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Background Reduced glucocorticoid-receptor (GR) expression in blood suggested that critically ill patients become
glucocorticoid-resistant necessitating stress-doses of glucocorticoids. We hypothesised that critical illness evokes a
tissue-specific, time-dependent expression of regulators of GR-action which adaptively guides glucocorticoid action
to sites of need.

MethodsWe performed a prospective, observational, cross-sectional human study and two translational mouse stud-
ies. In freshly-isolated neutrophils and monocytes and in skeletal muscle and subcutaneous adipose tissue of 137
critically ill patients and 20 healthy controls and in skeletal muscle and adipose tissue as well as in vital tissues
(heart, lung, diaphragm, liver, kidney) of 88 septic and 26 healthy mice, we quantified gene expression of cortisone-
reductase 11b-HSD1, glucocorticoid-receptor-isoforms GRa and GRb, GRa-sensitivity-regulating-co-chaperone
FKBP51, and GR-action-marker GILZ. Expression profiles were compared in relation to illness-duration and sys-
temic-glucocorticoid-availability.

Findings In patients’ neutrophils, GRa and GILZ were substantially suppressed (p�0¢05) throughout intensive care
unit (ICU)-stay, while in monocytes low/normal GRa coincided with increased GILZ (p�0¢05). FKBP51 was
increased transiently (neutrophils) or always (monocytes,p�0¢05). In patients’ muscle, 11b-HSD1 and GRa were
low-normal (p�0¢05) and substantially suppressed in adipose tissue (p�0¢05); FKBP51 and GILZ were increased in
skeletal muscle (p�0¢05) but normal in adipose tissue. GRb was undetectable. Increasing systemic glucocorticoid
availability in patients independently associated with further suppressed muscle 11b-HSD1 and GRa, further
increased FKBP51 and unaltered GILZ (p�0¢05). In septic mouse heart and lung, 11b-HSD1, FKBP51 and GILZ
were always high (p�0¢01). In heart, GRa was suppressed (p�0¢05), while normal or high in lung (all p�0¢05). In
diaphragm, 11b-HSD1 was high/normal, GRa low/normal and FKBP51 and GILZ high (p�0¢01). In kidney, 11b-
HSD1 transiently increased but decreased thereafter, GRa was normal and FKBP51 and GILZ high (p�0¢01). In
liver, 11b-HSD1 was suppressed (p�0¢01), GRa normal and FKBP51 high (p�0¢01) whereas GILZ was transiently
decreased but elevated thereafter (p�0¢05). Only in lung and diaphragm, treatment with hydrocortisone further
increased GILZ.

Interpretation Tissue-specific, time-independent adaptations to critical illness guided GR-action predominantly to
vital tissues such as lung, while (partially) protecting against collateral harm in other cells and tissues, such as neu-
trophils. These findings argue against maladaptive generalised glucocorticoid-resistance necessitating glucocorti-
coid-treatment.
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Research in context

Evidence before this study

The Medline database was searched through Pubmed
up to December 31, 2021, for publications without start
date restrictions, using various combinations of the
terms “critical illness”, “shock”, “sepsis”, “multiple organ
failure”, “glucocorticoid receptor” and “glucocorticoid
resistance”. Multiple opinion papers, commentaries,
reviews and guidelines postulate that a subset of criti-
cally ill patients, typically those presenting with sepsis
or septic shock, may suffer from generalised glucocorti-
coid resistance. This condition was considered an
important part of “critical illness-related corticosteroid
insufficiency” (CIRCI), and has led to the conduct of mul-
tiple randomized controlled trials (RCTs), investigating
the impact of further increasing systemic glucocorticoid
availability through the administration of stress doses of
glucocorticoids. Although results of these trials were
inconsistent, practice guidelines recommend treatment
with stress doses of hydrocortisone for all septic
patients with vasopressor-dependent and -refractory
shock. However, high-quality human or translational
animal studies investigating the expression and actions
of the glucocorticoid receptor at target tissues during
critical illness are scarce and were often limited to the
study of blood cells. Importantly, impact of illness dura-
tion and of the level of systemic glucocorticoid availabil-
ity has not been investigated.

Added value of this study

In this study, we documented and characterised gluco-
corticoid receptor (GR) expression and action hereof
during critical illness in multiple target tissues (isolated
neutrophils, isolated monocytes, skeletal muscle, subcu-
taneous adipose tissue, heart, lung, diaphragm, kidney,
liver), in relation to increasing duration of critical illness
and to increasing levels of systemic glucocorticoid avail-
ability. The results revealed that the expression profiles
of key regulators of local glucocorticoid action, 11b-
hydroxysteroid dehydrogenase type 1 (11b-HSD1), GRa
isoform, and FK506 binding protein 51 (FKBP51), are
altered in a tissue-specific manner during critical illness,
illustrating an adaptive guidance of glucocorticoid
actions towards vital tissues, most strikingly the lung,
that most need it, while protecting other cells such as
neutrophils that would otherwise suffer from harmful
immune suppressive effects. Only in lung, the adjacent
diaphragm and adipose tissues, a further increase in cir-
culating glucocorticoids resulted in more GR-action,
which again seems appropriate.
Implications of all evidence available

These data argue against a maladaptive generalised
glucocorticoid resistance that would necessitate treat-
ing patients with sepsis or septic shock with stress
doses of glucocorticoids. Instead, the data provided evi-
dence for useful adaptations taking place in response to
sepsis or other critical illnesses that result in selective
and controlled target tissue effects of stress-induced
glucocorticoid availability.
Introduction
Critical illness, evoked by sepsis or other causes of
hyperinflammation, is hallmarked by a swift and sub-
stantial increase in systemic glucocorticoid availability,
a vital part of the stress response.1 Some patients, typi-
cally those presenting with sepsis or septic shock, are
thought to suffer from insufficiently elevated systemic
glucocorticoid availability superimposed on peripheral
glucocorticoid resistance, together interpreted as lack of
glucocorticoid action which necessitates treatment with
high (stress) doses of hydrocortisone.2,3 The presence of
this condition, referred to as ‘critical illness-related corti-
costeroid insufficiency’ (CIRCI), as well as its diagnostic
criteria remain debated.3,4 Also, the results from large
scale randomized controlled trials (RCTs) assessing the
impact of stress doses of hydrocortisone on outcome
remain inconsistent.5-8 Nevertheless, practice guide-
lines recommend treatment with stress doses of hydro-
cortisone for all septic patients with vasopressor-
dependent and -refractory shock.4, 7-12

