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Abstract 

Background  Hypocholesterolemia hallmarks critical illness though the underlying pathophysiology is incompletely 
understood. As low circulating cholesterol levels could partly be due to an increased conversion to cortisol/corticos-
terone, we hypothesized that glucocorticoid treatment, via reduced de novo adrenal cortisol/corticosterone synthe-
sis, might improve cholesterol availability and as such affect adrenal gland and skeletal muscle function.

Methods  In a matched set of prolonged critically ill patients (n = 324) included in the EPaNIC RCT, a second-
ary analysis was performed to assess the association between glucocorticoid treatment and plasma cholesterol 
from ICU admission to day five. Next, in a mouse model of cecal ligation and puncture-induced sepsis, septic mice 
were randomized to receive either hydrocortisone (1.2 mg/day) (n = 17) or placebo (n = 15) for 5 days, as compared 
with healthy mice (n = 18). Plasma corticosterone, cholesterol, and adrenocortical and myofiber cholesterol were 
quantified. Adrenal structure and steroidogenic capacity were evaluated. Muscle force and markers of atrophy, fibrosis 
and regeneration were quantified. In a consecutive mouse study with identical design (n = 24), whole body composi-
tion was assessed by EchoMRI to investigate impact on lean mass, fat mass, total and free water.

Results  In human patients, glucocorticoid treatment was associated with higher plasma HDL- and LDL-cholesterol 
from respectively ICU day two and day three, up to day five (P < 0.05). Plasma corticosterone was no longer elevated in hydro-
cortisone-treated septic mice compared to placebo, whereas the sepsis-induced reduction in plasma HDL- and LDL-cholesterol 
and in adrenocortical cholesterol was attenuated (P < 0.05), but without improving the adrenocortical ACTH-induced CORT 
response and with increased adrenocortical inflammation and apoptosis (P < 0.05). Total body mass was further decreased 
in hydrocortisone-treated septic mice (P < 0.01) compared to placebo, with no additional effect on muscle mass, force 
or myofiber size. The sepsis-induced rise in markers of muscle atrophy and fibrosis was unaffected by hydrocortisone treat-
ment, whereas markers of muscle regeneration were suppressed compared to placebo (P < 0.05). An increased loss of lean 
body mass and total and free water was observed in hydrocortisone-treated septic mice compared to placebo (P < 0.05).

Conclusions  Glucocorticoid treatment partially attenuated critical illness-induced hypocholesterolemia, but at a cost 
of impaired adrenal function, suppressed muscle regeneration and exacerbated loss of body mass.
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Background
Critical illness is hallmarked by an immediate and sus-
tained decrease in plasma total-, high-density lipoprotein 
(HDL-) and low-density lipoprotein (LDL-) cholesterol 
concentrations, in proportion to illness severity and risk 
of death [1–4]. This hypocholesterolemia is considered 
a marker of poor prognosis and is most pronounced in 
intensive care unit (ICU) patients suffering from sepsis 
as compared with ICU patients admitted after surgery or 
trauma [4–6]. However, the underlying mechanisms of 
this critical illness-induced hypocholesterolemia remain 
poorly understood.

A potential contributor to the low cholesterol levels 
in critically ill patients might be an increased conver-
sion of cholesterol to cortisol, the main glucocorticoid in 
humans [corticosterone (CORT) in rodents], in the adre-
nal cortex [7–9]. Plasma (free) cortisol levels are typically 
elevated in patients with sepsis and septic shock in face of 
low plasma cholesterol concentrations. While hypercor-
tisolism in critical illness is largely explained by a reduced 
expression and activity of the cortisol metabolizing 
enzymes in liver and kidney with consequently reduced 
cortisol breakdown, cortisol production rates in ICU 
patients suffering from systemic hyperinflammation were 
found to be twice that of healthy subjects [10]. Impor-
tantly, in long-stay patients free of glucocorticoid treat-
ment who require intensive care for more than 28 days, 
plasma cortisol concentrations were no longer elevated 
[9]. Moreover, in adrenal glands harvested post-mortem 
from long-stay ICU patients, a disturbed adrenocorti-
cal structure and depletion of cholesterol esters was 
observed as well as suppressed expression of the adreno-
corticotropic hormone (ACTH)—regulated genes encod-
ing cholesterol uptake transporters and the steroidogenic 
enzymes [11]. In addition, a study of critically ill patients 
reported a positive correlation between HDL-cholesterol 
concentrations and the incremental cortisol response 
to an intravenous bolus of ACTH [8]. A recent study of 
prolonged septic mice reported that treatment with a 
stress dose of hydrocortisone reversed the sepsis-induced 
reduction in adrenal cholesterol ester content [12].

Remarkably, critically ill patients suffering from ICU-
acquired weakness (ICUAW), a debilitating complication 
characterized by limb and respiratory muscle weakness 
and/or muscle wasting, have lower serum cholesterol con-
centrations than patients without ICUAW [13]. Also, in 
our mouse model of prolonged sepsis-induced critical ill-
ness, the severity of muscle weakness inversely correlated 
with plasma cholesterol concentrations [13]. Patients who 
require a prolonged stay in the ICU are particularly prone 
to develop ICUAW [14]. The most important risk fac-
tors for ICUAW are sepsis, multiple organ failure and 

mechanical ventilation [14, 15]. Recently, in our mouse 
model of prolonged sepsis-induced critical illness, supple-
mentation with 3-hydroxybutyrate, which can serve as a 
substrate for cholesterogenesis, increased myofiber choles-
terol content and increased markers of muscle regeneration 
[13]. In contrast, in patients with sepsis, use of corticoster-
oids has been associated with higher risk of ICUAW, pos-
sibly via aggravating muscle atrophy and wasting [16–21].

