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Abstract

Background: Sepsis is typically hallmarked by high plasma (free) cortisol and suppressed cortisol breakdown, while
plasma adrenocorticotropic hormone (ACTH) is not increased, referred to as‘ACTH-cortisol dissociation! We hypoth-
esized that sepsis acutely activates the hypothalamus to generate, via corticotropin-releasing hormone (CRH) and
vasopressin (AVP), ACTH-induced hypercortisolemia. Thereafter, via increased availability of free cortisol, of which
breakdown is reduced, feedback inhibition at the pituitary level interferes with normal processing of pro-opiomelano-
cortin (POMC) into ACTH, explaining the ACTH-cortisol dissociation. We further hypothesized that, in this constella-
tion, POMC leaches into the circulation and can contribute to adrenocortical steroidogenesis.

Methods: In two human studies of acute (ICU admission to day 7, N="71) and prolonged (from ICU day 7 until recov-
ery; N=65) sepsis-induced critical illness, POMC plasma concentrations were quantified in relation to plasma ACTH
and cortisol. In a mouse study of acute (1 day), subacute (3 and 5 days) and prolonged (7 days) fluid-resuscitated,
antibiotic-treated sepsis (N=123), we further documented alterations in hypothalamic CRH and AVP, plasma and
pituitary POMC and its glucocorticoid-receptor-regulated processing into ACTH, as well as adrenal cortex integrity
and steroidogenesis markers.

Results: The two human studies revealed several-fold elevated plasma concentrations of the ACTH precursor POMC
from the acute to the prolonged phase of sepsis and upon recovery (all p <0.0001), coinciding with the known ACTH-
cortisol dissociation. Elevated plasma POMC and ACTH-corticosterone dissociation were confirmed in the mouse
model. In mice, sepsis acutely increased hypothalamic mRNA of CRH (p=0.04) and AVP (p=0.03) which subsequently
normalized. From 3 days onward, pituitary expression of CRH receptor and AVP receptor was increased. From acute
throughout prolonged sepsis, pituitary POMC mRNA was always elevated (all p <0.05). In contrast, markers of POMC
processing into ACTH and of ACTH secretion, negatively regulated by glucocorticoid receptor ligand binding, were
suppressed at all time points (all p < 0.05). Distorted adrenocortical structure (p <0.05) and lipid depletion (p <0.05)
were present, while most markers of adrenocortical steroidogenic activity were increased at all time points (all
p<0.05).

Conclusion: Together, these findings suggest that increased circulating POMC, through CRH/AVP-driven POMC
expression and impaired processing into ACTH, could represent a new piece in the puzzling ACTH-cortisol
dissociation.
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Introduction

Patients suffering from critical illnesses, which can be
evoked by sepsis, major trauma, extensive burn injuries
or surgery, typically present with high plasma concen-
trations of total and even more so of free cortisol [1, 2].
The increased systemic cortisol availability during criti-
cal illness is crucial for survival as it plays a key role in
providing essential energy substrates and in regulating
the immune and hemodynamic responses necessary for
restoring homeostasis [3-5]. Both very high and very
low levels of systemic cortisol have been associated with
poor outcome, underlining the importance of a thorough
understanding of this response [2].

Hypercortisolism of critical illness has long been
assumed to be exclusively brought about by a centrally
activated hypothalamic—pituitary—adrenocortical (HPA)
axis. This centrally activated HPA axis implies acti-
vated hypothalamic corticotropin-releasing hormone
(CRH) and vasopressin (AVP) expression, in turn driv-
ing pituitary production of the 31-kDa large precursor
poly-peptide hormone, pro-opiomelanocortin (POMC).
Newly synthesized POMC proteins are predominantly
sorted in dense secretory core granules within the corti-
cotropic cells and are subsequently cleaved into adreno-
corticotropic hormone (ACTH) by proprotein convertase
1 (PC1/3) [6-8]. Subsequently, ACTH is released in the
systemic circulation and rapidly activates the adrenal
cortex to synthesize and release cortisol [7]. However,
the hypercortisolism of critical illness is not accompanied
by elevated plasma ACTH. This has been referred to as
‘ACTH-cortisol dissociation’ [1, 9].

Over the last decade, it has been shown that the rise
in systemic cortisol availability during critical illness is to
a large extent explained by suppression of the cortisol-
binding proteins, increasing the free fraction of cortisol
in the circulation, and by suppression of cortisol break-
down in liver and kidney [1, 10]. Whether the low plasma
ACTH is the consequence of glucocorticoid-receptor
(GR)-mediated feed-back inhibition exerted by high cir-
culating cortisol driven through these peripheral mecha-
nisms remains debated [2, 9]. In addition, the site of such
feed-back inhibition (hypothalamus, pituitary or both), if
present, and the affected pathways remain incompletely
understood.