Endogenously produced glucocorticoids, cortisol in
humans and corticosterone in rodents, as well as exoge-
nously administered glucocorticoids, primarily target
the glucocorticoid receptor (GR) to exert wide-ranging
genomic and non-genomic effects. The magnitude of
tissue-specific glucocorticoid and GR-actions depends
on the local cellular availability of the GR ligand and on
the expression and function of the GR. Local glucocorti-
coid availability is determined by the amount of circulat-
ing ligand (“systemic cortisol/glucocorticoid
availability”) and by tissue-specific expression of 11b-
hydroxysteroid dehydrogenase 1 (11b-HSD1), the
enzyme that converts inert cortisone into metabolically
active cortisol.13 Although the GR is coded by a single
gene, alternative splicing yields multiple GR messenger
ribonucleic acid (mRNA) transcripts.14 The GR alpha
isoform (GRa) is able to bind ligand and is the primary
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isoform that, after translocation to the nucleus, signals
most glucocorticoid effects. Prior to ligand-binding and
translocation to the nucleus, the GRa resides in the
cytoplasm, in a multi-protein complex of which the co-
chaperone protein FK506 binding protein 5 (FKBP51) is
a glucocorticoid-induced negative regulator of affinity
and nuclear translocation of the GRa.15 The lesser
expressed GR beta isoform (GRb) has a C-terminal
domain that is unable to bind glucocorticoids and is
considered a dominant inhibitor of the GRa. During
health, tight regulation of both cellular glucocorticoid
availability and of GR isoform and co-chaperone expres-
sion is crucial to maintain tissue homeostasis.16

One of the proposed mechanisms behind CIRCI is the
presence of a critical illness-induced, generalised dysfunc-
tion of GRa-mediated glucocorticoid actions at target tis-
sues, commonly referred to as ‘glucocorticoid resistance’3.
This assumption was largely based on small studies docu-
menting downregulation of GRa expression or upregula-
tion of the GRb in blood cells, mostly during the acute
phase of critical illness.17-20 These findings were consid-
ered as a rationale for administering high (stress) doses of
glucocorticoids, up to 200 mg/day of hydrocortisone
which is the equivalent of >10 times the usual substitu-
tion dose, to overcome such resistance.4,9,21 However, it is
currently unknown whether the altered expression profile
of the GR isoforms also affects local GR-action, as most
studies did not include downstream markers hereof, such
as ‘glucocorticoid-induced leucine zipper’ (GILZ) nor GR-
co-regulators 11b-HSD1 and FKBP51.22 In addition, it is
unclear whether very high systemic glucocorticoid avail-
ability, brought about either endogenously or by exoge-
nous administration, results in a proportionate rise in
cellular GR-action. Furthermore, the available data on GR
isoform and co-chaperone expression in blood cannot be
extrapolated to other cells and tissues, as it is well known,
at least during health, that expression and function of the
GR isoforms is highly cell- and tissue type-specific.14

We hypothesised that during critical illness, in the face
of the illness-induced elevated systemic glucocorticoid
availability, expression of 11b-HSD1, the GR isoforms -a
and -b, and FKBP51 is altered in an adaptive, tissue-spe-
cific and possibly time-dependent manner, to titrate local
GR-action depending on the tissue-specific needs. In addi-
tion, we hypothesised that further increasing systemic glu-
cocorticoid availability not necessarily results in increased
local GR-action as it may also drive further adaptive altera-
tions in the expression profile of 11b-HSD1, the GR iso-
forms, and FKBP51 that prevent such an increased action.
Methods

Human study

Study participants and sample size calculation. To
study the impact of critical illness, and the duration
hereof, on the expression and actions of the GR in
www.thelancet.com Vol 80 Month June, 2022
immune cells (separately and freshly isolated neutro-
phils and monocytes), skeletal muscle, and (subcutane-
ous) adipose tissue, in relation to the level of systemic
glucocorticoid availability, we made use of samples col-
lected in the CROSS trial. This is a prospective, observa-
tional, cross-sectional study performed in five medical/
surgical intensive care units (ICUs), part of a single divi-
sion of the University Hospitals of Leuven, Belgium,
and in demographically-matched healthy control sub-
jects designed to study the dynamics of epigenetic, met-
abolic and endocrine alterations during critical illness
(ISRCTN17621057). Between 11/1/2017 and 03/09/
2020, all adult (>18 years of age) patients admitted to
one of the participating ICUs were screened for eligibil-
ity (exclusion criteria of the main study: referral from
another non-participating ICU, readmission to the ICU
within the same hospitalization period, pre-admission
treatment with systemic glucocorticoids, no vital organ
support or no arterial or venous catheter, ‘do not
resuscitate’ code interfering with current needed life
support, patients with human immunodeficiency virus
or hepatitis C virus). For the current study, all patients
included in the trial and in whom a skeletal muscle
biopsy was performed, were included (exclusion crite-
ria/contraindications to perform a skeletal muscle
biopsy: history of neuromuscular disorders or admis-
sion because of a neuromuscular disorder, unable to
walk without assistance prior to ICU admission,
increased bleeding risk during procedure including a
known coagulation disorder, platelet count below
50000/mm3, prothrombin time activity below 40% or
therapeutic use of anticoagulating or thrombolytic
agents). To study the impact of duration of illness,
patients were clustered in one of four predefined time
cohorts, based on the day of sampling (cohort 1: ICU
admission to ICU-day 3, cohort 2: ICU-day 4 to ICU-day
7, cohort 3: ICU-day 8 to ICU-day 14, cohort 4: ICU-day
15 to ICU-day 28 ; individual sampling days per patient
are displayed in supplementary Figure 1). Based on pre-
vious studies on GRa expression in blood cells, we esti-
mated that 30 patients per cohort would allow to detect
a 50% reduction of GRa expression with a Cohen d
effect size of 0¢74, an a-error<0¢05 and>80% power17.
Due to the outbreak of the Coronavirus Disease 2019
(COVID-19) pandemic, further patient recruitment
became difficult, necessitating an early stop. At that
time, sample size in each cohort had reached between
20 and 47 participants, which allowed to detect a Cohen
d effect size of 0¢91 with an an alpha error <0¢05 and
>80% power.
Data and sample collection. Demographics and illness
characteristics at ICU admission were documented
(Table 1). At the day of testing, whole blood was drawn
from the arterial line of patients, and via a single venous
puncture from healthy control subjects. Blood samples
3



Cohort 1 Cohort 2 Cohort 3 Cohort 4 Controls p-value
N= 47 N= 37 N= 33 N= 20 N= 20