Both ICU-acquired adrenal insufficiency (ICU-AI) and 
ICUAW are major complications in prolonged critically 
ill patients that might be related to reduced cholesterol 
availability [9, 22–24]. Whether administration of gluco-
corticoids can increase systemic and tissue cholesterol 
availability and hereby affect adrenal function during 
sepsis has not yet been thoroughly investigated. Also, 
whether increasing cholesterol availability could coun-
teract the expected muscle wasting with glucocorticoid 
treatment remains to be investigated.

We here hypothesized that administration of stress 
doses of hydrocortisone can improve critical illness-
induced hypocholesterolemia, via reduced de novo adre-
nal CORT synthesis, whereby adrenal function could be 
improved. In addition, although hydrocortisone treat-
ment expectedly aggravates muscle wasting, muscle 
function could be beneficially affected via increased cho-
lesterol availability. These hypotheses were tested in pro-
longed critically ill patients [25] and in two consecutive 
mouse studies using a validated and clinically relevant 
mouse model of prolonged sepsis-induced critical illness, 
which has previously shown to be characterized by both 
ICU-AI [12, 26] and ICUAW [13, 27, 28].

Methods
Human study of adult critically ill patients
This is a secondary analysis of the EPaNIC randomized 
controlled trial (RCT) in which patients were randomized 
to early supplementary parenteral nutrition or withhold-
ing parenteral nutrition until after the first week of ICU 
stay [25]. We aimed to document plasma cholesterol 
concentrations in patients who received glucocorticoids 
during the first five ICU days and compare these with 
glucocorticoid-free patients, who were matched for type 
and severity of illness and for demographic characteris-
tics. Of the original 4640 EPaNIC patients, 2936 patients 
were not eligible because they were admitted after organ 
transplantation, or because they had an ICU stay < 5 days 
(Additional file  1: Supplemental Fig.  1 (Figure S1)). Of 
the remaining 1704 patients, 178 patients received glu-
cocorticoids during the first five ICU days. Of these 178 
patients, 162 patients could be matched—by logistic 
regression estimated propensity scores with use of base-
line risk factors including the randomized nutritional 
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intervention, as covariates—with glucocorticoid-free 
patients, yielding two matched cohorts of 162 patients.

Plasma cholesterol concentrations were measured in 
stored plasma samples from admission day up to day five 
with commercially available assays for HDL- and LDL-
cholesterol (Diazyme Laboratories).

Mouse studies
In a first study (animal study 1), we investigated the 
impact of hydrocortisone treatment on adrenal func-
tion and muscle weakness in prolonged sepsis-induced 
critically ill mice (Additional file  1: Figure S2). Male 
24-week-old C57BL/6J mice (Janvier Labs, Le Genest-
Saint-Isle, France) were randomized to two interven-
tional sepsis groups or a healthy control group. Mice 
in the sepsis groups were anaesthetized and implanted 
with a subcutaneous osmotic pump (ALZET Osmotic 
Pumps, Cupertino, CA, USA), delivering either hydro-
cortisone (1.2  mg/day) (Solu-Cortef®, Pfizer) or pla-
cebo (PlasmaLyte) [29]. Subsequently, a central venous 
catheter was implanted, followed by cecal ligation and 
puncture (CLP) to induce sepsis [30]. After surgery, 
septic mice received intravenous fluid resuscitation 
for the first 24  h, followed by continuous parenteral 
nutrition. Septic mice received twice daily broad-spec-
trum antibiotics and analgesics. Mice randomized to 

the healthy control group received ad  libitum water 
and standard chow. All animals were sacrificed after 
a 5-day study period by cardiac puncture, whereafter 
blood and tissue samples were collected. From the 58 
animals included in the survival analysis, 50 animals 
survived until the end of the study period (healthy 
control group, n = 18/18; placebo-treated sepsis, 
n = 15/17; hydrocortisone-treated sepsis, n = 17/23). 
Additional information on materials and methods is 
provided in Additional file 1.

To assess the impact of hydrocortisone treatment on 
whole body composition, a second animal study (ani-
mal study 2) was consecutively performed, of which 
the experimental setup was identical to animal study 
1. In addition, immediately before CLP and immedi-
ately before sacrifice, lean mass, fat mass and total and 
free water content were measured in each animal and 
in healthy control animals using Magnetic Resonance 
Imaging (MRI) (EchoMRI-100H, Whole Body Mag-
netic Resonance Analyser, Zinsser Analytic GmbH, 
Germany). From the 30 animals included in the sur-
vival analysis, 24 animals survived until the end of the 
study period (healthy control group, n = 8/8; placebo-
treated sepsis, n = 8/11; hydrocortisone-treated sepsis, 
n = 8/11).

Fig. 1  Plasma HDL- and LDL-cholesterol concentrations in critically ill adult patients. Plasma HDL- (a) and LDL- (b) cholesterol concentrations 
from admission day until day five in matched glucocorticoid-treated patients (n = 162) and glucocorticoid-free patients (n = 162). Data are presented 
as mean ± SEM. The solid and dashed line connect the mean of each day. Reference control values from Laboratory diagnostic measurements: 
HDL-cholesterol = 48.4 mg/dL; LDL-cholesterol = 132.5 mg/dL. SEM, standard error of the mean; HDL, high-density lipoprotein; LDL, low-density 
lipoprotein; MANOVA, multivariate analysis of variance; n, sample size
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All animals were treated according to the Principles of 
Laboratory Animal Care (US National Society of Medical 
Research) and to the European Union Directive 2010/63/
EU concerning the welfare of laboratory animals. The 
animal study protocols were approved by the Institu-
tional Ethical Committee for Animal Experimentation 
(P181-2018).