In the subacute and chronic phases of illness, incre-
mental ACTH responses to a bolus injection of CRH
were shown to be suppressed [11]. Upon recovery, one
week after intensive care discharge, rebound rises in
plasma ACTH and cortisol to supra-normal levels have

been reported [10]. These data suggest the possibility of a
centrally suppressed adrenocortical function when criti-
cal illness lingers. However, the finding that ACTH is not
fully suppressed while circulating free cortisol is substan-
tially elevated, suggests an ongoing central stimulation
[2, 9]. Indeed, while ACTH was low, cortisol produc-
tion rates documented via tracer technology were found
to be doubled as compared with healthy subjects [1].
Hence, adrenocortical stimulation not exerted by ACTH
may contribute to steroidogenesis in these patients,
while elevated free cortisol could exert central feed-back
inhibition.

We hypothesized that sepsis-induced critical illness,
further referred to as ‘sepsis, indeed immediately and
continuously activates the hypothalamus to generate, via
CRH and AVP, ACTH-induced hypercortisolism, but as
soon as free cortisol is elevated, feedback inhibition at
the pituitary level interferes with normal processing of
POMC into ACTH, explaining the typical ACTH-cor-
tisol dissociation. In this constellation, unprocessed
POMC could leach from the pituitary into the systemic
circulation, which could in theory stimulate the adrenal
cortex [12, 13]. To test this hypothesis, we first docu-
mented plasma concentrations of POMC in relation to
ACTH and cortisol in acute and prolonged human criti-
cal illness evoked by sepsis. Subsequently, we performed
a study in septic mice to document the hypothesized
alterations within the hypothalamus, the pituitary and
the adrenal cortex in relation to duration of illness.

Part of these results has been previously reported in
the form of an abstract [14].

Methods

Human studies of critically ill patients with sepsis

Two human studies were performed to document the
plasma POMC concentration time course during sepsis-
induced critical illness and in the recovery phase, in rela-
tion to ACTH and cortisol. Human study 1 focused on
ICU patients during the first week in ICU. We selected,
from a previous study [15], all available patients who suf-
fered from sepsis at study inclusion (#=51), according
to the 1992 Sepsis-2 criteria [16], and who did not meet
exclusion criteria and 20 demographically matched over-
night-fasted healthy controls. Exclusions criteria were
pre-admission risks for HPA axis dysfunction, which
comprised chronic treatment with glucocorticoids, or
anti-steroid chemotherapy within the last 3 months,
steroid treatment in the hours preceding ICU admission
(e.g., during surgery or in the emergency room) or other
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drugs predisposing to adrenal insufficiency (phenytoin,
rifampicin, glitazones, imipramine, phenothiazine, phe-
nobarbital). In this study, plasma samples were collected
daily throughout the first week in ICU. Human study 2
focused on the prolonged phase of critical illness, beyond
1 week in the ICU until recovery on a regular ward [10].
From this study, all available patients who suffered from
sepsis at inclusion (n=45) with an ICU stay of at least
4 weeks and 20 demographically matched healthy con-
trols were included, with similar exclusion criteria as for
human study 1. In this study, plasma samples were col-
lected weekly, beyond the first week in ICU until ICU
day 49 and 1 week after ICU discharge. Baseline charac-
teristics are described in Table 1. Written informed con-
sent was obtained from all patients and their next of kin
and from all healthy volunteers. The study protocols and
consent forms were approved by the Institutional Ethi-
cal Review Board (ML4190 and ML11107). Total plasma
cortisol concentrations were quantified with the use of a
radioimmunoassay (Immunotech), plasma ACTH con-
centrations with the use of an immunoradiometric assay
(Brahms Diagnostics) and plasma POMC concentrations
with the use of an enzyme-linked immunosorbent assay
(MyBioSource Inc.), with details provided in Additional
file 1.