Demographics

Age � years 64¢1 (14¢9) 61¢9 (10¢4) 62¢9 (14¢4) 65¢3 (14¢7) 59¢0 (8¢6) 0¢54
Male sex 31 (66%) 30 (81%) 16 (48%) 11 (55%) 14 (70%) 0¢05
BMI 26¢0 (4¢5) 26¢0 (6¢2) 26¢4 (6¢9) 28¢0 (7¢8) 25¢7 (2¢8) 0¢71
History of

Diabetes 6 (13%) 9 (24%) 5 (15%) 1 (5%) 1 (5%) 0¢25
Malignancy 13 (28%) 10 (27%) 10 (30%) 4 (20%) 2 (10%) 0¢49
Illness characteristics

APACHE II 26¢2 (8¢1) 28¢9 (8¢5) 31¢5 (8¢0) 30¢9 (8¢3) NA 0¢03
Sepsis on admission 27 (57%) 21 (57%) 23 (70%) 16 (80%) NA 0¢22
Diagnostic category NA 0¢88
Cardio-thoracal 18 (38%) 14 (38%) 13 (39%) 4 (20%)

Abdomindal 11 (23%) 7 (19%) 7 (21%) 8 (40%)

Transplant 5 (11%) 4 (11% 4 (12%) 2 (10%)

Trauma/Burns 6 (13%) 6 (16%) 2 (6%) 2 (10%)

Neurological 3 (6%) 2 (5%) 5 (15%) 2 (10%

Other 4 (9%) 4 (11%) 2 (6%) 2 (10%)

Mortality

In ICU 3 (6%) 6 (16%) 5 (15%) 7 (35%) NA 0¢03
In hospital 6 (13%) 7 (19%) 10 (30%) 10 (50%) NA 0¢01

Table 1: Baseline demographics and illness characteristics.
Cohort 1: ICU admission to ICU-day 3, cohort 2: ICU-day 4 to ICU-day 7, cohort 3: ICU-day 8 to ICU-day 14, cohort 4: ICU-day 15 to ICU-day 28. Data are mean

(SD) or n (%). Body mass index (BMI) is calculated as the weight in kilograms divided by the square of the height in meters. History of Diabetes: all patients

with diabetes had type II diabetes. History of Malignancy: both active and past. Acute Physiology and Chronic Health Evaluation II (APACHE II) score reflects

severity of illness at admission, with higher values indicating more severe illness, and can range from 0 to 71. Sepsis is defined according to the Sepsis-III crite-

ria.1 ‘In hospital’ mortality is defined as death while in the ICU or on a non-ICU ward after ICU discharge. NA: not applicable. P-values for demographics are

between time cohorts and healthy controls; P-values for illness characteristics are between time cohorts (Pearson Chi Square for categorical data, Kruskal Wallis

test for continuous data).
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were collected in the morning in pre-chilled EDTA
tubes and centrifuged at 4°C. Obtained plasma samples
were stored at -80°C until analysis. Neutrophils (Cluster
of differentiation (CD)66B+ CD16+) and classical mono-
cytes (CD14+) were immediately and separately isolated
from two undiluted fresh blood samples (4ml each)
using immunomagnetic negative selection kits from
EasySepTM, as per manufacturer’s instruction (Stemcell
Technologies). Obtained cell concentrations were mea-
sured with ScepterTM 2.0 cell counter (Merck) with 60
µm sensor and cell fractions were stored at -80°C until
further analysis. On the same day, a standardised in vivo
needle biopsy was taken from the musculus vastus latera-
lis of the quadriceps femoris and from subcutaneous adi-
pose tissue in the same region, with use of a 5 mm
Bergstr€om biopsy needle. All tissues were snap-frozen
and stored at -80°C until further analysis.
Quantification of plasma (free) cortisol and classifica-
tion according to the level of systemic (free) glucocor-
ticoid availability. Plasma concentrations of total
cortisol and cortisol-binding globulin (CBG) were mea-
sured with competitive radio-immunoassay (Immuno-
tech cat. no. IM1841 and DIAsource cat. no. R-AJ-100,
respectively). Plasma concentrations of albumin were
measured with bromocresol green colorimetric method
(Sigma-Aldrich, cat. no. MAK124-1KT). Plasma free cor-
tisol was estimated using the previously validated
adapted Coolens’ formula23, 24:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:0167þ G� Tð Þ 1

2 1þ N00ð Þ
� �2

þ T
1

1þ N00ð ÞK

s

� 0:0167þ G� Tð Þ 1

2 1þ N00ð Þ
where G = plasma CBG concentration (in mmol/l),
T = plasma total cortisol concentration (in mmol/l),
K = affinity of CBG for cortisol = 3.107 M�1, and
N0 0=1.74/43 £ individual albumin concentration(g/I).

A dichotomized categorical variable for two levels of
systemic (free) glucocorticoid availability, with very high
versus without very high systemic glucocorticoid avail-
ability, was constructed as follows: All patients not
receiving synthetic glucocorticoid treatment were allo-
cated either to the category ‘with very high systemic glu-
cocorticoid availability’ when their plasma free cortisol
was �3¢096 µg/dl, which was the 75th percentile of
untreated patients, or to the category ‘without very high
systemic glucocorticoid availability’ when their plasma
www.thelancet.com Vol 80 Month June, 2022



Cohort 1 Cohort 2 Cohort 3 Cohort 4 p-value Controls
N= 47 N= 37 N= 33 N= 20 N= 20

GC treatment within 48h of sampling 0¢36
No GC treatment � n (%) 39 (83%) 25 (68%) 25 (76%) 16 (80%) 20 (100%)

Treated with Hydrocortisone - n (%) 1 (2%) 5 (13%) 1 (3%) 1 (5%) 0

Treated with Methylprednisolone - n (%) 7 (15%) 7 (19%) 7 (21%) 3 (15%) 0

Systemic GC availability 0¢86
Without very high systemic GC availability 27 (57%) 20 (54%) 20 (61%) 13 (65%) NA

With very high systemic GC availability 20 (43%) 17 (46%) 13 (39%) 7 (35%) NA

Table 2: Glucocorticoid treatment and systemic glucocorticoid availability in human critically ill patients.
Cohort 1: ICU admission to ICU-day 3, cohort 2: ICU-day 4 to ICU-day 7, cohort 3: ICU-day 8 to ICU-day 14, cohort 4: ICU-day 15 to ICU-day 28. Data are n (%).

