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Abstract

Treatment for critical illness typically focuses on a patient’s short-term physical re-
covery; however, recent work has broadened our understanding of the long-term im-
plications of iliness and treatment strategies. In particular, survivors of critical illness
have significantly elevated risk of developing lasting cognitive impairment and psy-
chiatric disorders. In this review, we examine the role of endogenous and exogenous
glucocorticoids in neuropsychiatric outcomes following critical illness. lliness is
marked by acute elevation of free cortisol and adrenocorticotropic hormone sup-
pression, which typically normalize after recovery; however, prolonged dysregulation
can sometimes occur. High glucocorticoid levels can cause lasting alterations to the
plasticity and structural integrity of the hippocampus and prefrontal cortex, and this
mechanism may plausibly contribute to impaired memory and cognition in critical
illness survivors, though specific evidence is lacking. Glucocorticoids may also ex-
acerbate inflammation-associated neural damage. Conversely, current evidence in-
dicates that glucocorticoids during illness may protect against the development of
post-traumatic stress disorder. We propose future directions for research in this field,
including determining the role of persistent glucocorticoid elevations after illness in
neuropsychiatric outcomes, the role of systemic vs neuroinflammation, and probing
unexplored lines of investigation on the role of mineralocorticoid receptors and the
gut-brain axis. Progress toward personalized medicine in this area has the potential
to produce tangible improvements to the lives patients after a critical illness, including
Coronavirus Disease 2019.
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Each year more than 9 million Americans are admitted to
an intensive care unit (ICU) (1, 2) and roughly 7 out of
every 8 patients survive (3). However, the impact of crit-
ical illness on an individual’s life does not end with their
“recovery” in the traditional sense; their experiences in the
ICU can have lasting effects on their health and quality of
life. Critical illness survivors often suffer from neuropsychi-
atric impairment, including post-traumatic stress disorder
(PTSD), depression, anxiety, and cognitive impairment
(4-9).

Critical illness is accompanied by a sustained stress re-
sponse. Our understanding of the biology of this stress re-
sponse has its roots in the early twentieth century, when
Hans Selye pioneered the notion that various forms of
acute illness led to the same physiological syndrome medi-
ated by hormones from the anterior pituitary and the ad-
renals (10). By 1950, adrenal steroid hormones had been
isolated and used clinically for their anti-inflammatory
properties, and the Nobel Prize in Physiology or Medicine
was awarded to Kendall, Reichstein, and Hench for these
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discoveries. Scientists began to outline a function for en-
dogenous glucocorticoids in maintaining homeostasis by
constraining all aspects of the body’s response to stress (11,
12). In the late twentieth century and early twenty-first,
Bruce McEwen reshaped the field through his demonstra-
tion that glucocorticoids bind to receptors in the central
nervous system, where they directly influence brain archi-
tecture and behavior. He introduced the term allostatic
overload to describe the overwhelming accumulation of
multiple stress responses, particularly the repeated influx
of glucocorticoids, and its contribution to the etiology of
mental and physical illness (13).

Glucocorticoids are widely used in intensive care for
their anti-inflammatory and cardiovascular effects (11, 14-
16). Of the exogenous glucocorticoids, hydrocortisone is
identical to endogenous cortisol, while prednisone, pred-
nisolone, dexamethasone, and others are synthetic and vary
in potency and receptor affinity (Fig. 1). One study esti-
mated that over a quarter of ICU patients receive gluco-
corticoids (17). The choice of glucocorticoid has important
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Figure 1. Top: Chart showing the relative potency of several endogenous and synthetic glucocorticoids for the glucocorticoid receptor (GR) and min-
eralocorticoid receptor (MR). Bottom: schematic illustrating the widespread localization of the lower affinity (for endogenous glucocorticoids) GR in
the brain with more focused localization of the higher affinity MR to limbic regions. Created with Biorender.com.
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implications. Glucocorticoids bind to 2 different types of
intracellular receptors, glucocorticoid receptors (GRs)
and mineralocorticoid receptors (MRs). These complexes
alter gene expression via classic genomic pathways fol-
lowing nuclear translocation or engage rapid nongenomic
signaling pathways (18-21). In the brain, GR expression is
widespread, while MR is expressed more selectively, mostly
in limbic regions ((22) and Fig. 1).

