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Abstract Rationale: Cholesteryl
ester deficiency which results in
adrenal lipid store depletion has been
proposed as a potential mechanism of
sepsis associated adrenal insuffi-
ciency. Objective: We investigated
histological abnormalities associated
with sepsis in human and mice adre-
nals. Methods: From January 2006
to 2008, seven patients who died of
septic shock and seven patients with
rapidly fatal nonseptic illness were
included. Adrenals were sampled
within 12 h from death. Adrenals
were also taken from 13 lipopoly-
saccharide (LPS)-challenged mice, 5
cecal ligation and puncture (CLP)
mice and 5 controls. We semi-quan-
titatively analysed intensity of
inflammation, necrosis, haemorrhage
and lipid depletion. Measurements
and main results: In patients, lipid

depletion scores were significantly
higher in septic shock than in controls
(p = 0.011). In animals, lipid deple-
tion was higher following LPS or
CLP than in controls (p = 0.003). In
adrenal cortex, in patients and not in
animals, global scores for inflamma-
tion (p = 0.002), necrosis
(p = 0.009) and haemorrhage
(p = 0.009) were significantly higher
in septic shock than in controls.
Similarly, in zona fasciculata, in
patients and not in animals, scores for
inflammation (p = 0.007), necrosis
(p = 0.023) and haemorrhage
(p = 0.023) were significantly higher
in septic shock than in controls.
Conclusions: This study shows that
diffuse lipid depletion in zona fas-
ciculata is a hallmark of human septic
shock, experimental endotoxaemia
and sepsis. In patients, sepsis was
associated with inflammation, necro-
sis and haemorrhage predominantly
in zona fasciculata.
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Introduction

The hypothalamic–pituitary–adrenal (HPA) axis is a major
factor of the host response to critical illness [1, 2]. About
half of patients with septic shock are unable to mount an
appropriate cortisol response [2, 3]. This so-called critical-

illness-related corticosteroid insufficiency (CIRCI) may
result in multiple organ dysfunction and ultimately in death
[2, 3]. The causes of CIRCI remain unclear, and may
involve anatomic damage, inflammatory processes and
drug interference with metabolism of hormones at the level
of the hypothalamus, the pituitary or the adrenals [4].
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Adrenals storage is very limited, and cortisol response
to stress depends upon its synthesis [4]. Cortisol is syn-
thesized from cholesterol, and the rate-limiting step in the
cortisol synthesis process is transport of free cholesterol
into mitochondria. Free cholesterol is obtained via
de novo synthesis regulated by 3-hydroxy-3-methylglu-
taryl-coenzyme A (HMG-CoA) reductase [5], or via
catabolism of cholesteryl esters from intra-cellular stores
or from circulating low-density lipoprotein (LDL) and
high-density lipoprotein (HDL) [6, 7]. Interestingly, low
circulating levels of total cholesterol as well as of LDL
and HDL have been found in patients with severe sepsis
[8]. The scavenger receptor B-I (SR-BI), a HDL receptor,
is highly expressed in the adrenals and provides choles-
terol for steroid synthesis via selective cholesteryl ester
uptake from HDL and LDL [9]. Cai et al. [10] showed
that SR-BI prevented death following endotoxin chal-
lenge in mice, mainly by facilitating glucocorticoids
synthesis and hepatic clearance of LPS. In addition, SR-
BI-deficient mice failed to mount an appropriate gluco-
corticoid synthesis response to overnight fasting and
showed a 40% reduction in adrenal cholesterol content
with depleted lipid stores [11]. These experiments suggest
that cholesteryl ester deficiency impairs adrenal function.

Loss of cholesteryl esters in the adrenal glands results
in diffuse lipid depletion. We hypothesized that septic
shock could decrease lipid storage in adrenal gland and
may be explain relative adrenal failure. We investigated
prevalence of sepsis-associated lipid depletion in adrenal
cortex in patients and in animals by conducting a mor-
phologic study of human and mice adrenals to study
sepsis-associated diffuse lipid depletion.