Active GC treatment is defined as administration of any dose of GC within 48h prior to blood, plasma and tissue sampling. P-value between four time cohorts

(Pearson Chi Square). GC: glucocorticoid(s). NA: not applicable.
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free cortisol was below this value (Table 2). This thresh-
old of 3¢096 µg/dl for plasma free cortisol reflected §25
µg/dl of plasma total cortisol and a free cortisol fraction
of §12%. Patients who had been treated with hydrocor-
tisone within a window of 48 hours (h) prior to blood
and tissue sampling were also allocated to one of the
above dichotomised categories based on their concentra-
tion of plasma free cortisol. Patients who had received
synthetic glucocorticoid treatment within a window of
48h prior to blood and tissue sampling were all given
high doses (cumulative over 48h always �30mg) of (6a-
)methylprednisolone which qualified them all for alloca-
tion to the category ‘with very high systemic glucocorti-
coid availability’.
Quantification of GR expression and actions in
immune cells, skeletal muscle, and adipose tissue. Tag-

gedPRNA was isolated with the RNeasy isolation kit (Qiagen)
from the enriched cell suspensions and from +-30mg of
frozen skeletal muscle and adipose tissue samples.
Genomic DNA was removed with DNAse treatment.
Total RNA (immune cells: 500ng, skeletal muscle:
800ng, adipose tissue: 250ng) was reverse-transcribed
with the use of random hexamers (Invitrogen). Com-
mercial (11b-HSD1, FKBP51, GILZ) and custom-made
TaqMan probes (GRa and GRb) (Applied Biosystems)
were used for quantitative PCR experiments (Supple-
mental table S1). All PCR experiments were performed
with the use of a QuantStudio3 Real Time PCR system
(Applied Biosystems, Thermo Fisher Scientific) as
per manufacturer’s instructions. Relative gene
expressions were always calculated with the 2�ΔDCT

method with internally validated stable house keep-
ing genes: for neutrophils, monocytes, subcutaneous
adipose tissue: 18S ribosomal RNA (Rn18s); and for
human skeletal muscle tissue: CASC3 Exon Junction
Complex Subunit (CASC3). Genes were considered
‘undetected’ if >50% of all samples were not ampli-
fied before PCR cycle 35.
www.thelancet.com Vol 80 Month June, 2022
Mouse studies

Study design. To study the impact of 1) duration of crit-
ical illness and 2) the level of systemic glucocorticoid
availability on the expression and actions of the GR in
vital tissues (heart, lung, diaphragm, liver and kidney),
which are not accessible in living critically ill human
patients, we performed secondary analyses of two previ-
ously performed mouse studies of sepsis-induced, fluid-
resuscitated, antibiotics- and analgetic-treated and par-
enterally fed critical illness.25,26 In brief, healthy male,
24-week old C57BL/6J mice (Janvier SAS) were ran-
domly allocated to a ‘critical illness’ or a ‘healthy control’
group. Mice randomised to a ‘critical illness group’ were
anesthetised, the left internal jugular vein was cannu-
lated with a catheter, followed by a median laparotomy
and cecal ligation and puncture to induce sepsis and
subsequently sepsis-induced critical illness. During the
first 24h after the procedure, mice were resuscitated
with a 4/1 crystalloid/colloid mixture (Plasmalyte,
Baxter). Hereafter, septic mice received intravenous par-
enteral nutrition (Oliclinomel N7E, Baxter). All critically
ill mice received twice daily a subcutaneous injection
with broad-spectrum antibiotics (Imipenem/Cilastin
(Aurobindo Pharma)) and opioid-analgetics (Bupreno-
phine (Vetergesic)). Animals randomised to the ‘healthy
control group’ did not underwent any procedure, were
transferred to individual cages and received ad libitum
standard chow (ssnif R/M-H, ssniff Spezialdi€aten
GmbH) and tap water. All animal cages were kept in an
animal cabinet under controlled temperature (27°C)
and 12 hours light and dark cycles until sacrifice. The
animal model is further in detail described in.27

To study the impact of duration of illness (mouse
study 1), critically ill mice were further allocated to 1 of 4
predefined time cohorts, corresponding to a duration of
illness of one1, three3, five5 or seven7 days until sacrifice
and tissue harvesting. Comparisons were done between
each critical illness time cohort group and healthy con-
trol mice. The allocation procedure was randomised
5
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and done prior to the sepsis-inducing surgical proce-
dure.

To study the impact of further increasing systemic
glucocorticoid availability (mouse study 2), critically ill
mice were allocated to a treatment or control group,
receiving either a 7-day treatment with hydrocortisone
[HC, daily dose of 1¢2mg/day, corresponding to a
human equivalent dose of 3¢25 mg per kg body weight/
day,28 which is in the range of the recommended
human “stress doses”4,9] or 7-day treatment with pla-
cebo. The study drug was administered for 7 days via a
subcutaneous osmotic pump (ALZET Osmotic Pumps),
implanted just below the right scapula during the sep-
sis-inducing surgical procedure. Randomization for
treatment was blinded until the end of the study (data
analysis). Comparisons were done between hydrocorti-
sone-treated and placebo-treated critically ill mice.
Healthy controls were included for methodological pur-
pose (normalization of gene expression).

All animals were regularly checked for the presence
of humane endpoints. At any time point, when animals
got into irreversible metabolic disorders, were in a bad
condition (i.e. lack of mobility, eyes closed behavior, no
reaction on stimuli and breathing difficulties), they
were excluded from the study and euthanised by intra-
peritoneal injection of Dolethal (min 0.03ml/30g).
At the end of each of the study periods, all surviving
animals were sacrificed and whole blood and tissue
samples were collected, snap frozen and stored at
-80°C until analysis. Total numbers of animals per
group for mouse study 1 were as follows: Healthy
controls: n=15, Sepsis 1-day: n=15, Sepsis 3-days:
n=16, Sepsis 5-days: n=16, Sepsis 7-days: n=15; and
for mouse study 2: healthy controls: n=11, HC-treated
critical illness: n=12, Placebo-treated critical illness:
n=14.