The general study of glucocorticoids during stress has
demonstrated a role for both receptors in modulating cog-
nition and affective behavior (13, 23, 24). The relative
contribution of MR and GR to the glucocorticoid effect
in different brain areas will depend on multiple factors
including receptor distribution, the specific glucocorticoid
and its concentration, and the local activity of steroidogenic
enzymes (25). For example, the binding affinity of MR for
the endogenous glucocorticoid cortisol is 10-fold greater
than that of GR, meaning that under basal conditions MRs
are mostly ligand bound whereas GRs are mostly unoccu-
pied ((26) and Fig. 1). Blood-brain barrier permeability
is another important consideration; for example, dexa-
methasone is typically actively excluded from the brain
unless given at sufficiently high doses, but illness may af-
fect barrier permeability (27-29). Thus, changes in the level
of circulating endogenous glucocorticoids and the specific
exogenous glucocorticoid and its dose could have impli-
cations for brain function in critically ill patients and ICU
survivors. The findings will be particularly important for
informing treatment strategies in the current Coronavirus
Disease 2019 (COVID-19) pandemic, as dexamethasone
is one of the few treatments to actually reduce mortality
in COVID-19 patients (30). In this review, we examine
the role of endogenous and exogenous glucocorticoids in
neuropsychiatric outcomes following critical illness.

Materials and Methods

In order to review an unbiased representation of the avail-
able literature, we performed a structured PubMed search
and supplemented the results with articles known to us and
their references.

While much of the relevant literature is clinical, rodent
studies attempt to mimic aspects of human critical illness
by administering acute infectious or acute inflammatory
stimuli. Widely used rodent models to induce acute inflam-
matory illness include cecal ligation and puncture (CLP)
and injection of endotoxin (lipopolysaccharide [LPS]).
These models are not equivalent, with CLP producing a sus-
tained illness due to abdominal infection with endogenous
gut flora requiring supportive treatment (eg, antibiotics,
fluids) and LPS producing a shorter response that lacks the
hemodynamic alterations seen in human populations (31).

We included these terms in our search to capture relevant
animal research.

Our search strategy identified articles containing at least
1 medical subject headings (MeSH terms) from each of 3
categories:

1. Glucocorticoid OR corticosterone OR cortisol OR
corticosteroids OR adrenal insufficiency

AND

2. Critical illness OR critical care OR sepsis OR shock OR
acute lung injury OR adult respiratory distress syndrome
OR infections OR cecal ligation OR endotoxin

AND

3. Anxiety OR depression OR PTSD OR memory OR
cognition OR delirium.

From the results, we then excluded articles that focused
on chronic illnesses, such as HIV or chronic fatigue syn-
drome, or neonatal immune challenge. The original search
returned 227 articles, of which 165 were excluded and 62
were reviewed (32).

Hypothalamic-Pituitary—Adrenal Axis Dynamics
During Critical lliness and Recovery

The endogenous glucocorticoids cortisol (humans) and
corticosterone (rodents) represent the main final product
of the hypothalamic—pituitary—adrenal (HPA) axis. At the
time of presentation, critically ill patients demonstrate ele-
vated blood cortisol, the extent of which correlates with
the severity of the illness and can be interpreted as an adap-
tive response. Despite the high cortisol levels, adrenocor-
ticotropic hormone (ACTH) levels are not high (33). The
heightened cortisol levels can partially be attributed to ele-
vated synthesis, but increases are mostly due to reduced
cortisol metabolism and low levels of binding globulins
(34). Diminished levels of binding proteins, such as albumin
and corticosteroid binding globulin, increase the propor-
tion of free cortisol available to tissue and can explain why
critically ill patients often only show modest increases in
total cortisol levels (33). Relatively low ACTH levels are
likely due to negative feedback from elevated free cortisol
levels (35). Regardless of length of ICU stay, both ACTH
and cortisol levels are increased above normal 1 week
after discharge, suggesting recovery from central ACTH
suppression (36). However, a few pieces of evidence sug-
gest that in some cases, primary adrenal dysfunction may
be seen during the illness or recovery period. In patients
with prolonged critical illness, the adrenal glands showed
loss of the typical zonation, decreased lipid content, and
reduced steroidogenic enzyme expression, suggesting de-
creased adrenal reserve (37). Furthermore, in mice, we have



4

Endocrinology, 2021, Vol. 162, No. 3

seen normal corticosterone with high ACTH levels 3 weeks
after sepsis induced by cecal ligation and puncture com-
pared with a sham condition (38), suggesting appropriate
central compensation for decreased adrenal corticosterone
production. The clinical significance of these findings re-
mains to be seen.