Adrenocortical response to ACTH and ex vivo muscle force 
measurements
The adrenocortical CORT response to ACTH was 
assessed in an in vitro adrenal explantation assay, as pre-
viously described, with use of adrenal glands harvested 
from mice in animal study 1 [12, 31, 32]. The CORT 
concentration in the incubation medium was measured 
with a commercially available ELISA (DRG) and adrenal 
glands were collected for further analysis. Immediately 
after sacrifice of mice from animal study 1, the hindlimb 
extensor digitorum longus (EDL) muscle was isolated, 
whereafter absolute and specific muscle force was 
measured (300C-LR Dual-Mode muscle lever, Aurora 
Scientific), as previously described [33]. Additional infor-
mation on materials and methods is provided in Addi-
tional file 1.

Blood analyses
At sacrifice, whole blood glucose (animal study 1), Na+ 
and K+ (animal study 2) concentrations were measured 
using the Epoc® Blood Analysis System (Siemens Health-
ineers, The Hague, The Netherlands). After sacrifice of 
mice from animal study 1, plasma ACTH concentrations 
(Brahms Diagnostics), CORT (DRG), TNF-α (R&D Sys-
tems), aldosterone (LSBio), type I collagen (CTX-I) (Rat-
Laps TM, Immunodiagnostic Systems), urea nitrogen 
(Invitrogen) and HDL- and LDL-cholesterol concentra-
tions (Diazyme Laboratories) were measured with com-
mercially available assays.

Gene and protein tissue expression
Total RNA was isolated from gastrocnemius, kidney 
(animal study 1) and adrenal gland (animal study 2) tis-
sue, and reverse-transcribed into complementary DNA. 
Commercial TaqMan® assays (Applied Biosystems) were 
used for all gene expression analyses. Data were normal-
ized to a stable housekeeping gene (Sdha or Rn18s, as 
appropriate) and expressed as fold change of the median 
of the healthy controls. A list of all used gene expression 
assays is provided in Additional file  1:Table  S2. Protein 
content of mTOR (#2983, Cell Signaling; 1:1000) and 
Akt (#9272, Cell Signaling; 1:1000) was quantified by 
western blot analysis in the gastrocnemius muscle. Data 

were corrected for equal loading and presented as fold 
change of the median of the healthy controls. Cathepsin 
L enzymatic activity was measured on gastrocnemius 
muscle homogenates (Millipore, Merck, Calbiochem). 
Additional information on materials and methods is pro-
vided in Additional file 1.

Adrenal and intramuscular cholesterol content
Whole adrenal explants from animal study 1 were frozen 
in Tissue-Tek (Sakura Finetek) and cut at 8 µm thick-
ness with a microtome-cryostat. Adrenal sections were 
stained overnight in 0.5% Oil-Red-O (ORO) (Sigma-
Aldrich) in propylene glycol and counterstained with 
hematoxylin. Adrenocortical cholesterol ester content 
was quantified as the relative amount of redness in the 
adrenal cortex (ImageJ 53t).

After sacrifice of mice from animal study 1, intramus-
cular cholesterol content was quantified in the soleus 
muscle. Therefore, complete soleus muscle was homog-
enized in H2O, whereafter 50% methanol, 1% acetic acid 
and hexane was added for lipid extraction. Afterwards, 
2% Thesit (Sigma-Aldrich) was added and the hexane 
phase was evaporated using GeneVac EZ-2 (Genevac 
Limited). The evaporated lipid fractions were dissolved in 
assay buffer, whereafter total cholesterol was quantified 
using the Amplex™ Red Cholesterol Assay Kit (Thermo 
Fisher Scientific), as per manufacturer’s instructions. 
Additional information on materials and methods is pro-
vided in Additional file 1.

Histology and immunostaining
After sacrifice of mice from animal study 1, laminin 
immunofluorescence staining was performed on 5 
µm-thick paraffin-embedded tibialis anterior muscle tis-
sue sections to quantify myofiber cross-sectional area 
(CSA). Tissue sections were incubated overnight (4  °C) 
with an anti-laminin primary antibody (1:50) (ab11575, 
Abcam). Myofiber segmentation was performed using 
Cellpose and myofiber CSA was quantified using an 
available LabelsToRoi plugin in ImageJ 53t. In addition, 
hematoxylin & eosin and Trichrome-Masson (HT15, 
Sigma-Aldrich) staining was performed on tibialis ante-
rior muscle sections and scored semi-quantitatively for 
the presence of inflammation and fibrosis, respectively, 
by two independent investigators blinded for randomiza-
tion. Any discrepancy was resolved by consensus. Muscle 
regeneration was investigated using a Pax7 immunohis-
tochemistry staining (1:50) (Mab1675, R&D Systems). 
The total number of Pax7 + cells was quantified and cor-
rected for the total muscle surface area.

After sacrifice of mice from animal study 2, 5 µm-thick 
paraffin-embedded adrenal gland tissue sections were 
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stained with hematoxylin & eosin to investigate struc-
tural integrity. To assess the presence of macrophages 
in the adrenal cortex, tissue sections were stained over-
night with an anti-CD68 primary antibody (1:100) 
(#125212, Abcam). Furthermore, the presence of apop-
tosis (Tunel + cells) in the adrenal cortex was evaluated 
using the In  Situ Cell Death Detection Kit, TMR Red 
(Roche), according to the manufacturer’s instructions. 
Tissue sections were counterstained with Hoechst for 
nuclei visualization. Structural integrity and the presence 
of CD68 + cells and Tunel + cells were semi-quantitatively 
scored by two independent investigators, blinded for ran-
domization. Any discrepancy was resolved by consensus. 
All images were taken with a TissueFAXS i PLUS micro-
scope (TissueGnostics, Vienna, Austria). Additional 
information on materials and methods is provided in 
Additional file 1.