Mouse model of sepsis

To study the impact of sepsis on hormonal alterations
and possibly involved pathways in the liver, the hypothal-
amus and the pituitary and the relationship hereof with
abnormalities in the adrenal cortex, male, 24-week-old
C57BL/6] mice (Janvier SAS) were randomly allocated
to a ‘sepsis’ or a ‘healthy control’ group. To assess the
impact of duration of sepsis, both the ‘sepsis’ and ‘healthy
control’ groups were subdivided into four time-cohort
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groups with increasing duration of illness (1 day, 3 days,
5 days or 7 days). Animals randomized to the ‘healthy
control group’ did not undergo any procedure and were
transferred to individual cages and received ad libi-
tum standard chow (ssniff R/M-H, ssniff Spezialdiéiten
GmbH) and tap water throughout the study period. Ani-
mals randomized to ‘sepsis’ were anesthetized, and the
left internal jugular vein was cannulated with a catheter,
followed by a median laparotomy and cecal ligation and
puncture to induce sepsis. During the first 24 h after the
procedure, mice were resuscitated with a 4:1 crystalloid/
colloid mixture (Plasmalyte, Baxter). Hereafter, septic
mice allocated to the 3-day, 5-day or 7-day sepsis groups
received intravenous parenteral nutrition (Oliclinomel
N7E, Baxter). Septic mice further received twice daily a
subcutaneous injection with broad-spectrum antibiot-
ics (imipenem/cilastatin (Aurobindo Pharma)) and opi-
oid analgesics (buprenorphine (Vetergesic)). All animal
cages were kept in an animal cabinet under controlled
temperature (27 °C) and 12-h light and dark cycles. At
the end of the study period, mice received intraperitoneal
ketamine/xylazine and were killed with terminal cardiac
puncture to collect whole blood samples and tissue sam-
ples were collected, snap-frozen and stored at — 80 °C for
later analysis. The study was continued until at least 15
surviving animals per study group and per time cohort
were reached. This sample size was based on an esti-
mated effect size of 50% increase in plasma corticoster-
one (CORT), a 15% reduction in CRH expression and a
50% reduction in adrenal lipid content, to be detected
with an a-error <0.05 and > 80% power. The total number
of animals per group at the end of the study is as follows:
Healthy 1 day: n=15, Healthy 3 days: n=15, Healthy 5
days: n=15, Healthy 7 days: =16, Sepsis 1 day: n=15,
Sepsis 3 days: n=16, Sepsis 5 days: n =16, Sepsis 7 days:

Table 1 Baseline characteristics and demographics of human study 1 and human study 2

Human study 1 Pvalue Human study 2 Pvalue
Patients n=51 Controls n=20 Patients n=47 Controls n=20
Gender—male, n (%) 33 (68%) 11 (55%) 45 37 (79%) 14 (70%) 44
Age—y, mean (SD) 60.0+£5.1 585+15.8 55 633+13.7 64.1+£109 .80
BM\a—kg/mz, mean (SD) 26.1+46 243430 .06 275458 266430 40
Diabetes mellitus, n (%) 8 (16%) 8(17%)
Malignancy, n (%) 14 (27%) 9 (19%)
APACHE Il scoreb, mean (SD) 303482 320+74
Urgent admission, n (%) 44 (86%) 41 (87%)
SepsisS, n (%) 51 (100%) 47 (100%)
Septic shock®, n (%) 13 (25%) 38 (81%)

2 Body mass index (BMI) is calculated as the weight in kilograms divided by the square of the height in meters

b Acute Physiology and Chronic Health Evaluation Il (APACHE I1) score reflects severity of iliness, with higher values indicating more severe illness, and can range from

0to7[33]

¢ Sepsis and septic shock were defined as in Ref. [16]
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n=15. All animals were treated according to the Princi-
ples of Laboratory Animal Care (US National Society of
Medical Research) and to the European Union Directive
2010/63/EU concerning the welfare of laboratory ani-
mals. The study was approved by the Institutional Ethical
Committee for Animal Experimentation (P134-2013) and
complied with the essential 10 ARRIVE guidelines [17].
Additional information on the animal model is provided
in Additional file 1.

Plasma analyses of HPA hormones and binding proteins
Plasma concentrations of CORT, ACTH and POMC were
quantified using commercially available enzyme-linked
immunosorbent assays kits (DRG). Plasma cortisol-
binding globulin (CBG) was quantified by western blot
(Abcam). Plasma albumin was measured with a colori-
metric assay (Thermo Scientific). As free CORT measure-
ments were not feasible, levels of free plasma CORT were
estimated based on plasma total cortisol, CBG and albu-
min concentrations with the following calculation [rela-
tive plasma total corticosterone—0.85*relative plasma
CBG*relative plasma total corticosterone)—(0.10*relative
plasma albumin*relative plasma total corticosterone)].
Data are presented as fold difference as compared with
the median of the day-1 healthy control mice (arbitrary
unit, AU). Additional information on the used assays is
provided in Additional file 1.

Hypothalamic CRH and AVP expression with in situ
hybridization

We performed chromogenic RNAscope in situ hybridi-
zation (Advanced Cell Diagnostics) to quantify gene
expression of CRH and AVP in the paraventricular
nucleus (PVN) of the hypothalamus. RNAscope 2.5 HD
Duplex Assay was performed as per the manufacturer’s
instructions [18] on slides containing a brain section
through the PVN. Images were captured at 40 x magni-
fication using a Leica DM3000 bright-field microscope.
Intensities of CRH and of AVP were scored semiquan-
titatively. A four-level score system was defined as: ‘0’
for absent to low staining, ‘1’ low to moderate staining,
‘2’ high staining and ‘3’ very high staining to saturation
of the region of interest. Additional assay details are pro-
vided in Additional file 1.