Long-term perturbations of HPA axis functioning after
acute inflammatory illness have been described in a few
animal studies. For example, in rats, a single 1 mg/kg LPS
injection caused long-term desensitization of the HPA axis
to subsequent LPS challenge 4 weeks later (39). On the
other hand, mice showed increased adrenal weight 5 weeks
after CLP, suggesting chronic activation of the HPA axis
(24). The clinical relevance of these findings is not clear, as
these parameters have not been well studied in human crit-
ical illness survivors.

We will now consider how alterations in glucocorticoid
levels, glucocorticoid sensitivity, and HPA axis dynamics
during or after critical illness could influence brain function
and neuropsychiatric outcomes in critical illness survivors.

Cognitive Outcomes

Impact of illness and glucocorticoids on brain architecture
and function
In clinical studies, critical illness increased long-term cog-
nitive morbidity, particularly by impairing memory, verbal
fluency, and executive function (4, 5, 40). Findings in
murine studies have been mixed: LPS caused no long-term
difference in performance in the Morris Water Maze, 8-arm
radial maze, or novel object recognition tests (41), whereas
CLP caused impairment in learning and memory dysfunc-
tion in a clock maze task which lasted several months (42).
These disparate outcomes could be due to differences in the
duration of illness, character of the inflammatory response,
HPA axis outcomes, or other differences between these
stimuli. CLP in particular increased HPA axis activity long
after recovery in mice (24). Sustained, high levels of gluco-
corticoids could directly or indirectly influence cognition
by impacting hippocampal or prefrontal cortical function.
Outside the realm of critical illness, glucocorticoids
are known to directly impact cognitive functioning and
memory. They have a biphasic effect on synaptic plasticity:
at low doses, the MR activity of glucocorticoids enhances
long-term potentiation, whereas at higher doses, the GR ac-
tivity inhibits long-term potentiation, facilitates long-term
depression, and decreases excitability in the hippocampus
(43), which is dependent on GR and MR (44-47). High
levels of glucocorticoids alter the function and morphology
of the hippocampus, where GRs are expressed abundantly,
and impair learning and memory (48). The deleterious
effect of chronic high levels of glucocorticoids on brain

architecture and function is most evident in Cushing’s
syndrome, which is associated with atrophy in the hippo-
campus and prefrontal cortex alongside deteriorating cog-
nitive function and mood (49-51). The combination of high
glucocorticoids and inflammation may be especially dele-
terious. While traditionally considered to have anti-inflam-
matory effects, glucocorticoids were found to suppress
anti-inflammatory signaling molecules in the hippocampus,
thereby increasing the inflammatory response to excitotoxic
injury and worsening hippocampal neuron death (52).
This suggests that high levels of endogenous or exogenous
glucocorticoids could exacerbate inflammation-associated
hippocampal damage.

This inference seems to be supported by research
demonstrating the damaging effects of acute inflamma-
tion on the hippocampus. Some, but not all (53), studies
in rodent models have found that illness-induced in-
flammation causes structural hippocampal damage. One
study found that CLP in mice resulted in decreased spine
density on dendritic processes of CA1 neurons, which
was correlated with memory impairment in a clock maze
task and was visible 4 months but not 2 weeks after the
onset of illness, a sign of progressive degeneration (42).
Another mouse study saw the same delayed deterioration
2 months after CLP, but only in the apical dendritic tree
of the dorsal hippocampus, and found it was specifically
associated with worse spatial memory in a navigational
test (54). A third study of CLP-exposed mice also saw de-
creased spine density in hippocampal neurons 2 months
and 6 months postsurgery, and in addition, found the
same effect in the basolateral amygdala (BLA) associ-
ated with impaired contextual fear memory (55). Thus,
there is evidence that sepsis in particular can cause lasting
hippocampal structural damage with associated impair-
ment in cognitive function in rodents. While glucocortic-
oids may plausibly mediate this effect or exacerbate
inflammation-associated damage, their specific contribu-
tions have not been studied.