The animal studies were designed and performed to
investigate two separate research questions. First, the
impact of duration of illness (study 1) and the impact
of further augmenting systemic glucocorticoid avail-
ability during critical illness (study 2) on the function-
ing of the hypothalamic-pituitary-adrenocortical axis
during critical illness. Second, the impact of duration
of illness (study 1) and the impact of further augment-
ing systemic glucocorticoid availability during critical
illness (study 2) on the expression and signaling of the
glucocorticoid receptor during critical illness. The
needed sample size was calculated for the first research
question. For the second research question, which is
investigated in this paper, we used all available sam-
ples. Given these sample sizes, calculated for the first
research question (animal study 1: 15 per group; animal
study 2: 12-14 per group),25,26 the minimum effect size
(Cohen’s d) that yields a significant result (a=0.05)
with a power of 0.8 (b=0.2) is 1.09 and 1.18, indicating
that any significant findings will be rather large in
effect size.
Quantification of GR expression and actions in vital
tissue
After sacrifice, heart, lungs, diaphragm, liver, and kid-
neys were harvested and immediately snap-frozen in
liquid nitrogen and stored at -80°C for analysis. Total
RNA (500ng) was reverse-transcribed with the use of
random hexamers (Invitrogen). Commercial TaqMan
probes (11b-HSD1, FKBP51, GILZ) for Taqman quantita-
tive PCR experiments (Applied Biosystems) and cus-
tomised forward and reverse primers (GRa and GRb)
for SYBR Green quantitative PCR experiments (Euro-
gentec) were used (in detail: supplemental table S2). All
mouse PCR experiments were performed as described
above, with validated stable house keeping genes: for
skeletal muscle, epididymal adipose tissue, heart, lung,
kidney, liver: 18S ribosomal RNA (Rn18s) and for dia-
phragm muscle: Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH).
Ethics
The human study protocol was in accordance with the
1964 Declaration of Helsinki and its later amendments
and was approved by the Institutional Ethical Review
Board of UZ Leuven (S58533). Written informed con-
sent was obtained from all participants.

For the animal studies, all animals were treated
according to the Principles of Laboratory Animal Care
(U.S. National Society of Medical Research) and to the
European Union Directive 2010/63/EU concerning the
welfare of laboratory animals. The studies were
designed and prepared before the start of the study and
approved by the KU Leuven Institutional Ethical Com-
mittee for Animal Experimentation of KU Leuven
(P134-2013 and P181-2018) and complied with the essen-
tial 10 ARRIVE guidelines.29
Statistical analyses
Data are presented as numbers (proportions), medians
(IQR), or mean (SD) and detailed in the figure legends
and table footnotes. For univariable analysis, continu-
ous data were compared with non-parametric Mann-
Whitney U or Kruskal-Wallis test, as appropriate and
categorical data with Chi-square or Fisher exact test, as
appropriate. Multivariable linear regression models
were constructed to assess the independent association
between the level of systemic glucocorticoid availability
and expression of the studied genes, and the associa-
tion between sepsis at admission and expression of the
studied genes. The models are adjusted for a priori
selected confounders as co-variates (prior knowledge).
The confounders were identified following a system-
atic literature search. The Medline database was
searched through PubMed for full-text, original human
research articles (prospective, retrospective observa-
tional studies, randomised controlled trials, reviews
www.thelancet.com Vol 80 Month June, 2022



Figure 1. Plasma glucocorticoid concentrations (cortisol/corticosterone) in the human and two mouse studies.
Panel a: plasma free cortisol concentrations (y-axis) of the healthy controls and human patients of each time cohort (x-axis). Each

dot represents a sample. White dots are healthy controls, green dots are patients who did not receive glucocorticoids (“No GC treat-
ment”), red dots are patients who received treatment with natural glucocorticoids (“Treatment with hydrocortisone”) and blue dots
are patients who received treatment with synthetic glucocorticoids (“Treatment with methylprednisolone”). The a priori defined cut-
off to discriminate between patients with and patients without very high systemic glucocorticoid availability (3¢096 µg/dl) is dis-
played as a solid black horizontal line; all patients treated with synthetic glucocorticoids are categorized into the ‘with very high sys-
temic glucocorticoid availability’ group. Panel b: plasma total corticosterone concentrations (y-axis) of 1) (left side, mouse study 1)
healthy control mice and critically ill mice per time cohort (x-axis) and 2) (right side, mouse study 2) of placebo-treated critically ill
mice and hydrocortisone-treated critically ill mice (x-axis).

Articles
and meta-analyses) reporting on the association
between demographic factors and (tissue-specific) glu-
cocorticoid receptor expression, in healthy controls or
patients, as well between illness characteristics and
glucocorticoid receptor expression, in ICU patients,
www.thelancet.com Vol 80 Month June, 2022
published in the last ten years (up to December 2021).
Used search terms: Search 1 (demographics): ((demo-
graphic OR anthropometric OR age OR gender OR sex
OR BMI) AND ("Glucocorticoid Receptors"[Mesh] OR
GR OR (GR alpha)) AND ((expression) OR (gene
7



Articles

8

regulation) OR (gene signaling)) AND (determinants
OR confounder OR variables OR association)) ; and
Search 2 (illness characteristics): (("Critical Illness"[-
Mesh] OR "Critical Care"[Mesh] OR "Intensive Care
Units"[Mesh] OR "Shock"[Mesh] OR "Systemic
Inflammatory Response Syndrome"[Mesh] OR "Multi-
ple organ failure"[Mesh] OR critical-illness* OR criti-
cal-care* OR intensive-care* OR shock* OR Systemic-
Inflammatory-Response-Syndrome* OR multiple-
organ-failure*) AND ("Glucocorticoid Receptors"[-
Mesh] OR GR OR (GR alpha)) AND ((expression) OR
(gene regulation) OR (gene signaling)) AND (determi-
nants OR confounder OR variables OR association)). A
confounder was defined as a factor identified from lit-
erature or prior knowledge to be associated with
altered expression or signaling of one of the studied
parameters (11b-HSD1, GR isoforms, GILZ, FKBP51)1.
The identified and selected confounders are baseline
characteristics: age, gender, BMI and illness character-
istics: APACHE II, sepsis and diagnostic category at
admission and duration of illness at the time of sam-
pling (»time cohorts).17,20,30-39

All analyses were performed with JMP 16.0 (SAS).
Two-sided p values �0¢05 were considered statistically
significant.
Role of funders
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, writ-
ing of the report, or the decision to submit for publica-
tion. The corresponding author had full access to all
data and had final responsibility for the decision to sub-
mit for publication. Authors were not precluded from
accessing data in the study.
Results

Human study
From January 11, 2017 to September 3, 2020, a total of
137 patients, clustered in four distinct time-cohorts, and
20 age-, sex- and BMI-matched healthy controls, were
included in the human study. Demographics and
markers of illness severity are summarised in Table 1.
Plasma concentrations of free cortisol (human study)
and plasma total corticosterone (mouse studies) are dis-
played in Figure 1, respectively panel a and panel b. The
proportion of patients receiving glucocorticoid treat-
ment within a time window of 48h prior to sampling as
well as the proportion of patients with and patients with-
out very high systemic glucocorticoid availability on the
day of sampling was comparable across all time-cohorts
(Table 2).