RNA isolation and reverse transcription polymerase chain
reaction analysis

In the pituitary, we quantified gene expression of (1)
the ACTH precursor POMC, (2) the main process-
ing enzymes cleaving POMC into smaller fragments:
proprotein convertase 1 (PC1/3) and proprotein con-
vertase 2 (PC2), (3) the transcriptional regulators
hereof, which are themselves regulated at the mRNA
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levels by CRH, AVP and/or a GR ligand (CRH receptor
(CRH-R), AVP receptor (AVP-R), GR, Nur77 and Tpit),
(4) a GR-ligand-binding-stimulated inhibitor of CRH-
driven secretion of mature ACTH, Annexin Al, and
(5) pro-inflammatory cytokines (tumor necrosis factor
alpha (TNF-a) and leukemia inhibitory factor (LIF)).
In the liver, we quantified gene expression of the main
hepatic CORT-metabolizing enzymes 5a-reductase and
5B-reductase. In the adrenal gland, we quantified gene
expression of (1) key regulators of adrenal steroido-
genesis (melanocortin receptor 2 (MC2-R) and MC2-R
accessory protein (MRAP)), (2) key markers of adre-
nal steroidogenesis (high-density lipoprotein receptor
(HDL-R), low-density lipoprotein receptor (LDL-R),
3-hydroxy-3-methylglutaryl coenzyme A reductase
(HMG-CoA reductase), steroidogenic acute regula-
tory protein (StAR), cholesterol side-chain cleavage
(P450scc), steroid 11PB-hydroxylase) and (3) markers
of inflammation (TNF-a). In brief, RNA was isolated
from pituitary, liver and adrenal tissue and reverse-
transcribed into complementary DNA (cDNA). Next,
c¢DNA was quantified in real time with the use of com-
mercial TagMan and SYBR Green assays. Data of gene
expression are normalized to Rn18s expression, a stable
housekeeping gene, and are presented as fold difference
as compared with the median of the respective healthy
controls. Additional information on the assays is pro-
vided in Additional file 1.

Protein isolation and immunoblotting

We quantified pituitary protein content of the hormones
POMC and ACTH and of the enzyme PC1/3. In brief,
proteins were isolated from a whole pituitary homogen-
ate, separated on an SDS—PAGE gel and electroblotted as
described in Additional file 1. Data of protein content are
presented as fold difference as compared with the median
of the healthy controls.

Structural integrity and quantification of cholesterol ester
content of the adrenal cortex

Structural integrity of the adrenal cortex was evalu-
ated on hematoxylin-and-eosin-stained tissue sections
of the adrenal gland and scored semiquantitatively. A
2’ score was given when the three adrenocortical zones
were clearly distinguishable and the fasciculate zone
had a normal, radial, cord-like architectural pattern; a
‘1’ score was given when there was a moderate distor-
tion of the adrenocortical zones with or without the
presence of tissue edema; a ‘0’ score was given when the
three adrenocortical zones were severely distorted with
the presence of extensive tissue damage. Adrenocortical



Téblick et al. Crit Care (2021) 25:65

cholesterol esters storage was quantified on Oil-Red-O
(ORO)-stained tissue sections and analyzed for the rela-
tive amount of redness in the adrenal cortex with Image]
1.52a. Additional information on the assays is provided in
Additional file 1.

Statistical analysis

Data are presented as box plots with median, inter-
quartile range (25th—75th percentiles) and 10™" and 90
percentiles or as mean and standard error of the mean
(SEM). Differences between groups were analyzed with
the use of Mann—Whitney U, Chi-squared or Fisher exact
test, as appropriate. Time-series data from both human
studies were analyzed with use of repeated-measures
ANOVA, after transformation of the results to obtain
a normal distribution. A two-sided p value equal to or
less than 0.05 was considered statistically significant. No
corrections for multiple comparisons were performed.
All statistical analyses were done with JMP Pro 14 (SAS
Institute Inc.).