The prefrontal cortex may also be involved in the
poor cognitive outcomes after critical illness, since it is
involved in executive functioning and highly sensitive
to glucocorticoids. Elevation of glucocorticoids due to
chronic stress significantly decreases apical spine density
and length in the medial Prefrontal cortex (PFC) in rats,
decreasing synaptic input to the region by one-third (56).
In humans, chronic psychological stress shows similar
disruption to PFC plasticity through impaired PFC func-
tional connectivity and performance on attention-shifting
tasks (57). In rats, 4 weeks of corticosterone and dexa-
methasone treatment induced structural deterioration in
the PFC and impaired PFC-dependent functions, such as
spatial working memory and behavioral flexibility (58).
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There is also evidence that the PFC is sensitive to in-
flammatory damage, which can be amplified by gluco-
corticoids (59). These findings suggest that prolonged
elevations in endogenous or exogenous glucocorticoids
associated with critical illness could lead to poor cogni-
tive outcomes through actions in the PFC.

In summary, inflammation directly affects the integ-
rity of the hippocampus and prefrontal cortex, and high
levels of glucocorticoids may exacerbate these effects
and worsen the damage at least in part by exacerbating
neuroinflammation. Thus, sustained high levels of gluco-
corticoids during and potentially after illness could con-
tribute to structural hippocampal and PFC damage, leading
to cognitive impairment. This hypothesis is supported by 1
animal study showing that a low dose of dexamethasone
after CLP in rats normalized corticosterone and ACTH
levels and prevented memory impairment in an inhibi-
tory avoidance task (60). Dexamethasone, which is rela-
tively excluded from the blood-brain barrier at low doses,
would shut off endogenous glucocorticoid production via
feedback to the pituitary and deplete the brain of gluco-
corticoids (61). Further studies are needed to test this hy-
pothesis on the role of elevated glucocorticoids in structural
hippocampal and prefrontal cortical damage and resulting
cognitive impairment in critical illness survivors.

Glucocorticoids and delirium

In the ICU, incidence and duration of delirium is an in-
dependent risk factor for disability in activities of daily
living (62, 63). Duration of delirium is also an independent
risk factor for worse motor-sensory function (63) and im-
paired global cognition and executive function (5) in the
following year. In a study of mechanically ventilated ICU
patients, over 70% had cognitive impairment at 3- and
12-month follow-up, and duration of delirium but not
duration of ventilation was an independent predictor of
this outcome (64). Thus, ICU delirium is a risk factor for
cognitive impairment and physical disability after hospi-
talization (65).

The neural mechanisms of delirium remain ambiguous,
and it is difficult to study in animals (66-70). There is signifi-
cant overlap between the defining features of postoperative
delirium and long-term cognitive impairment, including
disturbances of attention, memory, and thought processes,
implying that these short- and long-term consequences of
critical illness may share underlying neurobiology (71). It
has been hypothesized that endogenous glucocorticoids
contribute to the development of delirium. Indeed, en-
dogenous glucocorticoid levels predicted the occurrence of
delirium in several studies. For instance, higher periopera-
tive cortisol levels are associated with an increased risk of
postoperative delirium (72-77). In a small group of geriatric

patients with acute lower respiratory infection, less cortisol
suppression in response to dexamethasone predicted the
occurrence of delirium (78).

However, not all studies have shown this relationship
between endogenous glucocorticoid levels and delirium.
One recent study found no association between cortisol
levels and delirium after cardiac surgery (79). Additionally,
a multivariate analysis of delirium biomarkers in ICU pa-
tients found that cortisol levels were not independently
associated with occurrence of delirium (75). In addition,
examination of healthy volunteers with experimental
endotoxemia revealed that cortisol was not sufficient to
cause either delirium or cognitive impairment (80, 81).
The association between cortisol nonsuppression to dexa-
methasone (78) and delirium could be explained by im-
paired hippocampal function at baseline, with resulting
impairment in negative feedback to the HPA axis. We
therefore find it much more likely that high cortisol and
delirium are both associated with higher severity of illness
and underlying hippocampal damage, without any clear
evidence for causality between them.

