited.

mRNA expression of NEFL was similar in long ICU-
stay patients [0.13 (IQR 0.06–0.77)], in short ICU-stay
patients [0.13 (IQR 0.04–1.15)], and in control subjects
[0.24 (IQR 0.04–1.70)] (all P � .80), indicating that tissue
samples of all study groups contained comparable
amounts of adrenal medulla. The amounts of mRNA en-
coding for MC2R, SCARB1, HMGCR, STAR, and
CYP11A1 were at least 58% lower in long ICU-stay pa-
tients than in control subjects (all P � .03) (Figure 3). In
addition, compared with short ICU-stay patients, mRNA
expression of MC2R, SCARB1, CYP11A1, and STAR
was at least 53% lower in long ICU-stay patients (all P �

.04). No differences were observed between short ICU-
stay patients and control subjects.

Discussion

The results of this human postmortem study suggest that
important alterations occur in the adrenal gland during
the course of critical illness. In long ICU-stay patients, but
not in the short ICU-stay patients, severe cholesterol ester
depletion and substantially reduced mRNA expression of
ACTH-regulated key enzymes for steroidogenesis were
observed. These observations suggest that with an ex-
tended duration of critical illness, a significant loss of
ACTH signaling in the adrenal cortex may have important
functional consequences.

The loss of adrenocortical zonational structure already
in the acute phase of critical illness confirmed the results
of previous studies performed in small groups of septic
patients (15, 16). Although postmortem changes could
have played a role, these should then apply to both acute
out-of-hospital deaths and to patients who died in the
ICU, which was not the case in our study. Furthermore,
severe abnormalities were more prevalent among the long
ICU-stay patients only. Another interesting observation
was that the adrenal glands of long ICU-stay patients
tended to weigh less, not more, than those of short ICU-
stay patients, whereas the adrenal glands contained some-
what more water and less protein. This is not what one
would expect when the adrenal gland would receive pro-

Figure 1. Semiquantitative scoring of the loss of adrenocortical
zonational structure. A, The fraction of patients with score 0,
indicating a normal zonational structure, is depicted in white. The
fraction of patients with score 1, indicating a moderately distorted
zonational structure, is depicted in light gray. The fraction of patients
with score 2, indicating that the different zones were no longer
distinguishable, is depicted in dark gray. B, The illustrations are
representative examples of HE staining images for each group.
Photographs were taken at a �5 magnification.
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longed ACTH stimulation in sustained critical illness,
which would cause adrenal hypertrophy and hyperplasia
(17). Hence, because smaller adrenal glands and loss of
zonational structure are also observed in POMC-deficient
mice (3), ACTH deprivation with time in the ICU could
have played a role. Low plasma ACTH concentrations
have been repeatedly reported during critical illness (1, 18,
19), and we recently showed that the nocturnal ACTH
secretion rate was suppressed in ICU patients (20). Such
ACTH suppression could be in part due to feedback in-
hibition exerted by elevated cortisol levels brought about
by reduced cortisol breakdown (1). This situation is com-
parable with sustained exogenous administration of hy-
drocortisone, which is known to suppress ACTH and with
time can cause adrenal atrophy (21).

Severe depletion of cholesterol esters was observed only
in the adrenal glands harvested from long ICU-stay pa-
tients and not in those from the short ICU-stay patients.
Because normal adrenocortical synthesis and release of
cortisol relies predominantly on the availability of choles-
terol stored in the adrenal cortex, the observed lipid de-
pletion may theoretically contribute to the inability of long

ICU-stay patients to acutely release enough cortisol in re-
sponse to a second hit (14). Also, the gene expression of
one of the cholesterol uptake receptors, SCARB1, as well
as of HMGCR, the enzyme responsible for de novo cho-
lesterol production, was not increased at all and was sig-
nificantly down-regulated in the adrenal glands of the long
ICU-stay patients only. Furthermore, the expression of
genes encoding for the ACTH receptor (MC2R) and the
steroidogenic proteins (STAR, CYP11A1) showed a com-
parable expression profile, with reduced expression levels
in long ICU-stay patients only. Given that ACTH stimu-
lates the expression of these genes, sustained ACTH de-
privation could explain these findings (4, 5, 7, 9, 10). In-
deed, the presentation is again highly reminiscent of the
alterations observed in POMC-deficient mice (12).