Results

Human studies of critically ill patients suffering from sepsis
During the first week in ICU, plasma concentrations
of ACTH in patients were always lower than those of
healthy controls (p<0.0001 for each time point, median
across all time points: 3.26 pg/ml (IQR 1.57-5.87) versus
30.04 pg/ml (IQR 24.52-48.92)), whereas plasma concen-
trations of total cortisol were always higher in patients
than normal (p<0.01 for each time point, median across
all time points: 14.65 pg/dl (IQR 10.67-19.09) versus
11.22 pg/dl (IQR 8.99-12.04)) (Fig. 1a). In contrast, at
ICU admission, patients had higher than normal plasma
POMC concentrations as compared with healthy con-
trol subjects (p<0.0001, median: 0.72 ng/ml (IQR 0.36—
1.35) versus 0.1 ng/ml (IQR 0.1-0.42)). Plasma POMC
concentrations of patients further increased over time
and were still elevated on ICU day 7 as compared with
healthy controls (all p <0.0001, median on day 7: 1.21 ng/
ml (IQR 0.89-2.13) versus 0.1 ng/ml (IQR 0.1-0.42))
(Fig. 1a). Prolonged sepsis patients, hospitalized for
4 weeks or more in the ICU, had high plasma concen-
trations of total cortisol on day 7 (median patients:
20.83 pg/dl (IQR 15.26-26.93) versus healthy controls:
13.75 pg/dl (IQR 12.36—18.99)) in the face of low plasma
ACTH concentrations (median patients: 17.88 pg/ml
(IQR 13.73-27.41) versus healthy controls: 30.29 pg/ml
(IQR 18.70-40.25)), whereas from ICU day 35 and ICU
day 21 onwards, plasma concentrations of total cortisol
and ACTH, respectively, were no longer different from
those in healthy control subjects (Fig. 1b). Upon recov-
ery, as compared with the last ICU day, 7 days after ICU
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discharge plasma concentrations of total cortisol and
ACTH increased (LD to LD+ 7, within-subjects effect
of time, p=0.001 and p=0.02, respectively), with cor-
tisol concentrations at that time point reaching supra-
normal values (p=0.005, median patients: 18.76 pg/dl
(IQR 16.31-25.96) versus healthy controls: 13.75 pg/dl
(IQR 12.36-18.99)). In contrast, among these long-stay
patients, plasma POMC concentrations were higher than
normal on day 7 (p<0.0001, median: 1.20 ng/ml (IQR
0.84-1.60) versus 0.1 ng/ml (IQR 0.1-0.41)), remained
increased throughout the entire course of illness (all
p<0.0001) and were still similarly increased 7 days after
ICU discharge (p<0.0001 as compared with healthy con-
trols; p=0.09 for LD to LD+ 7 within-patients effect of
time) (Fig. 1b).

Mouse study

Plasma concentrations of total and free CORT and of ACTH
and its precursor POMC and hepatic expression

of the cortisol-metabolizing enzymes 5a-reductase

and 5B-reductase in acute and prolonged sepsis-induced
critical illness

Plasma total CORT concentrations increased acutely
(1-day sepsis group) up to threefold and remained
increased over time (3-day, 5-day and 7-day sepsis
groups) during sepsis as compared with healthy control
mice (p<0.0001 for all time cohorts) (Fig. 2a). Estimated
plasma-free CORT concentrations were increased in all
septic mice with levels up to 44-fold those of healthy con-
trol mice (p <0.0001 for all time cohorts) (Fig. 2b).

During acute (1-day sepsis group) and subacute (3-day
and 5-day sepsis groups) sepsis, plasma ACTH concen-
trations were similar to those of healthy control mice
(all p>0.05) (Fig. 2a). In prolonged septic mice (7-day
sepsis group), plasma ACTH concentrations were lower
than those of healthy control mice (p=0.01) (Fig. 2a). In
contrast, plasma concentrations of POMC were higher
in septic mice than in healthy control mice (p=0.05)
(Fig. 2¢).

Hepatic 5a-reductase mRNA was suppressed through-
out the course of sepsis-induced critical illness (all
p<0.05 vs. healthy control mice), whereas 5p-reductase
mRNA was only suppressed during the acute phase
(p<0.05 for 1-day sepsis group vs. healthy control mice)
(Fig. 2d).

Hypothalamic paraventricular mRNA expression of CRH

and AVP in acute and prolonged sepsis-induced critical illness
In acute sepsis-induced critically ill mice (1-day sepsis
group), paraventricular mRNA expression of both CRH
and AVP was increased as compared with healthy con-
trols (p=0.04 and p=0.03, respectively) (Fig. 2). Septic
mice with an illness duration of 3 days still had increased
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Fig. 1 Plasma cortisol, ACTH and POMC concentrations in critically ill patients. a During the first week of critical illness (human sepsis study 1). b
Beyond the first week of critical illness (human sepsis study 2). Top panels display morning plasma POMC concentrations, middle panels morning
plasma ACTH concentrations and lower panels morning plasma cortisol concentrations. Diamonds (study 1) and circles (study 2) and whiskers
represent median and interquartile ranges of plasma POMC concentrations of critically ill patients per day. The solid line connects the medians

of each day. The light gray area represents the interquartile range of morning values in healthy controls (n = 20). The dashed line represents the
interval between the median concentration of cortisol, ACTH or POMC during the last ICU day and those of the sample taken seven days after ICU
discharge. *p <0.05 between critically ill patients and healthy controls. p <0.05 between LD and LD + 7 (within-subjects effect of time)
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expression of CRH (p=0.03), but not of AVP (p=0.52)
(Fig. 3). In prolonged septic mice (7-day sepsis group),
mRNA expression of CRH and AVP was comparable to
those of healthy control mice (both p>0.05) (Fig. 3).