In peripheral blood neutrophils and monocytes of both
patients and healthy controls, mRNA of 11b-HSD1 was
undetectable.
In neutrophils of critically ill patients, gene expres-
sion of GRa was suppressed in all time cohorts as com-
pared with healthy controls (figures 2 and 3). Gene
expression of the glucocorticoid-induced GRa-affinity
reducing GR-co-chaperone FKBP51 was increased in
neutrophils of patients in time cohorts 1 and 2 but not
of patients in time cohorts 3 and 4. Gene expression of
the GR-target gene and marker of glucocorticoid activ-
ity, GILZ, was always suppressed in neutrophils of
patients.

In monocytes, GRa mRNA was suppressed in
patients of time cohort 2 and 3, but not in time cohort 1
and 4 (figures 2 and 3). Monocyte FKBP51 mRNA was
always increased in patients of all time cohorts, which
was also the case for GILZ mRNA.

Adjusted for confounders including the time cohort,
the multivariable regression analysis revealed that
patients with very high systemic glucocorticoid availabil-
ity (n=80), as compared with patients without such very
high systemic glucocorticoid availability (n=47), had
comparable expression levels of GRa and GILZ but
higher expression of FKBP51 in both white blood cell
types (Figures 2 and 3; Table 3).

Adjusted for confounders, sepsis at admission as
compared with other diagnoses was not associated with
any changes in gene expression of 11b-HSD1, GRa,
FKBP51 or GILZ in neutrophils or circulating mono-
cytes (Table 4).

In skeletal muscle of critically ill patients, gene expres-
sion of 11b-HSD1 was suppressed in time cohorts 1, 2
and 3 and normal in time cohort 4 (Figures 3 and 4).
Also, muscle GRa mRNA was suppressed in time
cohorts 1, 2 and 4 and unaltered in time cohort 3. Mus-
cle FKBP51 mRNA was increased in patients of time
cohort 1 and normal in time cohort 2, 3 and 4. Muscle
GILZ mRNA was increased in all critically ill patients.

In subcutaneous adipose tissue of patients, 11b-HSD1
and GRa mRNA gene expression was suppressed in all
time cohorts, whereas FKBP5 and GILZ mRNA were
always normal (Figures 3 and 4).

Adjusted for risk factors, skeletal muscle of patients
with very high systemic glucocorticoid availability, as
compared with those without such very high systemic
glucocorticoid availability, showed a further suppres-
sion of 11b-HSD1 and GRa mRNA, while FKBP51
mRNA was increased and GILZ mRNA was unaltered
(Figures 3 and 4; Table 3). In adipose tissue of patients,
such very high systemic glucocorticoid availability did
not further suppress 11b-HSD1 and GRa mRNA,
whereas FKBP51 and GILZ mRNA were increased
(Figures 3 and 4; Table 3).

Adjusted for risk factors, sepsis at admission, as
compared with other diagnoses, was not independently
associated with any difference in gene expression of
11b-HSD1, GRa, FKBP51 or GILZ in skeletal muscle or
adipose tissue (Table 4). In all cells and tissues from
patients and controls, GRbmRNA was undetectable.
www.thelancet.com Vol 80 Month June, 2022



Figure 2. Gene expression of glucocorticoid receptor expression and action in circulating cells.
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Mouse studies
In skeletal muscle of critically ill septic mice, 11b-HSD1,
GRa and FKBP51 mRNA was always normal or
increased. As in the human patients, muscle GILZ
mRNA was increased in all septic mice without an addi-
tional enhancing effect of further increasing systemic
glucocorticoid availability (Figure 3, Supplemental-
Figure 2).

In adipose tissue of septic mice, gene expression of
11b-HSD1 and GRa was decreased or normal, while
FKBP51 mRNA was always increased. As in the human
patients, adipose GILZ mRNA in septic mice was only
increased when the systemic glucocorticoid availability
was further increased (hydrocortisone-treated septic
mice).

In heart of critically ill mice, gene expression of 11b-
HSD1 and FKBP51 was always several-fold upregulated,
GRa mRNA was suppressed and GILZ mRNA was
increased, without a clear impact of duration of illness
(Figure 3, Supplemental-Figure 3). Seven-days infusion
of stress dose of hydrocortisone during critical illness
further increased heart FKBP51 mRNA, without any
effect on 11b-HSD1 mRNA, GRa mRNA or GILZ
mRNA.

In lung of critically ill mice, 11b-HSD1 mRNA was
always increased, while GRa mRNA was unaltered in
the 3 first time cohorts and increased in time cohort 4
(Figure 3, Supplemental-Figure 3). Lung FKBP51
mRNA and GILZ mRNA levels were always increased
in critically ill mice. Hydrocortisone treatment did not
affect lung 11b-HSD1 or GRa mRNA but further
increased FKBP5 and GILZ mRNA.

In diaphragm of critically ill mice, 11b-HSD1 mRNA
was normal or upregulated (time cohort 2 only) and
GRa mRNA was normal (time cohort 1 and 4) or down-
regulated (Figure 3, Supplemental-Figure 4). Both
FKBP51 and GILZ mRNA were always upregulated dur-
ing critical illness. Hydrocortisone treatment did not
affect diaphragm 11b-HSD1 or GRa mRNA, but further
increased FKBP5 and GILZ mRNA.

In kidney of critically ill mice, 11b-HSD1 mRNA was
increased in time cohort 1 but suppressed in time
cohorts 2, 3 and 4 (Figure 3, Supplemental-Figure 4).
In the left panels, gene expression of GRa, FKBP51 and GILZ in
expression of GRa, FKBP51 and GILZ in monocytes of patients and c
(IQR), and the furthest points within 1¢5 times the IQR. Gray bars
each box-and-whiskers plot indicates significance between the res
from light blue to darker blue) and the matched-healthy controls.
with and patients without very high systemic glucocorticoid availa
patients with and patients without very high systemic glucocortic
patients/samples per group, for the time cohorts: time cohort 1 (ad
time cohort 3 (ICU day 8 to 14) n=33, time cohort 4 (ICU day 15 to 2
coid availability: without very high systemic glucocorticoid availa
n=57; ADM: admission; AU: arbitrary unit; D: day; GC+: patients
patients with very high systemic glucocorticoid availability; IQR: inte
While kidney GRa mRNA was always suppressed,
FKBP51 and GILZ mRNA was always increased in criti-
cally ill mice. Hydrocortisone treatment only further
increased kidney FKBP51 mRNA.