Statistical analysis
For the human study, logistic regression propensity score 
matching with use of baseline risk factors as covariates 
(admission diagnosis, APACHE-II score, age, BMI, sep-
sis upon admission, infection upon admission, elective 
surgery, randomized nutritional intervention) was per-
formed with IBM SPSS Statistics software. Differences 
in plasma cholesterol over time between patients treated 
with glucocorticoids and glucocorticoid-free patients 
(presented as mean ± standard error of the mean (SEM)) 
were analyzed with use of repeated-measures analysis 
of variance (MANOVA), after transformation to obtain 

a near-normal distribution. For the mouse studies, data 
are presented as box and whisker plots with median, 
interquartile range (25th–75th percentiles) and 10th and 
90th percentiles. Differences between groups were ana-
lyzed with use of Mann–Whitney U or Fisher exact test, 
as appropriate. No corrections for multiple comparisons 
were done. A P-value ≤ 0.05 was considered statistically 
significant. All statistical analyses were performed with 
JMP Pro 17.0.0 (SAS Institute Inc., Cary, NC, USA).

Results
The association between glucocorticoid treatment 
and plasma cholesterol concentrations in adult critically ill 
patients
In the matched set of 324 human critically ill patients, 
the association between glucocorticoid treatment and 
plasma cholesterol concentrations was documented over 
time (Fig. 1a, b). Baseline characteristics are described in 
Table 1. Additional information on the type and dose of 
glucocorticoids administered can be found in Additional 
file 1: Table S1.

All included patients had an ICU stay of at least five 
days. Overall, mean plasma HDL- and LDL-cholesterol 
was low in both patient groups over the studied time 
period (Fig.  1a, b). Glucocorticoid-treated patients had 
higher plasma HDL- and LDL-cholesterol concentra-
tions than glucocorticoid-free patients from, respec-
tively, day two and day three, up to day five (P < 0.05) 
(Fig. 1a, b). Repeated-measures MANOVA showed a sig-
nificant difference in plasma HDL- and LDL-cholesterol 

Table 1  Baseline characteristics of glucocorticoid-treated versus glucocorticoid-free critically ill patients

a Body mass index (BMI), calculated as the weight in kilograms divided by the square of the height in meters
b Nutritional Risk Screening (NRS), which range from 0 to 7 and with higher scores indicating a higher risk of malnutrition
 c Acute Physiology and Chronic Health Evaluation II (APACHE II) score, which range from 0 to 71, with higher scores indicating a greater severity of illness
d Study randomization did not affect plasma cortisol [34] nor plasma cholesterol concentrations [13]

Glucocorticoid-treated
(N = 162)

Glucocorticoid-free
(N = 162)

P value

Age—median (IQR) 65.3 (55.5–73.3) 65.9 (56.3–74.0) 0.7

Male gender—n (%) 103 (63.6) 110 (67.9) 0.5

Weight (kg)—median (IQR) 73.5 (62.8–85.0) 74 (65.0–85.0) 0.8

BMIa (kg/m2)—median (IQR) 25.1 (22.1–29.2) 24.7 (22.2–28.5) 0.8

NRSb ≥ 5—n (%) 66 (40.7) 67 (41.4) 1.0

Diabetes—n (%) 25 (15.4) 32 (19.8) 0.4

Malignancy—n (%) 48 (29.6) 51 (31.5) 0.8

Pre-admission dialysis—n (%) 5 (3.1) 2 (1.2) 0.4

Sepsis upon admission—n (%) 105 (64.8) 100 (61.7) 0.6

Infection upon admission—n (%) 106 (65.4) 102 (63.0) 0.7

Emergency admission—n (%) 134 (82.7) 128 (79.0) 0.5

APACHE IIc score—median (IQR) 36 (30–41) 35 (27–42) 0.7

Randomizedd to early PN—n (%) 85 (52.5) 83 (51.2) 0.9
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concentrations between the two groups (HDL-cholesterol: 
P = 0.04; LDL-cholesterol: P = 0.004) with a statistically 
significant interaction between glucocorticoid treatment 
and time (HDL-cholesterol: P = 0.0008; LDL-cholesterol: 
P = 0.004). An additional assessment in the patients with 
a diagnosis of sepsis only was also performed. In the 205 
septic patients, glucocorticoid-treated patients had higher 
plasma HDL- and LDL-cholesterol concentrations than 
glucocorticoid-free patients from day four up to day five 
(P < 0.05) (Additional file 1: Figure S3).

The impact of hydrocortisone treatment on survival, 
illness severity and total body weight in prolonged 
sepsis‑induced critically ill mice
On day five after sepsis-induced critical illness, survival 
of hydrocortisone-treated mice (74%, 17/23) was not 
different from placebo (88%, 15/17) (P = 0.3), but was 
lower as compared to healthy controls (100%, n = 18/18) 
(P < 0.05) (Fig.  2a). Cumulative illness severity scores 
tended to be somewhat decreased by hydrocortisone 
treatment (P = 0.07 versus placebo) (Fig.  2b). Blood 

Fig. 2  Impact of hydrocortisone on survival, illness severity and body weight loss during sepsis. a Kaplan–Meier survival curves of healthy control 
mice (n = 18/18), placebo-treated septic mice (n = 15/17) and hydrocortisone-treated septic mice (n = 17/23) for the five-day study period. b 
Cumulative illness severity scores of hydrocortisone- and placebo-treated prolonged septic mice. c Whole blood glucose concentrations. d 
Plasma TNF-α concentrations. e Change in total body weight over five days. Data presented as box and whisker plots with median, IQR and 10th 
and 90th percentiles. Gray area represents IQR of the healthy controls. */**/*** P ≤ 0.05/P ≤ 0.01/P ≤ 0.0001 compared with healthy control mice. IQR, 
interquartile range; n, sample size
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glucose levels were similar in hydrocortisone- and pla-
cebo-treated septic mice (P = 0.4) (Fig.  2c). The sepsis-
induced rise in plasma TNF-α concentrations (P ≤ 0.0001 
versus healthy controls) tended to be somewhat attenu-
ated in hydrocortisone- versus placebo-treated septic 
mice (P = 0.06) (Fig. 2d). Over five days of sepsis, hydro-
cortisone treatment aggravated the loss of total body 
weight as compared with placebo (P = 0.0004) (Fig. 2e).