The literature regarding the impact of exogenous gluco-
corticoids on delirium is conflicting. One retrospective
study found that early methylprednisolone treatment was
associated with lower risk of delirium in lung cancer pa-
tients with postoperative acute lung injury (82), though
the treatment also improved lung injury and lessened the
duration of mechanical ventilation, confounding the in-
terpretation. Of 2 prospective cohort studies, 1 found that
systemic corticosteroid administration was associated with
an increased risk for delirium in ICU patients (83), while
the other did not find an association (84). Of 2 random-
ized controlled trials of hydrocortisone, 1 small study in
postoperative cardiac surgery patients found no difference
in the risk of delirium with hydrocortisone (85). In con-
trast, in the HYPRESS trial, a large, randomized controlled
trial of hydrocortisone treatment for severe sepsis, hydro-
cortisone was associated with lower rates of delirium (86).
Considering its large and randomized nature, these findings
are interesting, and hydrocortisone was not associated with
other measured clinical benefits that could confound the in-
terpretation (though there were several undesirable side ef-
fects, such as hyperglycemia and neuromuscular weakness).
Previous randomized trials of hydrocortisone in sepsis (87-
89) did not include delirium as an endpoint. Nonetheless,
based on the totality of the literature reviewed above, we
conclude there is no consistent evidence that glucocortic-
oids directly impact delirium in critically ill patients. Future
randomized controlled trials of exogenous glucocortic-
oids in critically ill patients should include delirium as an
endpoint in order to improve our understanding of their
effect on delirium.
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Psychiatric Outcomes

Glucocorticoids and fear memory

Pertaining to critical illness, fear memories could be de-
scribed as emotionally arousing, traumatic memories of the
ICU experience. Glucocorticoids have a complex impact
on fear-related memory (23, 90-93). Similar to the effect
on cognition, their actions are dose-dependent, forming
an inverted U-shape. In both animals (94-96) and humans
(97, 98), administration of a moderate dose of glucocortic-
oids shortly after training enhances long-term consolida-
tion of various forms of memory, including contextual fear
memory, while administration of a high dose impairs it.
Glucocorticoids are also timing dependent; elevated levels
immediately before retention testing hampers the retrieval
of contextual fear-conditioned memory and inhibitory
avoidance memory (99). These effects on consolidation
and retrieval are reliant on sex (97, 100) and on interaction
with the noradrenergic system (101). Glucocorticoids may
also enhance fear generalization (102).

The amygdala, especially the BLA, is particularly im-
portant for the consolidation of emotionally arousing
experiences, including fear memory (103). Evidence indi-
cates that glucocorticoid enhancement of fear memory may
occur via direct effects on the amygdala. For example, ac-
tivation of GRs in the BLA increases activity, transmission,
and dendritic growth, and enhances fear memory consoli-
dation (93, 103, 104), and the administration of a GR an-
tagonist to either ventral hippocampus or BLA decreased
fear memory retention (105).

The effect of circulating glucocorticoids on fear memory
formation and retention in critically ill patients will likely
be influenced by their level, timing, and potentially and
changes in GR or MR expression or function. Severe in-
flammatory illness decreases functional GR expression in
multiple tissues. potentially decreasing sensitivity to gluco-
corticoids (106, 107). In rats, the LPS-induced release of
cytokines temporarily decreased the affinity of MR for
corticosterone (108). Also in rats, 7 days of daily LPS in-
jections decreased hippocampal GR in male rats, actually
increasing it in females (109). Any effect of glucocorticoids
on the formation or persistence of traumatic memories,
in particular, could influence the development of PTSD or
negative affect in critical illness survivors.

Glucocorticoids and PTSD

It is common for critical illness survivors to develop PTSD,
although the reported prevalence varies widely from 16%
to 44% (4, 6, 110-114). In nonillness populations, some
but not all studies have shown an association of PTSD
with low cortisol levels, including basal cortisol and/or
lower cortisol response at the time of trauma (111, 115-
118). It is possible that low basal cortisol levels are simply

a marker for increased vulnerability to PTSD. Alternatively,
low cortisol levels could be involved in the pathogenesis of
PTSD, facilitating both traumatic memory formation and
retrieval, as discussed above.