In liver of critically ill mice, 11b-HSD1 mRNA was
always suppressed, while GRa mRNA was always nor-
mal and FKBP51 always increased (Figure 3, Supple-
mental-Figure 5). Liver GILZ mRNA was transiently
suppressed in time cohort 1 followed by an increase in
time cohort 2, 3 and 4. Hydrocortisone treatment only
further increased kidney FKBP51 mRNA.

In all vital tissues GRb mRNA was always similar
between critically ill mice and healthy controls and
between hydrocortisone-treated and placebo-treated crit-
ically ill mice.
Discussion
The prospective, observational, cross-sectional human
and the two translational mouse studies together
revealed that during critical illness, expression of regula-
tors of local glucocorticoid availability and GR-action is
altered in a tissue-specific, largely time-independent
manner. GR-action during critical illness was found to
be clearly suppressed in neutrophils, likely due to the
substantial suppression of the GRa. In contrast, most
tissues showed higher than normal GR-action, kept in
balance by a tissue-specific regulation of local GR-ligand
availability and GRa expression. Very high systemic glu-
cocorticoid availability and hydrocortisone treatment
further increased GR-action only in human adipose tis-
sue and murine adipose tissue, lung and diaphragm,
respectively. These results argue against a generalised
critical illness-induced state of glucocorticoid resistance
which can be overcome by stress doses of hydrocorti-
sone. Instead, the observed tissue specific alterations
can be interpreted as adaptively guiding vital actions of
glucocorticoids to tissues with increased need during
critical illness, such as the heart, kidneys, liver and even
more so the lungs, whereas neutrophils are fully pro-
tected and vulnerable tissues such as skeletal muscle
partially protected against harmful effects of high sys-
temic glucocorticoid availability.
neutrophils of patients and controls. In the right panels, gene
ontrols. Box-and-whiskers represent median, interquartile range
represent IQR of the matched-healthy controls. P-values above
pective time cohort group of critically ill patients (1, 2, 3 and 4
P-values above GC+++ indicates significance between patients
bility (univariate / multivariate*). For the comparison between
oid availability, time cohorts were pooled together. Number of
mission to ICU day 3) n=47, time cohort 2 (ICU day 4 to 7) n=37,
8) n=20, healthy control n=20; for impact of systemic glucocorti-
bility n=80, with very high systemic glucocorticoid availability
without very high systemic glucocorticoid availability, GC+++:
rquartile range.
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Figure 3. Overview of the altered gene expression profiles of 11b-HSD1, GRa, FKBP51 and GILZ in response to critical illness, the
duration of illness and the systemic glucocorticoid availability.

In this colored grid-map, the columns are clustered per gene (11b-HSD1, GRa, FKBP51 and GILZ), demarcated with a solid line.
Per gene, the first four columns represent each time cohort of critical illness, while the last column, demarcated with a dashed line
represent the group of critically ill patients/animals with very high systemic glucocorticoid availability. On the rows are the different
studied types of cells and tissues. The first four rows are the cells and tissues of the human studied and the last seven rows are the
tissues of the animal studies, demarcated with a thick solid line. Color coding: grey indicates that the respective gene was undetect-
able, white indicates no significant change, green indicates a significant upregulation and red indicates a significant downregula-
tion. For each time cohort, the comparator is the matched-healthy control group (solid colors); for the very high systemic
glucocorticoid availability group (humans) and hydrocortisone-treated group (mice), the comparator is the critical illness group
without very high systemic glucocorticoid availability (humans) and placebo-treated group (mice) (checkered colors).

Articles
First, we corroborated findings of earlier experimen-
tal (in vitro), animal and small observational human
studies revealing a critical illness-induced decrease in
GRa expression in peripheral blood cells, and we fur-
ther identified that mainly neutrophils and to a lesser
extent monocytes drive this finding.17,18,40,41 We found
that GRa expression was also suppressed in most other
glucocorticoid-target tissues, including skeletal muscle,
adipose tissue, heart, diaphragm and kidney, but not in
lung or liver. In contrast to previous studies,17,39 we did
not find a substantial effect of illness duration on GRa
gene expression in any of the studied cells or tissues.
Next, we found that very high systemic glucocorticoid
availability in critically ill patients and mice, because of
high endogenous plasma free glucocorticoid levels or
because of exogenous treatment with glucocorticoids,
was independently associated with further lowered GRa
expression in skeletal muscle, but not in any other cell
or tissue type. The relation between systemic glucocorti-
coid availability and GRa gene expression during critical
www.thelancet.com Vol 80 Month June, 2022
illness thus appears to be tissue-specific, which may
explain the discrepancies in observed associations
between plasma cortisol and GRa gene expression
across other studies, as these studies each investigated
either only a single or a different type of cell or
tissue.17,39,42-44 Whereas in our human study, in each
cell and tissue type and in both patients and controls,
GRb mRNA was not detectable, in the mouse studies
the expression of the GRb isoform was found to be nor-
mal in all tissues. Together, these data do not support
an important role for the dominant negative GRb iso-
form in altering glucocorticoid action during critical ill-
ness.

In contrast with the GRa, expression of GILZ, a well-
known GR target gene and marker of genomic action
hereof,45 was only robustly suppressed in neutrophils
but not in other cell or tissue types. In contrast, GILZ
expression was upregulated during critical illness in
monocytes, skeletal muscle and diaphragm, heart, lung,
kidney and liver, a finding that strongly advocates
11



11b-HSD1 GRa FKBP51 GILZ

Systemic glucocorticoid

availability: with very high

vs¢ without very high

b estimate (CI) P-value b estimate (CI) P-value b estimate (CI) P-value b estimate (CI) P-value

Neutrophils NA NA -0¢02 (-0¢08; 0¢05) 0¢64 1¢29 (0¢56; 2¢01) 0¢02 0¢00 (-0¢12; 0¢12) 0¢94
Monocytes NA NA 0¢06 (-0¢10; 0¢23) 0¢45 0¢52 (0¢08; 0¢96) 0¢0006 0¢24 (-0¢11; 0¢60) 0¢18
Skeletal muscle -0¢19 (-0¢38; -0¢01) 0¢04 -0¢04 (-0¢1; 0¢00) 0¢05 0¢86 (0¢53; 1¢18) �0¢0001 0¢41 (-0¢14; 0¢97) 0¢14
Subcutaneous

adipose tissue

0¢01 (-0¢06; 0¢09) 0¢74 -0¢03 (-0¢13; 0¢06) 0¢48 0¢51 (0¢09; 0¢93) 0¢02 0¢24 (0¢03; 0¢44) 0¢02

Table 3: Multivariable analysis of the impact of systemic glucocorticoid availability on the expression and action of the glucocorticoid
receptor.
Regression coefficients and P values were calculated with multivariable linear regression analyses, correcting for a priori selected confounders: demographics

(age, sex, BMI), markers of severity of illness and ICU characteristics (APACHE II at admission, sepsis at admission, diagnostic category) and duration of illness

at the time of sampling (time cohort). CI: 95% confidence interval.

