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Data accumulated over the last two decades has demonstrated that hypothalamic inflammation plays an
important role in the etiopathogenesis of the most prevalent diseases, such as cardiovascular diseases,
metabolic syndrome, and even cancer. Recent findings indicate that hypothalamic inflammation is also
associated with stress exposure and certain psychiatric diseases, such as depressive disorder.
Mechanistic studies have shown that intense and/or chronic stress exposure is accompanied by the syn-
thesis of inflammatory molecules in the hypothalamus, altered hypothalamic–pituitary-adrenal axis
activity, and development of glucocorticoid resistance. Consequently, these factors might play a role in
the etiopathogenesis of psychiatric disorders. We propose that hypothalamic inflammation represents
an interconnection between somatic diseases and depressive disorder. These assumptions are discussed
in this mini-review in the light of available data from studies focusing on hypothalamic inflammation.

� 2020 Elsevier Ltd. All rights reserved.
1. Hypothalamic inflammation

The hypothalamus plays a crucial role in systemic homeostatic
regulation [1]. In support of this, both experimental and clinical
data have shown that various stimuli, such as peripheral inflam-
mation [2], or increased intake of saturated fatty acids [3] might
disrupt hypothalamic homeostatic regulation via induction of
inflammation in this brain structure [2,4]. In addition to the
well-described association between hypothalamic inflammation
and somatic diseases (e.g. cancer cachexia, hypertension, obesity,
type II diabetes) [4–6], recent studies indicate that hypothalamic
inflammation might also be associated with stress exposure and
psychiatric diseases, including depressive disorder [7–10].

Indeed, current data support the hypothesis that stress-related
neuroinflammation might contribute to the development of psy-
chiatric diseases. As such, the hypothalamus, a central component
of the neuroendocrine stress response, might be affected by these
changes [9,10] and thus play a role in the etiopathogenesis of psy-
chiatric diseases.

2. Stress-related hypothalamic inflammation: Potential
contributing factors

Multiple factors might play a role in stress-related hypothala-
mic inflammation. Most studies on stress and hypothalamic
inflammation focus on the effect of glucocorticoids in the develop-
ment of neuroinflammatory processes [11]. The hypothalamus
contains a high concentration of glucocorticoid and mineralocorti-
coid receptors which, among other factors, serve to regulate
hypothalamic–pituitary-adrenal (HPA) axis activity. However,
long-term stress exposure may lead to the development of gluco-
corticoid resistance in corticoliberin (CRH) neurons of the hypotha-
lamic paraventricular nucleus, which in turn disrupts the negative
feedback loop regulating activity of the HPA axis. As a result, a
chronically activated HPA axis and hypercorticoidism lead to an
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alteration of the physiologic function of glucocorticoids and cause
an inadequate response of various tissues and cells to these hor-
mones [12,13].

In the hypothalamus, chronically elevated levels of glucocorti-
coids induce expression of ionized calcium-binding adapter mole-
cule 1 (Iba1, a marker of microglial activity) [14–16]. Rather than
immediately produce inflammatory factors, the glucocorticoid-
activated microglia are put into a primed state [17]. The primed
microglia then increase number of cell surface receptors, such as
toll-like receptors (TLRs) [18,19], which makes the activated
microglia especially prone to further stimuli. A subsequent chal-
lenge (such as lipopolysaccharide administration), may induce an
exaggerated microglial response accompanied by excessive pro-
duction of inflammatory factors [17,20]. Moreover, glucocorticoids
might enhance production of NOD-like receptor 3 (NLRP3) protein
– a part of the inflammasome and increase maturation as well as
release of interleukin 1b (IL-1b) in response to extracellular adeno-
sine triphosphate (ATP) in human macrophages [21]. Therefore,
stress itself might trigger expression of inflammatory factors.

Increased expression of inflammatory markers in the brain has
also been detected after a single stress exposure in various animal
models [10,22]. These data indicate that besides glucocorticoid
resistance, other mechanisms might also be responsible for induc-
tion of inflammatory changes in the central nervous system (CNS).
Moreover, in the hypothalamus, IL-1b induces CRH secretion from
the paraventricular nucleus and activates the HPA axis [23].