The impact of hydrocortisone treatment on plasma CORT, 
ACTH, cholesterol and on the adrenal CORT response 
to ACTH in prolonged sepsis‑induced critically ill mice
Hydrocortisone treatment lowered plasma endoge-
nous CORT concentrations as compared with placebo 
(P = 0.02), to levels no longer higher than those in healthy 
mice (Fig.  3a). In addition, as compared with placebo 
septic mice, hydrocortisone treatment further lowered 
plasma ACTH concentrations (P = 0.0004) (Fig.  3b), 

and attenuated the sepsis-induced fall in plasma HDL- 
and LDL-cholesterol concentrations (HDL-cholesterol, 
P = 0.02 versus placebo-treated sepsis; LDL-choles-
terol, P = 0.06 versus placebo-treated sepsis) (Fig.  3c, 
d). Furthermore, hydrocortisone treatment increased 
adrenocortical cholesterol ester content as compared 
with placebo septic mice (P = 0.02) (Fig.  3e). In adrenal 
explants, CORT concentrations after ACTH stimulation 
(100 nM) were comparable for hydrocortisone- and pla-
cebo-treated septic mice (P = 0.4) (Fig. 3f ).

The impact of hydrocortisone treatment on adrenocortical 
structure, inflammation, apoptosis and on markers 
of adrenal regeneration in prolonged sepsis‑induced 
critically ill mice
Hydrocortisone treatment partially prevented the sepsis-
induced loss of normal architecture of the zona fasciculata, 
zona glomerulosa and reticularis that was present with 

Fig. 3  Impact of hydrocortisone on plasma CORT, ACTH, cholesterol and the adrenal ACTH response during sepsis. a Plasma CORT concentrations. 
b Plasma ACTH concentrations. c Plasma HDL-cholesterol concentrations. d Plasma LDL-cholesterol concentrations. e Adrenal cholesterol ester 
content, represented as the relative amount of redness in the adrenal cortex. The right panel shows representative images for each group. f CORT 
increase measured in the incubation medium of explanted adrenal glands after overnight stimulation with either basal medium (no additive) 
or ACTH (100 nM). Data presented as box and whisker plots with median, IQR and 10th and 90th percentiles. Gray area represents IQR of the healthy 
controls. */**/*** P ≤ 0.05/P ≤ 0.01/P ≤ 0.0001 compared with healthy control mice. CORT, corticosterone; ACTH, adrenocorticotropic hormone; HDL, 
high-density lipoprotein; LDL, low-density lipoprotein; IQR, interquartile range; n, sample size
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placebo treatment (P = 0.01) (Fig. 4a). Furthermore, as com-
pared with placebo, hydrocortisone treatment increased 
gene expression of Gli1, a marker of adrenal regenera-
tion (P = 0.007), whereas expression levels of Yap and Taz, 
markers of stem cell maintenance, cell growth and differ-
entiation, were unaffected (P > 0.05) (Fig. 4b). Immunohis-
tochemical staining with CD68, a macrophage marker of 
inflammation, revealed a trend for more CD68 + cells in 
the adrenal cortex of hydrocortisone-treated septic mice 
as compared with placebo (P = 0.08) (Fig. 4c). In addition, 
hydrocortisone treatment increased the adrenocortical 

presence of Tunel + cells, revealing more apoptosis com-
pared with placebo (P = 0.04) (Fig. 4d).

The impact of hydrocortisone treatment on markers 
of muscle force and wasting in prolonged sepsis‑induced 
critically ill mice
Hydrocortisone- and placebo-treated septic mice suf-
fered from a similar reduction (P ≥ 0.1) in EDL absolute 
and specific muscle force as compared with healthy con-
trols (P ≤ 0.05) (Fig.  5a, b). The sepsis-induced loss of 
tibialis anterior muscle weight (P ≤ 0.0001 versus healthy 

Fig. 4  Impact of hydrocortisone on adrenal structure, regeneration, macrophage infiltration and apoptosis during sepsis. a Semi-quantitative 
scoring of adrenocortical structure, indicated as either “normal”, “moderately distorted” or “severely distorted”. Panels below show representative 
images for each condition. b Relative mRNA expression of adrenal regeneration markers (Gli1, Yap, Taz), normalized to Sdha housekeeping gene 
and expressed as fold change of the median of the healthy controls. c Semi-quantitative scoring of CD68 + cells in the adrenal cortex, indicated 
as either “not present”, “moderately present” or “highly present”. Panels below show representative images for each condition. d Semi-quantitative 
scoring of Tunel + cells in the adrenal cortex, indicated as either “not present”, “moderately present” or “highly present”. Panels below show 
representative images for each condition. All data were obtained from animal study 2 (n = 24). Gene expression data is presented as box 
and whisker plots with median, IQR and 10th and 90th percentiles. Gray area represents IQR of the healthy controls. */** P ≤ 0.05/P ≤ 0.01 compared 
with healthy control mice. A.u. arbitrary unit; n, sample size
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Fig. 5  Impact of hydrocortisone on markers of muscle force and wasting during sepsis. a EDL absolute tetanic muscle force. b EDL specific muscle 
force. c Tibialis anterior muscle weight. d Myofiber cholesterol content per mg protein in soleus muscle. e Tibialis anterior muscle myofiber CSA. f 
Plasma urea concentrations. g Plasma CTX-I concentrations. h Muscle cathepsin L enzymatic activity per gram tissue. i Relative mRNA expression 
of atrogenes (Trim63, Fbxo32, Foxo3, Ubb) in the skeletal muscle. j Relative mRNA expression of GR-target genes (Fkbp5, Klf15, Ddit4, Pik3r1) 
in the skeletal muscle. Gene expression data are normalized to Sdha housekeeping gene and expressed as fold change of the median of the healthy 
controls. Data are presented as box and whisker plots with median, IQR and 10th and 90th percentiles. Gray area represents IQR of the healthy 
controls. */**/*** P ≤ 0.05/P ≤ 0.01/P ≤ 0.0001 compared with healthy control animals. EDL, extensor digitorum longus; GR, glucocorticoid receptor; 
CSA, cross-sectional area; IQR, interquartile range; a.u., arbitrary unit; n, sample size
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controls) tended to be more pronounced with hydrocor-
tisone than with placebo treatment (P = 0.08) (Fig.  5c), 
whereas intramuscular cholesterol content in the soleus 
muscle was unaffected (P > 0.05) (Fig. 5d).