11b-HSD1 GRa FKBP51 GILZ

Sepsis at
admission:
yes vs¢ no

b estimate (CI) P-value b estimate (CI) P-value b estimate (CI) P-value b estimate (CI) P-value

Neutrophils NA NA 0¢01 (-0¢06; 0¢08) 0¢74 0¢33 (-0¢14; 0¢80) 0¢16 0¢02 (-0¢11; 0¢14) 0¢79
Monocytes NA NA 0¢02 (-0¢15; 0¢19) 0¢78 -0¢12 (-0¢88; 0¢64) 0¢76 -0¢15 (-0¢51; 0¢22) 0¢43
Skeletal muscle -0¢11 (-0¢31; 0¢09) 0¢28 0¢02 (-0¢02; 0¢07) 0¢32 0¢02 (-0¢37; 0¢32) 0¢89 -0¢03 (-0¢63; 0¢57) 0¢92
Subcutaneous

adipose tissue

0¢00 (-0¢08; 0¢09) 0¢95 -0¢02 (-0¢08; 0¢12) 0¢71 0¢11 (-0¢35; 0¢58) 0¢63 0¢11 (-0¢11; 0¢34) 0¢32

Table 4: Multivariable analysis of the impact of sepsis at admission on the expression and action of the glucocorticoid receptor.
Regression coefficients and P values were calculated with multivariable linear regression analyses, correcting for a priori selected confounders: demographics

(age, sex, BMI), markers of severity of illness and ICU characteristics (APACHE II at admission, diagnostic category), duration of illness at the time of sampling

(time cohort) and systemic glucocorticoid availability. CI: 95% confidence interval.
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against presence of total glucocorticoid resistance
within these target tissues. Interestingly, in lung, dia-
phragm and adipose tissues, but not in other cells or tis-
sues, further increasing glucocorticoid availability also
further increased GILZ mRNA. In lung, the combina-
tion of normal to elevated GRa mRNA, an increased
GILZ mRNA and the responsiveness of GILZ to very
high systemic glucocorticoid availability, suggests that
especially lung tissue could benefit from increasing sys-
temic glucocorticoid availability during critical illness.
These findings are supported by the clinical use and rec-
ommendation regarding the use of glucocorticoids in
critically ill patients suffering from acute respiratory dis-
tress syndrome (ARDS).46 In contrast, in skeletal mus-
cle, a tissue that appeared ‘not responsive’ to a further
increase in circulating abundance of the GR-ligand,
gene expression of the regulators of local glucocorticoid
availability and GR-action, 11b-HSD1 and GRa, was sub-
stantially suppressed and even further downregulated
in patients with very high systemic glucocorticoid avail-
ability. This suggests that skeletal muscle could be
harmed by too much GR-action and that these counter-
acting mechanisms in response to further increasing
systemic glucocorticoid availability are activated to
prevent such harm. In addition, FKBP51, which is upre-
gulated by glucocorticoids but lowers GR ligand-binding
capacity and nuclear translocation (ultra-short feedback-
loop), was always further upregulated in response to a
further increase in systemic glucocorticoid availability.
Together, these data indicate that not only GRa gene
expression, but also regulators of local glucocorticoid
availability and GR-action are altered in a tissue-specific
manner in response to the magnitude of the systemic
glucocorticoid availability.

Our studies have several limitations to highlight.
First, although GILZ is highly regulated by ligand-bound
GRa (GR target gene) and may be considered as a surro-
gate of GR-action, we did not investigate the functional
impact of the altered GR-expression and -action profiles,
such as altered activation of catabolic pathways within
the target cells and tissues or alterations in the expression
and function of inflammatory and immune pathways.
Second, despite the well-balanced demographics and ill-
ness characteristics across the time cohorts of the
patients and the carefully selected co-variates for adjust-
ment in the multivariable regression models, the obser-
vational nature of the human study does not allow to
draw firm conclusions regarding causality. In addition,
www.thelancet.com Vol 80 Month June, 2022
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we did not perform additional exploratory analyses, such
as investigating the impact of age, gender, ethnicities or
co-morbidities on GR-expression or -action as this was
not part of the a priori defined statistical protocol. Third,
despite the large number of human patients and con-
trols, the predefined sample size per time cohort could
not be reached as a result of the COVID-19 pandemic.
The larger size of detectable effects may have resulted in
a higher risk of type 2 errors. Fourth, despite the clinical
relevance and earlier validation of the mouse model of
sepsis-induced, fluid-resuscitated, antibiotics- and anal-
getics-treated and parenterally fed critical illness27, any
translation of results to the human clinical setting should
be done with caution. In addition, due to technical limita-
tions, we were unable to investigate in the mice subcuta-
neous adipose tissue (epididymal adipose tissue was
used instead) or additional important vital tissues includ-
ing the various compartments of the vasculature.

In conclusion, throughout critical illness, GR-action
was found to be clearly suppressed in neutrophils, likely
due to near-maximal suppression of GRa expression, GR
resistance that could not be overcome by further increas-
ing glucocorticoid availability. In contrast, in most other
vital tissues, GR-action in the critically ill was higher
than normal. In adipose tissue, lung and diaphragm, fur-
ther increasing systemic glucocorticoid availability
resulted in increased GR-action, while in other tissues,
most clearly shown for skeletal muscle, counter-regula-
tory mechanisms (11b-HSD, GRa and/or FKBP51 expres-
sion) were activated to prevent a further increase in GR-
action. Together, these findings argue against a state of
generalised glucocorticoid resistance that would necessi-
tate treatment with stress doses of glucocorticoids, as pro-
posed in the CIRCI guidelines3,4. Instead, the data
provide evidence for tissue-specific adaptations that guide
glucocorticoid action to sites of need while protecting at
least partially against collateral undesirable effects.
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