Stress exposure might induce expression of IL-1b in the
hypothalamus, which in turn activates the HPA axis and elevates
circulating glucocorticoid levels. Glucocorticoid resistance might
further potentiate expression of inflammatory cytokines in the
hypothalamus, forming a vicious cycle of central IL-1b expression
and HPA axis hyperactivity [24]. In support of this, a previous study
has proved that sustained exposure to IL-1b might play a role in
glucocorticoid resistance with decreased expression of specific
anti-inflammatory markers regulated via glucocorticoid receptors
[25].
2.1. Psycho-social stress and hypothalamic inflammation

Increased expression of IL-1b has been found in the hypothala-
mus following acute exposure to electric foot shock [10] and
immobilization [22]. Moreover, other studies have shown that
there is increased expression of various inflammatory markers (in-
cluding IL-1b) in multiple brain structures after chronic psycho-
social stress exposure [14–16,26]. In rodents, various psycho-
social stressors increased expression of inflammatory markers
such as vascular cell adhesion molecule 1 (VCAM-1), intracellular
cell adhesion molecule 1 (ICAM-1), and Iba1 in the prefrontal cor-
tex, hippocampus, amygdala, and hypothalamus, including the
paraventricular nucleus [9,14–16].
3. The role of inflammation in etiopathogenesis of depressive
disorder

Depressive disorder is one of the most commonly diagnosed
mental disorders in adult patients as well as in children and ado-
lescents. The key symptoms are sadness and anhedonia, accompa-
nied by other, more variable symptoms such as sleep disorders,
exhaustion, weight loss, or various cognitive deficits [27].

Many of depression-related symptoms exhibit a striking resem-
blance to the symptoms that appear in the acute phase of the
immune response characterized by sickness behavior. Along with
the observation that immunotherapy with pro-inflammatory
cytokines such as interferon a (IFN-a) [28], or interleukin 2 (IL-2)
[29] induces depressive symptomatology in a high percentage of
the population, these findings led to the hypothesis that inflamma-
tion may be involved in the development of depressive disorder.
Evidence showing that patients with chronic peripheral inflamma-
tory diseases have a higher incidence of depressive disorders when
compared to a healthy population, also favor this hypothesis [30].
Findings of increased concentrations of pro-inflammatory cytoki-
nes in the plasma of depressed patients when compared to healthy
subjects also indicate a relationship between depressive disorder
and peripheral inflammation [31,32]. Moreover, increased expres-
sion of several pro-inflammatory cytokines in the frontal cortex of
depressed people has also been reported [33].

However, even if administration of pro-inflammatory cytokines
increases the frequency of depressive disorders, this behavior does
not occur in all patients. In a group of patients with hepatitis C who
were treated long-term with IFN-a, depressive disorder occurred
in 39% of cases [28]. Similarly, in some individuals with progressive
metastatic melanoma, administration of IL-2 induced severe
depressive symptoms that led to temporary discontinuation of
the treatment. Furthermore, 24 – 48 h after discontinuation, these
symptoms disappeared [29].

3.1. Potential role of the hypothalamus and HPA axis

The unanswered question is why pro-inflammatory cytokines
do not induce depressive disorder in all patients, but only in some
individuals and what characteristics of this vulnerable part of the
population determine its increased susceptibility to depressive dis-
orders. Previous studies have proved that glucocorticoid resistance
as well as inflammation might play an important role [7,8,34–36],
however the specific mechanisms were unclear until recently.

Several studies have shown increased HPA axis activity in
depressed patients [37,38]. In addition, some authors believe that
dysregulation of the HPA axis is not only a frequent accompanying
phenomenon of depressive disorder, but also a factor that may
arise as a result of various life events (e.g. stressful experiences
in early-life or during in utero development) or pathologies (e.g.
Cushing’s syndrome) and consequently may be responsible for
increased susceptibility to this psychiatric disorder [7,8]. This is
in accordance with the two-hit hypothesis of depression which
assumes that early-life/prenatal stress exposure might prime
microglia. Further stressful events in adolescence or early adult-
hood activate these primed microglia and trigger production of
inflammatory factors, which may lead to HPA axis hyperactivity
and glucocorticoid resistance [20]. Therefore, the two-hit hypothe-
sis might explain increased vulnerability of some patients to
immune challenges.

Hyperactivity of the HPA axis also seems to have a crucial role
in chronic stress-associated depressive disorder. Studies on mice
exposed to chronic mild stress have found that brain IL-1b may
act as a mediator of depressive symptoms via activation of the
HPA axis and suppression of neurogenesis in the hippocampus. In
addition, the effect of chronic mild stress was mimicked by exoge-
nous administration of IL-1b [34]. Moreover, elevated concentra-
tions of IL-1b were found in the cerebrospinal fluid of acutely
depressed patients [39]. Together with studies reporting hypotha-
lamic expression of IL-1b under various stress conditions, [10,26]
these data suggest that chronic stress might play a significant role
in the etiopathogenesis of depressive disorder, possibly even with-
out microglial priming during early-life development (Fig. 1).