To further assess muscle wasting, muscle fiber size 
and markers of protein breakdown were investigated. As 
compared with placebo, hydrocortisone treatment did 
not affect the sepsis-induced reduction of tibialis anterior 
myofiber CSA (P ≤ 0.01 versus healthy controls) (Fig. 5e). 
Also, plasma urea, a marker of protein degradation, was 
not affected by hydrocortisone treatment (P = 0.3 versus 
placebo) (Fig. 5f ). Hydrocortisone did also not affect deg-
radation products of type I collagen (CTX-I), a marker 
of bone turnover in plasma (P > 0.05 versus placebo) 
(Fig.  5g). The sepsis-induced rise in muscle cathepsin 
L enzymatic activity, a lysosomal endoproteinase, was 
attenuated by hydrocortisone treatment (P = 0.009 versus 
placebo) (Fig. 5h), while the sepsis-induced rise in mark-
ers of muscle atrophy (Trim63, Fbxo32, Foxo3, Ubb) was 
unaffected by hydrocortisone treatment (P > 0.05 versus 
placebo) (Fig. 5i).

We next investigated gene expression of glucocorticoid 
receptor (GR) target genes in the gastrocnemius muscle, 
that can counterregulate GR activity (Fkbp5) or can con-
tribute to muscle wasting (Klf15, Ddit4, Pik3r1). Hydro-
cortisone treatment further increased the sepsis-induced 
rise in Fkbp5 expression (P = 0.005 versus placebo) 
(Fig.  5j), whereas hydrocortisone did not alter the sep-
sis-induced rise in Klf15 and Ddit4 expression and only 
moderately further increased Pik3r1 expression (P = 0.04 
versus placebo) (Fig. 5j).

The impact of hydrocortisone treatment on muscle 
inflammation, fibrosis and on markers of protein synthesis 
and regeneration in prolonged sepsis‑induced critically ill 
mice
Hydrocortisone treatment did not alter muscle gene 
expression of the pro-inflammatory marker Tnf-α (P = 0.3 
versus placebo) (Fig. 6a) and did not affect muscle fibro-
sis, indicated by a lack of impact on the sepsis-induced 

increased expression of fibrogenes (Ctgf, Tgf-β1, Mmp9) 
(P ≤ 0.01 versus healthy controls) (Fig. 6a). The presence 
of inflammation and fibrosis in muscle was further inves-
tigated in tibialis anterior muscle tissue sections using 
hematoxylin & eosin staining and Trichrome-Masson 
staining, respectively. A comparable increase in inflam-
mation and fibrosis (P ≤ 0.05 versus healthy controls) was 
observed with hydrocortisone and placebo treatment 
(Fig. 6b).

Muscle mass is determined by protein breakdown and 
protein synthesis. To evaluate protein synthesis, gene 
expression of the contractile proteins actin and myosin 
was quantified. Gene expression of Acta1 was decreased 
in hydrocortisone-treated septic mice (P ≤ 0.01 versus 
healthy controls), whereas mRNA expression of Myh1 
and Myh2 was unaffected by sepsis (P > 0.05) (Fig.  6c). 
Sepsis did not alter protein expression of mTOR whereas 
it increased protein expression of Akt (P ≤ 0.01 versus 
healthy controls), both unaffected by hydrocortisone 
treatment (Fig.  6d, e, f ). In contrast, as compared with 
placebo, hydrocortisone treatment reduced gene expres-
sion of Myf5, Mylip and Myog, markers of muscle regen-
eration (P < 0.05) (Fig. 6g). Gene expression of Myod1 was 
unaffected, whereas expression of Pax7 was decreased 
during sepsis (P ≤ 0.01 versus healthy controls), both 
unaffected by hydrocortisone treatment. In contrast, 
as compared with placebo, hydrocortisone treatment 
increased gene expression of Mstn, a negative regulator 
of muscle growth (P = 0.0003) (Fig. 6g). Muscle regenera-
tion was further investigated in tibialis anterior muscle 
tissue sections using a Pax7 immunohistochemical stain-
ing, but no differences were found between the treatment 
groups (P > 0.05 versus healthy controls) (Fig. 6h).