In critical illness, there is also some evidence for an asso-
ciation between HPA axis dynamics and PTSD. In a small
study of adult ARDS patients, individuals with lower cor-
tisol levels in the ICU showed a trend toward higher PTSD
symptoms 6 months later (112). In long-term survivors of
ARDS, low basal cortisol levels correlated with more trau-
matic memories of the illness (119). On the other hand,
this association was not true in children, as 1 study actu-
ally found that higher evening salivary cortisol levels were
associated with more PTSD symptoms 3 to 6 months after
discharge from the pediatric ICU (120). Genetic variants in
GR and CRH receptors predict risk of PTSD after critical
illness in adults and children (121-123) and the modulatory
role of dexamethasone (124), further suggesting the in-
volvement of glucocorticoid signaling in PTSD risk after
critical illness.

Because of the association between low cortisol levels
and PTSD, exogenous glucocorticoid treatment has been
explored and, indeed, has shown promise for the preven-
tion of PTSD after a traumatic experience, including critical
illness (125, 126). For example, pediatric sepsis patients
who received glucocorticoids had lower PTSD intrusion
symptom scores 3 to 6 months later (127). In an obser-
vational study of adult acute lung injury patients, higher
proportion of ICU days on glucocorticoids was associated
with decreased PTSD symptoms after controlling for other
factors including ICU days, sepsis days, and midazolam
and opioid usage (114). In 2 small studies, administra-
tion of hydrocortisone reduced the incidence of PTSD in
patients with septic shock, with no difference in illness
severity scores or ICU days (128, 129). Moreover, in a ran-
domized controlled trial of hydrocortisone for the preven-
tion of PTSD after cardiac surgery, patients treated with
hydrocortisone had lower PTSD symptoms at 6 months
despite no effect of the treatment on ICU days, duration
of mechanical ventilation, or pressor needs (130). Finally,
in a randomized trial of high intraoperative doses of the
potent synthetic glucocorticoid dexamethasone (1 mg/kg
up to 100 mg) during cardiac surgery (131), dexametha-
sone treatment was associated with lower rates of PTSD in
follow-up in female patients and in patients with specific
variants of the GR gene (124, 132). This high dose of dexa-
methasone almost certainly reached the brain parenchyma.
While dexamethasone also conferred clinical benefit in this
trial, the clinical benefit was seen in all patients, while the
PTSD benefit was only noted in specific subsets of patients.
Of note, since dexamethasone is a pure GR agonist and the
effect was dependent on GR polymorphisms, the effect of
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glucocorticoids during illness on the development of PTSD
may be GR mediated. In conclusion, the available evidence
suggests that exogenous glucocorticoid treatment during
critical illness may prevent PTSD in survivors independent
of any additional physiological benefit.

How might glucocorticoid treatment prevent PTSD in
critical illness survivors? The goal of much PTSD prophy-
laxis is to interfere with the most common symptom: in-
trusive fearful memories, since high incidence of traumatic
memories is strongly associated with PTSD after critical
illness (119, 130). As discussed above, high doses of gluco-
corticoids administered with appropriate timing may block
fear memory formation or retrieval, although moderate
doses would be expected to enhance fear memory, de-
pending on their timing. However, several studies showed
that the effect of glucocorticoids on PTSD in critical
illness survivors was not associated with reduced num-
bers or types of traumatic memories (129, 130, 133). More
work is needed, particularly in the controlled setting of
rodent models, to understand how continuous elevation
of glucocorticoids in the context of the ongoing stress of
critical illness influences the formation of memories, espe-
cially emotionally salient memories, and subsequent fear
generalization.

If not via traumatic memories, how could gluco-
corticoids prevent development of PTSD? Animal studies
do provide some evidence that glucocorticoid treat-
ment at the time of acute stress may prevent changes in
hippocampal and amygdala architecture and associated
changes in affective behavior (134-136). In 1 study, a more
stress-susceptible rat strain was found to have lower cor-
ticosterone levels, and administration of corticosterone
prior to acute predator odor stress diminished the effect
of the stressor on elevated plus maze exploration and
acoustic startle 7 days later (137). Whether these changes
in rodent affective behavior and limbic system architecture
after stress and glucocorticoid treatment truly represent a
neurobiological substrate of PTSD is not clear. Moreover,
they would need to be reconciled with the earlier hypoth-
esis that illness-induced elevations in glucocorticoids cause
hippocampal and prefrontal cortical damage, resulting in
cognitive impairment in critical illness survivors. A clearer
understanding of the neural circuits perturbed in survivors
of acute illness, their relationship to behavior, and the im-
pact of glucocorticoids on these circuits is needed for true
understanding.