Methods

Animal model

All procedures were conducted in accordance with French
law on animal experimentation, and the protocol was
approved by our Institutional Animal Care and Use
Committee.

Adult male C57BL/6 mice (Janvier, Le Genest Saint
Isle, France; 26–31 g body weight) were housed at con-
stant temperature (22�C) and exposed to a 12–12 h light–
dark cycle for C1 week before use in the experimental
protocols.

Cecal ligation and puncture model

Sepsis was induced by cecal ligation and puncture (CLP)
as previously described [13] with minor modifications.
Briefly, mice were anaesthetized with isoflurane, and a
1.5- to 2-cm abdominal incision was made to expose the

cecum. It was ligated and punctured once with a 21-gauge
needle, and a small amount of faeces was extruded. The
bowel was repositioned into the abdomen, and the
abdominal cavity was closed in two layers. For sham
mice, laparotomy was performed and the cecum was
manipulated but was neither ligated nor punctured. All
animals were resuscitated with 30 ml/kg body weight
normal saline subcutaneously at completion of surgery.
All mice were sacrificed at day 5. Adrenal glands were
obtained within 10 min from death.

Endotoxaemia model

Endotoxin (Escherichia coli LPS 055:B5; Sigma-Aldrich)
was dissolved in sterile NaCl immediately before use. In
initial experiments testing the effects of LPS on mortality,
mice were briefly anaesthetized with isoflurane and
challenged by incremental doses of endotoxin given
intraperitoneally, and producing no to high lethalities
(1–100 mg/kg). A 100% lethal dose (LD100: 75 mg/kg)
and a 50% lethal dose (LD50: 37.5 mg/kg) were deter-
mined. For the control group, mice did not undergo any
surgical procedure. Mice were sacrificed at day 5. Adre-
nal glands were obtained within 10 min from death.

Patients

We investigated patients who died from septic shock [12]
at Raymond Poincaré University Hospital, Garches,
France (cases). Two investigators (A.P. and D.A.) ana-
lysed cause of death, and any discrepancy between them
was resolved by consensus. Exclusion criteria were as
follows: age younger than 18 years, pregnancy, evidence
of an underlying adrenal disease at clinical or post mor-
tem examination or any concomitant disease other than
infection that might have accounted for shock and death.
Controls were subjects who died outside the hospital and
referred to the forensic department at our institution.
Careful post mortem examination of controls ruled out
any infection. We obtained informed consent from
patients’ closest relatives. The protocol was approved by
the Comité de Protection des Personnes de Saint Germain
en Laye, France.

Data collection

We recorded demographic and anthropometric charac-
teristics, any co-morbid conditions, vital signs and
severity of illness using the Simplified Acute Physiology
Score II (SAPS II) [14] and the Sepsis-related Organ
Failure Assessment (SOFA) score [15]. Standard labora-
tory tests and any relevant microbiological data were
recorded on a daily basis. Cortisol levels were obtained

1853



immediately before and 60 min after an intravenous bolus
of 0.25 mg cosyntropin (Novartis or Alliance) in patients
within 24 h of septic shock onset. After centrifugation,
cortisol was immediately measured on serum samples
with the use of the Elecsys cortisol assay (Roche
Diagnostics).

Adrenals sampling

In 14 patients, adrenal glands were sampled within 12 h
from death. The adrenals were fixed in formal-
sublimate-acetic acid (FSA) [16] and in 10% neutral
formalin. Paraffin sections cut at 4 lm were stained with
haematoxylin and eosin and azan [17]. The alcian-blue
periodic acid-Schiff reaction (AB/PAS) for glycoprotein
[18] was also performed on paraffin-sectioned material.
Frozen sectioned material was used for histochemical
demonstration of total lipids [19] and of cholesterol and
its esters [20].