The impact of hydrocortisone treatment on whole body 
composition, blood electrolytes, aldosterone and renal 
urea and water transporters in prolonged sepsis‑induced 
critically ill mice
As indicated by the whole body MRI, hydrocortisone and 
placebo treatment resulted in a comparable loss of fat 

Fig. 6  Impact of hydrocortisone on muscle inflammation, fibrosis, protein synthesis and regeneration during sepsis. a Relative mRNA expression 
of markers of inflammation and fibrosis (Tnf-α, Ctgf, Tgf-β1, Mmp9) in the skeletal muscle. b Semi-quantitative scoring of inflammation and fibrosis 
in the tibialis anterior muscle, indicated as either “not present”, “moderately present” or “highly present”. Panels show representative images for each 
condition. Arrows indicate presence of inflammation. Blue staining indicates presence of fibrosis. c Relative mRNA expression of markers of protein 
synthesis (Acta1, Myh1, Myh2) in the skeletal muscle. d Relative protein expression of mTOR in the skeletal muscle. e Relative protein expression 
of Akt in the skeletal muscle. f Representative images of western blot analysis of muscle mTOR (~ 289 kDa) and Akt (~ 57 kDa) protein content. g 
Relative mRNA expression of regeneration markers (Myf5, Mylip, Myog, Myod1, Pax7, Mstn) in the skeletal muscle. h Number of Pax7 + cells per total 
muscle area. Panels show representative images for each group. Arrows indicate Pax7 + cells. Gene expression data are normalized to Sdha 
housekeeping gene. Gene and protein expression data are expressed as fold change of the healthy controls. Data are presented as box and whisker 
plots with median, IQR and 10th and 90th percentiles. Gray area represents IQR of the healthy controls */**/*** P ≤ 0.05/P ≤ 0.01/P ≤ 0.0001 
compared with healthy control animals. IQR, interquartile range; kDa, kilodalton; a.u. arbitrary unit; n, sample size

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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mass (P = 0.6) (Fig. 7a). In contrast, as compared with pla-
cebo, hydrocortisone treatment further increased the loss 
of lean body mass and reduced total and free water con-
tent (P < 0.05) (Fig.  7a). Hydrocortisone treatment also 
further increased blood Na+ concentrations (P = 0.01) 
and decreased blood K+ concentrations (P = 0.01) com-
pared to placebo (Fig. 7b, c). In addition, a trend for a fur-
ther increase in plasma aldosterone concentrations was 
observed with hydrocortisone treatment (P = 0.07 versus 
placebo) (Fig.  7d). Furthermore, hydrocortisone treat-
ment also lowered the gene expression of the urea trans-
porter Slc14a2 in kidney (P = 0.002 versus placebo), and 
increased mRNA expression of Aqp1 (P = 0.05) (Fig. 7e), 
without an effect on Aqp2, Aqp3 and Aqp4 expression 
(P > 0.05) (data not shown).

Discussion
We demonstrated that, in the face of the known critical 
illness-induced hypocholesterolemia, prolonged treat-
ment with glucocorticoids was associated with increased 
plasma cholesterol levels in adult critically ill patients, 
but remained below normal reference ranges. Causal-
ity of this association is suggested by its confirmation 
in the mouse model of prolonged sepsis-induced criti-
cal illness. Hydrocortisone treatment attenuated critical 
illness-induced hypocholesterolemia in prolonged sep-
sis-induced critically ill mice, without improving adre-
nal and muscle function and at a cost of exacerbated loss 
of total body mass. Five days treatment of septic mice 
with hydrocortisone resulted in increased adrenocorti-
cal cholesterol ester content, but did not improve the 

Fig. 7  Impact of hydrocortisone on body composition, blood electrolytes, aldosterone and renal transporters during sepsis. a Change in fat 
mass, lean body mass and total and free water, based on EchoMRI measurements. b Whole blood Na+ concentrations. c Whole blood K+ 
concentrations. d Plasma aldosterone concentrations. e Relative mRNA expression of respectively the Slc14a2 and Aqp1 urea and water transporter 
in the kidney, normalized to Rn18s housekeeping gene and expressed as fold change of the median of the healthy controls. Data are presented 
as box and whisker plots with median, IQR and 10th and 90th percentiles. Gray area represents IQR of the healthy controls. Data from whole body 
composition and whole blood electrolyte concentrations were obtained from animal study 2 (n = 24). */**/*** P ≤ 0.05/P ≤ 0.01/P ≤ 0.0001 compared 
with healthy control animals. MRI, Magnetic Resonance Imaging; IQR, interquartile range; a.u. arbitrary unit; n, sample size; ∆, delta (day 5–day 0)
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blunted ACTH-induced CORT response and exerted a 
pro-inflammatory and pro-apoptotic effect in the adre-
nal cortex of prolonged septic mice. The sepsis-induced 
loss of muscle mass, muscle force and myofiber size was 
not further affected by hydrocortisone treatment and no 
additional effect on expression of atrogenes or markers of 
muscle inflammation and fibrosis was observed. Whether 
any potential beneficial effect of an increased cholesterol 
availability on muscle function was blunted because of 
glucocorticoid-induced wasting and suppressed muscle 
regeneration mechanisms remains unclear.

The immediate and sustained decrease in circulat-
ing cholesterol levels during the course of critical ill-
ness is suggested to be linked to endotoxin scavenging 
mechanisms, or to an increased production of cortisol 
in the adrenal cortex, however, the exact pathophysi-
ology remains unclear [7, 8, 35–37]. We observed that 
hydrocortisone treatment reduced endogenous plasma 
CORT levels in prolonged septic mice and reversed the 
sepsis-induced reduction in adrenocortical cholesterol 
ester content, thereby partially increasing circulating 
cholesterol levels. Although glucocorticoids are fre-
quently used in patients with acute respiratory distress 
syndrome (ARDS), to reduce pulmonary inflammation 
or as an adjunctive vasopressor therapy for patients 
with septic shock [38, 39], the mortality benefit of 
glucocorticoids across randomized controlled trials 
is inconsistent [20, 40–45]. In the current mice study 
of sepsis-induced critical illness, no survival benefit 
from glucocorticoid treatment was observed. In addi-
tion, a pro-inflammatory and pro-apoptotic effect of 
glucocorticoid treatment within the adrenal cortex was 
observed [46, 47].