Glucocorticoids and mood disorders

In critical illness survivors, there is significant comorbidity
between PTSD and mood disorders, such as anxiety and
depression (110, 112, 113). Most studies show substan-
tially higher incidence of mood disorders than PTSD in

critical illness survivors; in 1 study of a mixed medical and
surgical ICU survivor population, depression was about 5
times more likely than PTSD (8). As discussed previously,
high levels of glucocorticoids can cause dendritic atrophy
in the hippocampus and PFC, 2 key brain areas implicated
in depression and anxiety. Central nervous system exposure
to prolonged and severe elevations in free cortisol levels,
such as is seen during critical illness, could therefore con-
tribute to the increased risk of developing mood disorders.

The clinical literature mostly suggests that exogenous
glucocorticoid treatment during illness has little role in
the development of mood disorders after recovery. Most
studies have found that neither administration of hydro-
cortisone or dexamethasone around the time of illness, nor
preadmission use of glucocorticoids, had any effect on the
subsequent occurrence of depression or anxiety (85, 132,
138). One study found that the number of days of cortico-
steroid treatment in the ICU was associated with less se-
vere anxiety after acute lung injury (112). If glucocorticoid
treatment does prevent the development of PTSD, then by
doing so it could also decrease the likelihood of developing
a comorbid mood disorder.

After illness, overactivity of the HPA axis could con-
tribute to the development of mood disorders through
similar mechanisms as seen, for example, in Cushing’s
syndrome (139). For example, mice who survived CLP
showed higher blood corticosterone after swimming and
heavier adrenal weights up to 50 days after the illness,
accompanied by avoidance of bright open areas and in-
creased immobility in the forced swim test classically in-
terpreted as “anxiety”- and “depressive”-like behavior
(24). In that study, GR expression was also increased
in the ventral hippocampus of sepsis survivor mice,
where increased GR signaling has been associated with
anxiety-like behavior. In another study, rats who sur-
vived pneumococcal meningitis showed elevated ACTH
and corticosterone levels accompanied by anhedonia and
evidence of neuroinflammation; all of these findings were
reversed with imipramine treatment (140). This suggests
that in mice and rats HPA axis overactivity is associated
with negative affect in illness survivors, suggesting it could
contribute to the development of mood disorders after
critical illness. MRs may also play a role as studies have
shown that MRs modulate stress-induced anxiety-like be-
havior (141), that MR expression in certain limbic regions
is reduced individuals with depression (142, 143), and
that certain MR genetic variants increase vulnerability to
depression (144, 145). Research in this area should focus
on understanding whether human critical illness survivors
show long-term HPA axis overactivity, whether HPA axis
overactivity after illness causes negative affect, and the re-

ceptor mechanisms.
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Role of Systemic Inflammation

Peripheral and central elevations in proinflammatory
have been implicated in PTSD and de-
pression (146, 147). In addition to the role of acute

cytokines

inflammation-associated damage describe above, ongoing
neuroinflammation could plausibly mediate some of the
brain-based sequelae of critical illness. Indeed, mice who
survive abdominal or pneumosepsis exhibit evidence of
persistent neuroinflammation (53, 148-150). There is some
evidence that cytokine elevations contribute to the acute
changes in memory and affective behavior after LPS injec-
tion in mice (146). Furthermore, treatment of mice with
a nuclear factor kappa B (NFKB) inhibitor to block the
transcription of immune-regulated genes after LPS admin-
istration improved signs of neuroinflammation and also
improved several measures of affective behavior (41).
Since glucocorticoids are often exploited for their
anti-inflammatory properties, they could protect the brain
by suppressing its exposure to peripherally and centrally de-
rived cytokines. Adrenalectomized mice showed higher cir-
culating proinflammatory cytokines in response to a viral
challenge (151), adding further evidence to the extensive lit-
erature detailing the profound immune modulatory effects
of glucocorticoids (152, 153). Moreover, exogenous admin-
istration of stress doses of hydrocortisone to patients with
septic shock significantly reduced levels of some, but not all,

circulating proinflammatory cytokines (154). However, as
noted above, in some parts of the brain glucocorticoids could
have a local proinflammatory effect. It is also interesting
that chronic stress primes neuroinflammatory responses in
a glucocorticoid-dependent manner (155). Thus, the gluco-
corticoid state of the patient preceding illness may be im-
portant for the eventual outcome. Whether endogenous or
exogenous glucocorticoids may alter brain outcomes through
their immune and inflammatory inhibiting or promoting
properties has not yet been explored.