Two investigators (A.P. and G.L. de la G.) noted
double-blinded macroscopic changes, and any discrep-
ancy between them was resolved by consensus.
Representative samples were selected for microscopic
examination. We discarded any adrenals that presented
autolysis. We graded lipid depletion in zona fasciculata as
follow: 0 for no lipid depletion, 1 for mild, 2 for marked,
3 for intense lipid depletion. Using the same grading
system, we quantified inflammatory infiltrates, necrosis,
haemorrhage, siderosis and calcifications within the
medulla (junctional and non-junctional zones) and the
cortex (zona reticularis, zona fasciculata, zona glomerul-
osa). Then, to better assess cortex lesions, we calculated
an overall semi-quantitative score by adding up the scores
for inflammatory infiltrates (range 0–9), necrosis (range
0–9), haemorrhage (range 0–9), siderosis (range 0–9)
and calcifications (range 0–9) obtained in the three layers
of the cortex using the same approach previously
described [21].

Statistical analysis

We used Fisher’s exact test for comparison of categorical
variables, and Kruskal–Wallis test (or Mann–Whitney test
whenever appropriate) for continuous variables. Correla-
tions were tested by Spearman’s rho. We used set
correlations for studies of association between histologi-
cal changes in the adrenals and (1) the severity of shock
(lactate levels, worst mean blood pressure, cumulative
dose of catecholamine and shock duration), (2) renal
failure (blood urea nitrogen and creatinine levels), (3)
coagulation disorders (prothrombin ratio and platelet
counts, and use of anticoagulant) and (4) cortisol response
to corticotrophin. A p value of 0.05 was considered sta-
tistically significant. All statistical analyses were done
with STATA/IC version 10.0 (Stata Corp. LP, College
Station, TX, USA).

Results

Animals

Lipid depletion scores differed between the three groups
of animals (p = 0.003, Figs. 1, 2) and were significantly
higher in the LPS-challenged mice than in controls
(p = 0.0005), and in CLP mice than in controls
(p = 0.003). Lipid depletion scores were also higher
following LPS than CLP (p = 0.011).

Inflammation, necrosis and haemorrhagic scores
within the medulla or the cortex were not different
between the three groups of animals (Table 1).

Patients

From January 2006 to 2008, 68 of 155 septic shock
patients died in the intensive care unit (ICU) at Raymond
Poincaré University Hospital. Adrenals were sampled in

Fig. 1 Lipid depletion in
adrenals of mice: a severe lipid
depletion in LPS septic shock
mice and b mild lipid depletion
in CLP septic shock mice
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seven patients with septic shock (cases, Table 2) and
seven patients with rapidly fatal acute illnesses (controls,
Table 3).

In septic shock patients, adrenals weight was signif-
icantly greater than in controls (8.9 ± 5.0 versus
3.9 ± 0.7 g, p = 0.034). Lipid depletion scores were
significantly higher in patients with septic shock than
in controls (p = 0.011). Inflammation, necrosis and
haemorrhagic scores within the medulla did not differ
between patients with septic shock and controls
(Table 4).

As compared with controls, septic shock patients had
higher inflammation score for the whole cortex
(p = 0.002) and in zona fasciculata (p = 0.007) and
zona reticularis (p = 0.022) (Table 4). Similarly they
had higher necrosis score for the whole cortex
(p = 0.009) and in zona fasciculata (p = 0.023). Global
haemorrhagic scores for cortex were significantly higher
in patients with septic shock than in controls (p = 0.009).
Haemorrhagic scores were higher in patients with septic
shock than in controls for zona fasciculata (p = 0.023)
and zona reticularis (p = 0.023).

Table 5 summarizes the correlations between zona
fasciculata lesions and clinical and laboratory variables.
Lipid depletion scores correlated only with mean blood
pressure. Inflammation score did not correlate with any
of the variables. Necrosis scores correlated with mean
blood pressure, lactate levels, blood urea nitrogen, pro-
thrombin ratio and platelets count. Haemorrhagic scores
correlated with cumulative dose of catecholamines and
shock duration. There was no correlation between adre-
nals morphologic lesions and basal or peak level of
cortisol.