In septic mice, five-day continuous infusion with 
hydrocortisone lowered plasma ACTH levels, likely 
through increased hypothalamic and pituitary negative 
feedback inhibition, as previously documented in a simi-
lar experimental setup of seven-day continuous hydro-
cortisone infusion [12]. It is suggested that ligands other 
than ACTH might contribute to adrenocortical steroido-
genesis, at least partially offering an explanation for the 
normal range of plasma endogenous CORT concentra-
tions after hydrocortisone treatment [12, 26]. Although 
hydrocortisone treatment reversed the sepsis-induced 
reduction in adrenocortical cholesterol ester content in 
prolonged septic mice, ex vivo overnight stimulation with 
ACTH did not result in increased CORT concentrations 
in the incubation medium of explanted adrenal glands. 
Such failure could be due to impaired ACTH signaling 
and subsequent impaired adrenocortical steroidogenesis 
or to suppressed adrenal regeneration mechanisms [36].

Recent findings in both critically ill patients and sep-
tic mice suggest that an altered cholesterol homeostasis 

could be involved in the development of ICUAW [13]. 
We here demonstrated that continuous treatment with 
hydrocortisone in prolonged septic mice partially attenu-
ated the sepsis-induced reduction in circulating choles-
terol levels without improving muscle force. We cannot 
exclude that the effect on circulating cholesterol levels 
was too small to induce a protective effect inside the 
myofibers. Furthermore, hydrocortisone treatment did 
not affect myofiber cholesterol content. Moreover, mus-
cle mass, myofiber size and gene expression markers of 
muscle atrophy and fibrosis were similarly negatively 
affected in hydrocortisone- and placebo-treated pro-
longed septic mice. This suggests an already maximally 
activated GR in sepsis which could explain the lack of 
difference in muscle wasting between hydrocortisone- 
and placebo-treated prolonged septic mice. Indeed, gene 
expression of Fkbp5, a GR-regulated co-chaperone cou-
terregulating GR activity, was substantially increased in 
prolonged septic mice receiving hydrocortisone treat-
ment. Importantly, main gene expression markers of 
muscle regeneration were suppressed in prolonged septic 
mice receiving hydrocortisone treatment, whereas Mstn, 
a negative regulator of muscle growth, was increased in 
hydrocortisone-treated prolonged septic mice. This sup-
pression of regeneration might suggest potential compli-
cations in recovery from ICUAW, but this could not be 
studied with the current experimental design. However, 
use of corticosteroids during ICU stay was found to be 
associated with a worse long-term post-ICU outcome 
[48].

In addition to the exacerbated loss of total body weight 
in prolonged septic mice receiving hydrocortisone, the 
whole body MRI measurements demonstrated increased 
loss of lean body mass and body water content with 
hydrocortisone treatment, and this in the presence of 
hyperaldosteronemia and hypokalemia. Also, decreased 
renal expression of Slc14a2, encoding the UT-A urea 
transporter, was observed with hydrocortisone treat-
ment. High doses of glucocorticoids can cause increased 
electrolyte-free water loss, however, the exact mecha-
nisms are unclear and need to be further clarified, but are 
beyond the scope of this paper [49–51]. Of note, on top 
of the further increase in plasma aldosterone, high doses 
of glucocorticoids also have direct mineralocorticoid 
activity which explains the severe hypokalemia. Persis-
tent hypokalemia can cause arginine vasopressin (AVP) 
resistance, resulting in nephrogenic diabetes insipidus, at 
least partially explaining the observed loss in body water 
content [12, 52, 53].

This study has some limitations. First, we performed 
a secondary analysis in a matched set of glucocorticoid-
treated and glucocorticoid-free critically ill patients to 
assess the association between glucocorticoid treatment 



Page 14 of 16De Bruyn et al. Critical Care          (2024) 28:295 

and plasma cholesterol concentrations, however we 
did not correct for the indication of glucocorticoid 
treatment as a potential confounding factor. Second, 
although our validated mouse model of prolonged sep-
sis-induced critical illness mimics several aspects of the 
human clinical setting, translation to the human setting 
has to be done with caution. Our septic mice were not 
mechanically ventilated and were not fully immobilized. 
However, septic mice received intravenous fluid resus-
citation, parenteral nutrition, broad-spectrum antibi-
otics and analgesics, mimicking the clinical setting as 
much as possible. Also, septic mice typically have higher 
plasma HDL-cholesterol concentrations and lower 
plasma LDL-cholesterol concentrations in compari-
son to humans [54]. Therefore, extrapolations for these 
lipoproteins between species must be done carefully. 
Furthermore, healthy control mice did not undergo any 
intervention in order to serve as a true reference group 
for the ‘healthy state’. The study drugs (hydrocortisone 
or placebo) were given only in septic mice and not in the 
healthy controls. As such, the comparison of hydrocor-
tisone or placebo with untreated healthy controls has to 
be interpret within the context of sepsis. Therefore, we 
cannot exclude that the observed effect of glucocor-
ticoids on plasma cholesterol concentrations is partly 
confounded by other indirect factors on the course of 
sepsis.

Conclusion
In critically ill patients, glucocorticoid treatment was 
associated with higher circulating cholesterol concen-
trations. In septic mice, treatment with stress doses 
of hydrocortisone for five days partially attenuated 
critical illness-induced hypocholesterolemia, without 
improving adrenal or muscle function and at a cost of 
exacerbated loss of lean body mass, suppressed muscle 
regeneration mechanisms and increased adrenocorti-
cal inflammation and apoptosis. Whether these harmful 
effects counteracted any potential beneficial effect of an 
increased cholesterol availability on adrenal and muscle 
function remains unclear. Future studies should con-
sider the use of direct cholesterol substitution therapy 
to improve altered cholesterol availability during critical 
illness.
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