Pituitary expression of POMC and ACTH and transcriptional
regulation of processing and secretion hereof during acute
and prolonged sepsis-induced critical illness

Pituitary protein content of mature ACTH was lower
in septic mice than in healthy controls (p=0.001), all
time cohorts combined (Fig. 4a). In contrast, of the
ACTH precursor hormone POMC, the gene expression
was higher than normal irrespective of duration of ill-
ness (p<0.05 for all time cohorts) (Fig. 4b), whereas the
protein content was normal (p=0.8) (Fig. 4c). PC1/3,
responsible for proteolytic cleavage and processing of
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POMC into ACTH, was acutely and persistently down-
regulated at both the gene and the protein level during
sepsis-induced critical illness (all p<0.01) (Fig. 4d, e).
Gene expression of proprotein convertase 2 (PC2), medi-
ating further processing of ACTH into shorter fragments,
was increased during the acute phase of sepsis (p=0.02),
but not altered during the subacute and prolonged phase
of sepsis-induced critical illness.

Gene expression of the CRH-R, regulator of POMC
expression was acutely suppressed (p<0.0001 for 1-day
sepsis group) but increased above normal levels during
both subacute and prolonged sepsis (3-day and 7-day sep-
sis groups, all p<0.05) (Fig. 5a). Gene expression of the
AVP-R, through which signaling is assumed to potentiate
CRH-induced POMC expression, did not differ between
acute septic mice (1-day sepsis group) and healthy con-
trols (p=0.2), but increased substantially during the
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Fig. 2 Plasma (free) CORT, ACTH and POMC concentrations and hepatic gene expression of A ring reductases. a Diamonds and whiskers represent
plasma total corticosterone concentrations (full line, linear scale on the left Y-axis, ng/ml) and plasma ACTH concentrations (dashed line, linear
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subacute and prolonged phase of sepsis (3-day, 5-day and
7-day groups, all p<0.0001) (Fig. 5b). Gene expression of
total GR, through which signaling is known to regulate
both POMC and PC1/3, was lower than normal in mice
with a longer duration of critical illness (5-day and 7-day
sepsis groups, both p<0.05) (Fig. 5¢c), whereas the ratio
between GRa and GRP expression was lower than nor-
mal only in acute critically ill mice (1-day sepsis group,
p=0.05) (Fig. 5d).

Gene expression of nerve growth factor IB, also called
Nur77, was increased during acute sepsis-induced critical
illness (p=0.01 for 1-day sepsis group), unaltered during
the subacute phase (p=0.6 for 3-day and 5-day sepsis
groups) and decreased during prolonged phase (» =0.001
for 7-day sepsis group) (Fig. 5e). Gene expression of Tpit
(or TBX19), a Nur77-synergistic POMC-activating tran-
scription factor, was decreased during the acute phase
(p=0.002 for 1-day sepsis group) and increased during
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Fig. 3 CRH and AVP mRNA expression in the hypothalamic
paraventricular nucleus. a Semiquantitative scoring of CRH mRNA
expression (left panel) and AVP mRNA expression (right panel). Data
are represented as cumulative percentages of the respective group.
*p<0.05 as compared to healthy control mice. b—e Representative
examples of in situ hybridization stained cross-hypothalamic sections
scored high (b), moderate (c), mild (d) and low (e) with blue staining
for CRH and red staining for AVP. D, days
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the subacute (p=0.02 for 3-day sepsis group) and pro-
longed phase of sepsis-induced critical illness (p <0.001
for 7-day sepsis group) (Fig. 5f).

Pituitary gene expression levels of pro-inflammatory
cytokines TNF-a and LIF were higher than normal, but
only in the acute phase of sepsis-induced critical illness
(1-day sepsis group) and this by more than sevenfold and
eightfold, respectively (Fig. 5g, h). During the subacute
(3-day and 5-day sepsis groups) and prolonged phase
(7-day sepsis group), pituitary TNF-a mRNA levels were
similar to those of healthy control mice (Fig. 5g). Pitui-
tary gene expression of LIF was even lower than normal
during the subacute phase of sepsis-induced critical ill-
ness (3-day and 5-day sepsis groups) (Fig. 5h). Annexin
Al mRNA levels were increased during all phases of
sepsis-induced critical illness (all p<0.05 versus healthy
control mice, Fig. 5i).

Adrenocortical architecture and markers of adrenocortical
steroidogenesis during acute and prolonged sepsis-induced
critical illness

Microscopic semiquantitative scoring unveiled loss of
normal, radial cord-like architecture of the zona fascicu-
lata in the adrenal cortex of all septic mice as compared
with healthy controls (p <0.0001) (Fig. 6a, b). Such loss of
adrenocortical architecture was more pronounced (i.e.,
worse scores) in prolonged sepsis-induced critically ill
mice (5-day and 7-day sepsis groups) as compared with
critically ill mice with an illness duration of only 3 days
(p<0.01 for both comparisons). Also, adrenocortical cho-
lesterol staining was lower than normal in all critically ill
mice (all p<0.05) (Fig. 6¢, d).