Discussion

This study showed that diffuse lipid depletion in zona
fasciculata is a hallmark of human septic shock, experi-
mental endotoxaemia and sepsis. Patients with septic

Fig. 2 Lipid depletion in
adrenals of human: a control
with lipid depletion absent,
b human septic shock patient
with mild lipid depletion and
c human septic shock patient
with severe lipid depletion

Table 1 Comparison of histological abnormalities in animals

CLP (5) LPS (13) Control (5) p value

Cortex (glomerulosa)
Inflammation 0 (0–0) 0.2 (0–0) 0 (0–0) 0.45
Necrosis 0 (0–0) 0 (0–0) 0 (0–0) [0.99
Haemorrhage 0 (0–0) 0 (0–0) 0 (0–0) [0.99

Cortex (fasciculata)
Inflammation 0 (0–0) 0 (0–0) 0 (0–0) [0.99
Necrosis 0 (0–0) 0 (0–0) 0 (0–0) [0.99
Haemorrhage 0 (0–0) 0 (0–0) 0 (0–0) [0.99

Cortex (reticularis)
Inflammation 0 (0–0) 0 (0–0) 0 (0–0) [0.99
Necrosis 0 (0–0) 0 (0–0) 0 (0–0) [0.99
Haemorrhage 0 (0–0) 0 (0–0) 0 (0–0) [0.99

Medulla
Inflammation 0.6 (0–1) 0.4 (0–1) 0.2 (0–0) 0.65
Necrosis 0 (0–0) 0 (0–0) 0 (0–0) [0.99
Haemorrhage 0 (0–0) 0 (0–0) 0 (0–0) [0.99

Lipid depletion 2 (2–2) 2.7 (2–3) 1 (1–1) 0.0003
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shock showed signs of inflammation, necrosis and
haemorrhage predominantly in the zona fasciculata,
whereas the zona reticularis, the zona glomerulosa and
the medulla remained almost unaffected.

Lipid depletion results from loss of cholesterol esters,
which are normally abundant in adrenocortical cells. As a
result, in the course of sepsis, the only sources of cho-
lesterol esters for cortisol synthesis are circulating HDL
and LDL via a SR-BI-dependent pathway [9]. The lack of
correlation between adrenal lipid store depletion and
basal cortisol level and cortisol response to ACTH may
reflect that, as long as SR-BI is expressed in the adrenals,
cortisol synthesis may not be compromised. In addition,
all septic shock patients had renal insufficiency that may
decrease plasma cortisol clearance [22]. In this case
plasma cortisol levels depend more on cortisol accumu-
lation than cortisol synthesis [2, 4]. Interestingly, lipid
depletion in the zona fasciculata was independent of
severity and duration of shock, presence of renal insuf-
ficiency, coagulation disorders or adrenal insufficiency.
Moreover, both LPS and CLP mice showed intense lipid
depletion in fasciculata with no evidence of inflamma-
tion, necrosis or haemorrhage. Our findings suggest that
lipid depletion is a consequence of sepsis independently
of organ dysfunction, or more particularly of adrenal
insufficiency. The absence of morphologic and biological
correlations between patients with or without adrenal
insufficiency does not rule out the potential role of lipid
depletion in adrenal failure. The fact that lipid depletion
was more pronounced in lethal endotoxaemia than in
mice with CLP-induced peritonitis may support the
hypothesis of an intrinsic relationship between sepsis and
lipid depletion.

Of note, patients with sepsis showed signs of
inflammation, necrosis and haemorrhage almost specifi-
cally in the zona fasciculata, whereas the outer zona

Table 2 Septic shock patients’ characteristics

N = 7

Gender (male) 4
Age (years) 67 ± 15
SAPS II 61 ± 24
SOFA 7 ± 4
Time in shock (days) 7 ± 9
Worst MBP (mmHg) 39 ± 9
Lactates (mmol/l) 7.9 ± 7.6
Positive blood cultures 1
Site of infection
Lung 5
Urinary tract 3