Our observation that mRNA expression of the different
key genes in steroidogenesis was not up-regulated in crit-
ically ill patients does not support a role for ACTH or
ACTH-independent stimulators of cortisol synthesis such
as neuropeptides, endothelin, and cytokines, (2) because
all would require an activation of the steroidogenic genes
(22). It actually further supports our previous finding that

Figure 2. Quantification of the total amount of cholesterol esters in the adrenal glands. A, The total amount of cholesterol esters was calculated
by the product of ORO staining intensity and area. Boxes represent medians and interquartile ranges and whiskers represent first quartile-1.5IQR
and third quartile
1.5IQR. P values for group comparisons were determined by the Wilcoxon rank-sum test. B, The illustrations are representative
examples of ORO staining images for each group. Photographs were taken at a �1.25 magnification.
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highplasmacortisol incritically ill patients is toa largeextent
due to reduced cortisol breakdown (1, 20). Unfortunately,
given the nature of the study, blood samples were not avail-
able to correlate the adrenocortical pathology and gene ex-
pression findings with plasma ACTH and cortisol concen-
trations. Itappears thatespeciallyACTHpulsatility iscritical
for adequate transcriptional activation of steroidogenic
genes(23).Werecentlyshowed,byserialbloodsamplingand
deconvolutionanalysis, that it isspecificallythepulsatilenoc-
turnalACTHrelease that is suppressedduringcritical illness,
with reduced ACTH pulse mass in the presence of unaltered
ACTH pulse frequency (20). Possibly, in the acute phase of
critical illness, the pulsatile ACTH signal is still sufficient to
prevent the down-regulation of ACTH responsive genes in
the adrenal cortex. However, when increased feedback in-
hibition exerted by high cortisol levels is maintained into the
prolonged phase of critical illness, and as a consequence pul-
satile ACTH is suppressed for a longer time, this might reach
a critical threshold below which steroidogenic transcription
becomes impaired.

The presented study has several limitations and some
strengths. First, inevitably for a human study on this topic,

the adrenal glands were harvested at the occasion of au-
topsy, and although this was performed within 24 hours
after death, postmortem artifacts cannot be fully ex-
cluded. However, because the corpses were kept cooled
until harvesting of the adrenal glands, this problem may
have been limited, supported by the mRNA quality anal-
ysis that revealed minimal mRNA degradation. Further-
more, not all studied genes were down-regulated in the
prolonged phase of illness because LDLR, NEFL, and 18S
ribosomal 5 RNA were unaltered, which speaks against
postmortem artifacts explaining the between group dif-
ferences. Cholesterol depletion could also theoretically be
exacerbated by acute consumption of available choles-
terol droplets in the agonal phase of illness (24, 25). How-
ever, this would again apply to all ICU patients and to the
sudden out-of-hospital deaths alike. Also, adrenocortical
lipid depletion was previously observed in an animal
model of sepsis-induced critical illness, a model that does
not suffer from the above-mentioned methodological is-
sues that are inevitable in human studies (16).

Second, acute out-of-hospital deaths used as control
subjects were matched for body mass index (BMI) and

Figure 3. mRNA expression of ACTH-regulated proteins of the steroidogenic pathway. The mRNA data are expressed, normalized to RNA18S, as
a fold difference from the mean of the controls. Boxes represent medians and interquartile ranges and whiskers represent first quartile-1.5IQR and
third quartile
1.5IQR. P values for group comparisons were determined by the Wilcoxon rank-sum test.
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gender but turned out to be younger than the ICU patients.
However, research by Hornsby (26) revealed no impact of
age on the zona fasciculata. Third, the lack of blood sam-
ples did not allow assessing the association between the
observed changes in the adrenal glands and the circulating
levels of ACTH and cortisol. Hence, in vivo animal studies
are required to further study the influence of duration of
critical illness, and hereby the duration of ACTH depri-
vation, on the adrenocortical morphology and function
during critical illness. However, despite these limitations,
the strength of this study was that no signs of increased
steroidogenesis could be found in the adrenal glands of a
large and heterogeneous population of patients, being
treated for a variety of illnesses in ICU, with or without
sepsis. This observation further corroborated our previ-
ous findings in vivo, indicating that other mechanisms
than ACTH drive elevated plasma cortisol concentrations
during sustained critical illness (1, 20). Also, this is the first
study to investigate the impact of critical illness on the
adrenal gland at the tissue level in such a large population.
Most previous studies investigated only the adrenal gland
indirectly, via the cortisol response to ACTH injection
(27), a test that remains highly debated as to what it reveals
about adrenal functional reserve (28, 29).

In conclusion, the changes observed in adrenal glands
harvested within 24 hours after death from long-stay and
short-stay ICU patients and from sudden out-of-hospital
control deaths suggest that extended duration of critical
illness profoundly affects adrenocortical structure and
function, which could be related to ACTH deprivation.
Depletion of cholesterol esters and reduced expression of
ACTH-regulated genes involved in steroidogenesis may
contribute to the risk of adrenal insufficiency in the pro-
longed phase of critical illness.
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