Adrenal gene expression levels of the ACTH-receptor
MC2-R were either increased (p=0.02 for 3-day sepsis
group and p<0.0001 for 7-day sepsis group), or normal
(p=0.06 for 1-day sepsis group and p=0.06 for 5-day
sepsis group) (Fig. 7a). Gene expression of MRAP was
substantially increased from 1 day of sepsis onwards
(p<0.0001 for all sepsis groups versus healthy control
mice) (Fig. 7b). Markers of adrenal uptake and synthesis
of cholesterol (HDL-R and LDL-R, HMG-CoA reduc-
tase, StAR) were all elevated during all phases of sepsis-
induced critical illness (p<0.01 for all sepsis groups)
(Fig. 7c—f). Gene expression of P450scc, converting cho-
lesterol to pregnenolone, was increased during acute,
subacute and prolonged critical illness (all p<0.01 versus
healthy control mice) (Fig. 7g). Gene expression of ster-
oid 11B-hydroxylase, catalyzing 11 deoxycorticosterone
into corticosterone, was also upregulated at the mRNA
level during all phases of critical illness (p<0.01 for all
time cohorts) (Fig. 7h). Similar to the observations in
the pituitary gland, mRNA levels of the pro-inflamma-
tory cytokine TNF-a were higher than normal only in
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the acute phase of sepsis-induced critical illness (1-day
group) (p<0.0001) (Fig. 7i).

Discussion

The two studies of human patients suffering from sep-
sis revealed that, in the face of the known ACTH-cor-
tisol dissociation, plasma concentrations of the ACTH
precursor POMC were substantially elevated from the
acute into the prolonged phase of sepsis-induced criti-
cal illness. In the mouse model of sepsis, this hormonal
phenotype was confirmed. In the mice, sepsis was found
to acutely, though transiently, increase hypothalamic
expression of CRH and AVDP, followed by an upregulation
of both CRH and AVP receptor expression at the pitui-
tary level. Also, from acute throughout prolonged sepsis,
pituitary POMC gene expression was elevated. Together,
these findings are suggestive of a centrally activated HPA
axis irrespective of illness duration. In contrast, markers
of processing POMC into ACTH and of ACTH secre-
tion, known to be negatively regulated by glucocor-
ticoid receptor ligand binding, were suppressed at all
time points, offering explanation for the low ACTH and
the high POMC plasma levels. Although adrenocortical
structure was distorted, markers of adrenocortical steroi-
dogenic activity were increased. The possibility that the

latter is driven by high circulating POMC requires fur-
ther investigation.

The first important and novel finding was the high lev-
els of circulating POMC in both the acute and prolonged
human sepsis studies as well as in the mouse model of
sepsis. This observation corroborates a hypothalamic
activation in response to sepsis. The mouse study indeed
revealed that hypothalamic activators of POMC expres-
sion, CRH and AVP, were ubiquitously expressed, their
pituitary receptors were upregulated, and pituitary lev-
els of POMC gene expression were high. The preserved
CRH and AVP expression is in line with a previous study
of experimental septic shock in rats and of human septic
shock non-survivors [19], in which molecules drive the
preserved CRH and AVP expression remains speculative,
but could involve inducible nitric oxide synthase (iNOS)
[19, 20], cytokines [21] and catecholamines [22]. These
data could all point to a centrally activated cortisol pro-
duction, were it not that pituitary ACTH levels were low,
and circulating levels never increased. Preserved pitui-
tary POMC expression coinciding with reduced pituitary
ACTH and normal to low circulating ACTH suggests
impaired pituitary processing of POMC into ACTH
and secretion hereof in the systemic circulation. Indeed,
gene and protein expression of prohormone convertase
1/3, the dominant GR-regulated enzyme responsible for
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proteolytic cleavage of POMC [8], was suppressed during
all phases of sepsis-induced critical illness. In addition,
Annexin Al, a GR-regulated potent inhibitor of pituitary
exocytosis of stored ACTH [7], was upregulated at the
mRNA level.

The differentially altered pituitary gene expression pro-
file of two POMC-activating transcription factors, Nur77
and Tpit, of which the first is positively regulated by
CRH-R ligand binding and negatively by GR ligand bind-
ing [23] and the second is positively regulated by CRH-R
ligand binding but not affected by GR ligand binding [24],
confirms the presence of both stimulating CRH and AVP