Pathogens
Gram negative 7
Gram positive 1
Fungus 1

Prothrombin ratio (%) 39 ± 29
Platelets count (109/l) 138 ± 134
Disseminated intravascular coagulation 4
Urea nitrogen (mmol/l) 19.8 ± 8.6
Creatinine (lmol/l) 186 ± 71
Blood glucose level (g/dl)
At admission 1.18 ± 0.29
Lowest 0.57 ± 0.29
Highest 2.51 ± 0.61

ACTH test
T0 (mcg/dl) 43.7 ± 26.5
T60 (mcg/dl) 56.4 ± 22.1
Delta (mcg/dl) 12.7 ± 10.3

Non-responders 2
Anticoagulation
Prophylactic 5
Heparin 2

Catecholamines
Epinephrine 5
Norepinephrine 2
Cumulative daily dose (mg) 64 ± 25

Mechanical ventilation 7
Renal replacement therapy 6
Hydrocortisone (i.v.) 5
Dose (mg/day) 200
Duration (days) 5 ± 5

Fludrocortisone (nasogastric tube) 1
Dose (mcg/day) 50
Duration (days) 5 ± 5

Activated protein C 1
Weight of adrenal glands (g) 8.9 ± 5

MBP mean blood pressure, ACTH adrenocorticotropic hormone

Table 3 Control patients’ characteristics

Gender Age (years) Cause of death

Female 31 Trauma
Female 25 Alcohol intoxication
Male 55 Trauma
Female 50 Trauma
Male 32 Aortic dissection
Male 45 Trauma
Female 56 Head trauma

Table 4 Comparison of histological abnormalities in patients

Septic shock (7) Control (7) p value

Cortex (glomerulosa)
Inflammation 0.3 (0–0.5) 0 (0–0) 0.14
Necrosis 0.4 (0–1) 0 (0–0) 0.050
Haemorrhage 0 (0–0) 0 (0–0) [0.99

Cortex (fasciculata)
Inflammation 0.7 (0.5–1) 0 (0–0) 0.007
Necrosis 0.6 (0–1) 0 (0–0) 0.023
Haemorrhage 0.6 (0–1) 0 (0–0) 0.026

Cortex (reticularis)
Inflammation 0.6 (0–1) 0 (0–0) 0.023
Necrosis 0.1 (0–0) 0 (0–0) 0.32
Haemorrhage 0.6 (0–1) 0 (0–0) 0.023

Medulla
Inflammation 1.1 (0–1.5) 0.4 (0–1) 0.47
Necrosis 0.1 (0–0) 0 (0–0) 0.32
Haemorrhage 0.4 (0–0.5) 0 (0–0) 0.14

Lipid depletion 1.9 (1–2.5) 0.6 (0–1) 0.011
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glomerulosa and the inner zona reticularis remained
unaffected. These findings suggest that sepsis is associ-
ated with damage of cortisol-secreting cells and not of
cells releasing aldosterone, dehydroepiandrosterone
(DHEA) and its sulphated derivative (S-DHEA). Our
results confirm previous observations of a lack of asso-
ciation between sepsis and DHEA and S-DHEA
deficiency [23].

Previous observations of sepsis which showed disso-
ciation between aldosterone levels and renin activity [24,
25] are not in contradiction with our findings of intact
zona glomerulosa. In fact, these findings together suggest
that aldosterone regulation is shifted from renin to ACTH
and/or cytokine command. The morphologic integrity of

the zona glomerulosa may question the need for miner-
alocorticoids supplementation. However, our findings
may not rule out functional abnormalities of zona
glomerulosa cells.

In conclusion, the current study suggests that lipid
depletion, specific necrosis and haemorrhage of the zona
fasciculata are hallmarks of sepsis. The lipid depletion
suggests that SR-BI-mediated uptake is the only source of
cholesterol ester supply for cortisol synthesis in sepsis.
The integrity of the zona glomerulosa and the zona re-
ticularis challenged the presence of mineralocorticoid
insufficiency during sepsis and the need of a replacement
treatment.
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