Conclusion and Directions for Future Research

Critical illness is marked by massive increases in en-
dogenous free glucocorticoid and is often accompanied by
exogenous glucocorticoid treatment. In this mini-review, we
have discussed evidence that glucocorticoids may be both
detrimental and beneficial to neuropsychiatric outcomes
after intensive care (Fig. 2). The strongest evidence suggests
that high levels of circulating glucocorticoids during crit-
ical illness may decrease the risk of PTSD, though perhaps
not via their effect on traumatic memories. Acute, extreme
elevations in circulating glucocorticoid during illness may
cause or exacerbate inflammation-induced hippocampal
and prefrontal cortical damage, while persistent HPA axis
overactivity in survivors (seen in several rodent models)
may also contribute to the development of cognitive
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impairment and mood disorders. The relative contributions
of systemic and local central nervous system inflammation
in brain function after illness is important to disentangle,
as glucocorticoids suppress systemic inflammation, but
this is not always true locally in the brain. One additional
completely underexplored area is the role of gut-brain com-
munication in HPA axis functioning and neuropsychiatric
outcomes after critical illness (156-160).

The effective exploitation of glucocorticoid biology to
improve overall patient survival while enhancing brain re-
covery and minimizing brain harms is a prodigious chal-
lenge. Because of the importance of dose, timing, potency,
inflammation, and genetic variation, it is an opportunity
for personalized medicine. Critically ill patients are sub-
jected to a number of factors that will also influence brain
outcomes, including hypoxia, loss of diurnal rhythm, and
treatments with numerous other centrally acting medica-
tions including analgesic and anesthetic agents. As critical
care moves into the era of big data, many of these patient-
and illness-specific factors will become available for meas-
urement, interpretation, and action in real time.

Consideration of the effect of glucocorticoids on the
brain during critical illness is especially timely in light of the
current COVID-19 pandemic. COVID-19 is accompanied
by a severe inflammatory response as well as high cortisol
levels during the acute illness period: Admission cortisol
levels were higher in COVID-19 patients than in those ini-
tially suspected of having the infection but ultimately not
diagnosed with COVID-19 (161). Evidence is emerging
for acute neuropsychiatric complications of COVID-19,
including patients presenting with new-onset neuropsychi-
atric disorders (162, 163). Moreover, COVID-19 patients
will be at high risk for delirium due to the severity of the
disease and treatment-related factors (164). The combin-
ation of severe inflammation, high cortisol levels, specific
neuropathologic effects of the disease, and high incidence
of delirium in COVID-19 patients could result in especially
high long-term neuropsychiatric morbidity in these pa-
tients. Interestingly, recently dexamethasone, 6 mg daily for
up to 10 days, has emerged as the only treatment shown to
reduce mortality in critically ill patients with COVID-19
(30). The mechanism is highly likely to include constraint
of deleterious aspects of the inflammatory and immune re-
sponse in sick patients with COVID-19; dexamethasone
is not indicated for the prevention of infection. It will be
important to follow up on the neuropsychiatric outcomes
of COVID-19 patients from the RECOVERY trial to deter-
mine the effect of dexamethasone.

In conclusion, glucocorticoids may have both beneficial
and detrimental effects on the brain of critically ill patients
and survivors due to direct actions on brain regions im-
portant for cognition, affect, and fear memory, and direct

effects on systemic and neuroinflammation. Harnessing the
“good” while minimizing the “bad” in these compounds
will rely on a better understanding of their mechanisms
as well as how to exploit them in each individual patient.
Cooperation between preclinical and clinical investiga-
tors on this topic is crucial and timely, as the findings have
direct relevance to brain outcomes for survivors of all se-
vere illnesses, including COVID-19.
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