signaling and suppressing GR-ligand-binding-induced
signaling, during sepsis. Such centrally stimulated ongo-
ing POMC gene expression together with suppressed
downstream processing into ACTH could result in an
increased availability of POMC protein. This POMC can
leach out from the corticotrope cells via the constitutive
secretory pathway, bringing about the high circulating
levels [7, 25]. Such POMC leaching into the circulation
could explain why POMC protein does not appear to
accumulate in the pituitary gland despite increased
POMC gene expression and impaired POMC processing
into ACTH.
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Whether increased circulating POMC levels are solely
explained by increased CORT-induced feedback inhi-
bition at the level of the pituitary GR, in the presence
of ongoing central activation by CRH/AVP, remains
unknown. The surprising finding that in human sep-
sis patients, both ACTH and cortisol rose upon recov-
ery, suggests that the driving GR-binding ligands may
be eliminated upon recovery. Hence, these GR-binding
ligands could be distinct from glucocorticoids, as cortisol
was found to be even higher during recovery than during
the prolonged ICU phase [10], in which other molecules
that activate the GR in the context of sepsis-induced
critical illness remain currently unknown. However, bile

acids, of which the circulating levels are known to rise
in this condition [26] and to normalize upon recovery,
could be one of other possible candidates [27, 28].

In the adrenal cortex, gene expression of regulators
and markers of steroidogenesis, which are assumed to
be predominantly ACTH stimulated, was found to be
upregulated in the absence of increased plasma ACTH.
One possible explanation could be an increased ACTH
sensitivity [29], a possibility that is supported by the
here observed increased expression of MRAP, a facili-
tator of MC2-R expression and signaling [30], coincid-
ing with normal or increased expression of the ACTH
receptor MC2-R itself. However, in patients with sepsis,
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ACTH responses to cosyntropin are never elevated as
shown previously [10], not supporting this hypothesis.
Alternatively, the MC2-R could be activated by ligands
other than ACTH. In theory, small ACTH fragments,
not detected by highly specific immunoenzymometric
assays, could exert such steroidogenic effects. How-
ever, small ACTH fragments have previously shown
to be absent in septic and non-septic ICU patients [9].
In addition, pituitary expression of PC2, which could
have increased further processing to smaller fragments,
was increased only in the acute phase of sepsis. Alter-
natively, increased circulating POMC could play such

a role and contribute to steroidogenesis. Such a ster-
oidogenic role for POMC has already been suggested
by cases of clinically overt Cushing’s syndrome reveal-
ing high plasma concentrations of POMC and (very)
low plasma ACTH [12, 13]. If POMC can drive steroi-
dogenesis, this could be either a direct effect through
binding of POMC to MC2-R or an indirect effect if
POMC is locally cleaved into ACTH at the adrenocorti-
cal level [13]. Whether such a POMC effect contributes
to the increased mRNA of the steroidogenic enzymes
that we found in the septic mice, and thus to the ele-
vated plasma CORT while ACTH is not increased and



Téblick et al. Crit Care (2021) 25:65

while the adrenocortical structure and cholesterol ester
storage was compromised, remains to be investigated.
Indeed, the observed contrast between the increased
mRNA levels of the steroidogenic enzymes, particularly
those involved in cholesterol supply (HDL-R, LDL-R
and HMG-CoA reductase) and the pronounced lipid
depletion in the adrenal cortex, is striking. Whether
the upregulation of these enzymes at the mRNA level
without effectively resulting in augmented adrenocorti-
cal cholesterol content is the consequence of low cir-
culating cholesterol, is unknown. Alternatively, a local
inflammation-driven steroidogenesis or increased sym-
pathetic activation in response to sepsis has been sug-
gested to explain high systemic CORT in the face of low
plasma ACTH [31, 32]. However, we here report only a
transient rise in adrenal TNF-a mRNA with suppressed
levels present in the prolonged phase of illness, not
supporting a local inflammatory process driving adren-
ocortical steroidogenesis.

This study has some limitations. First, in the human
studies, plasma hormone concentrations were com-
pared between septic patients and matched healthy
subjects; a descriptive analysis only and the impact of
frequently used drugs, baseline BMI and nutritional
status or other potential confounders were not inves-
tigated. Second, the mouse model of sepsis-induced,
antibiotics-treated and fluid-resuscitated critical ill-
ness is a model of fecal peritonitis not treated surgi-
cally, unlike what would be done for human patients.
Third, with the chosen experimental design, we could
not provide insights in alterations occurring prior to
the 1-day time point. Fourth, the interpretation of the
data as suggestive for suppressed POMC processing
into ACTH during critical illness was based only on
gene and protein expression and not on quantification
of enzyme activity. Fifth, because of the small size of a
mouse pituitary, we used whole pituitary homogenates
for gene and protein expression and because of a lim-
ited amount of proteins yielded from pituitary homoge-
nates, it was not possible to perform western blot
analysis for all transcriptional regulators. Finally, the
scarce knowledge on any potential steroidogenic capac-
ity of POMC requires further research.

Conclusion

The findings of these studies are compatible with gluco-
corticoid-receptor-ligand-binding-induced inhibition of
pituitary processing of POMC into ACTH and with pre-
served CRH/AVP-driven expression of POMC, resulting
in elevated circulating POMC levels in sepsis. Whether
high circulating POMC exerts adrenocortical steroido-
genic activity requires further investigation.
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