3.2. Negative impact of glucocorticoid resistance on depressive
disorder

People with a hyperactive HPA axis respond differently to
immune stimuli when compared to the healthy population. These
patients suffer from glucocorticoid resistance of the circulating



Fig. 1. Function of the HPA axis during physiological conditions and chronic stress. Under physiological conditions, glucocorticoid levels are regulated by the HPA axis’
negative feedback loop. Chronic stress alters HPA activity, disrupts the negative feedback loop, and leads to glucocorticoid resistance. Glucocorticoid resistance decreases
availability of neuroprotective factors and increases expression of inflammatory molecules, which in turn lead to subcellular stress and elevated activity of IDO. Similarly,
decreased levels of omega-3 fatty acids might contribute to inflammation. Moreover, glucocorticoids might cause epigenetic modulations of neuronal DNA. All of these
changes might lead to alterations in neurotransmission, neurodegeneration, nerve cell death, and ultimately depression. ACTH – adrenocorticotropic hormone, BDNF – brain
derived neurotrophic factor, CRH – corticoliberin, FA – fatty acids, FGF – fibroblast growth factor, GR – glucocorticoid receptor, IDO – indoleamine dioxygenase, IL-1b –
interleukin 1b, IL-6 – interleukin 6, ISC – immune system cells, MAT – metabolically active tissue, NCAM – neural cell adhesion molecule, TNF-a – tumor necrosis factor a, Trp
– tryptophan.
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immune cells, which leads to their inability to adequately termi-
nate the immune response and thus causes an increase in pro-
inflammatory cytokine production [40]. Moreover, an in vitro
study using human cancer cell cultures has shown that elevated
levels of pro-inflammatory cytokines induce expression of the
inactive form of the glucocorticoid receptor, which may lead to a
potentiation of glucocorticoid resistance [41]. It is well known that
peripheral glucocorticoid resistance and associated elevated levels
of pro-inflammatory cytokines activate indoleamine 2,3-
dioxygenase (IDO – an enzyme of serotonin metabolism) and lead
to a worsening of depressive symptoms [42] (Fig. 2).

Increased levels of glucocorticoids might also have a negative
impact on various brain structures. Interestingly, it has been
demonstrated that there is a reduction in functional connectivity
between the hypothalamus and the subgenual cortex in depressed
patients. This part of the cerebral cortex has bi-directional connec-
tions with the hypothalamus (including the paraventricular
nucleus) and is responsive to cortisol. Therefore, changes in the
functional connectivity of these structures may be related to dys-
regulation of the HPA axis in depressed patients [36]. Moreover,
high glucocorticoid levels may induce neurotoxicity and subse-
quent atrophy in the hippocampus, a structure crucially involved
in the etiopatogenesis of depressive disorder [43].

3.3. Neuroinflammation in monoamine hypothesis of depressive
disorder

Expression of pro-inflammatory cytokines might interact with
brain neurotransmitter systems. For example, tryptophan (a pre-
cursor molecule for serotonin synthesis) levels are reduced in the
plasma of patients receiving IL-2 and/or IFN-a, correlating with
the appearance of depressive symptoms [35]. Pro-inflammatory
cytokines might also directly modulate serotonergic neurotrans-
mission in the brain. In support of this, administration of IL-1b
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Fig. 2. Kynurenine pathway. Under physiological conditions, the neurotransmitter serotonin is synthetized from the amino acid tryptophan. During inflammation, pro-
inflammatory cytokines activate the kynurenine pathway via stimulation of IDO, leading to the formation of kynurenine. Kynurenine can be metabolized by kynurenine
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methyl-D-aspartate.
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increases serotonergic neurotransmission in the hippocampus and
hypothalamus of experimental rats [44,45]. Moreover, exposure to
IL-1b increases the release of norepinephrine and dopamine in the
anterior hypothalamus [45].

However, current data indicate that inflammation-related
depressive disorder is associated with activation of enzymes that
result in tryptophan degradation and creation of multiple metabo-
lites that may indirectly affect serotonergic neurotransmission
rather than conversion of tryptophan to serotonin. For example,
the key metabolite kynurenine is produced from tryptophan in
the kynurenine pathway [46]. This reaction might be catalyzed
by a number of enzymes, with IDO having a key role. IDO is found
in various immune cells, including cells of the CNS. Kynurenine can
either be metabolized to 3-hydroxykynurenine and then to quino-
linic acid, or within another metabolic pathway to kynurenic acid
[47]. All of these agents affect the main excitatory system in the
mammalian brain – the glutamatergic neurotransmitter system.
To ensure optimal excitatory neurotransmission and limit excito-
toxic damage, the glutamatergic system has developed complex
regulatory mechanisms. Some components of this regulatory sys-
tem are directly related to IDO and kynurenine pathway activity
[48]. However, while the actions of 3-hydroxykynurenine and
quinolinic acid are neurotoxic and might lead to cell death, kynure-
nic acid is an antagonist of glutamatergic N-methyl-D-aspartate
(NMDA) receptors and has a neuroprotective function [46]. Indeed,
decreased levels of kynurenic acid and increased levels of quino-
linic acid have been found in patients with depressive disorder
[49] (Fig. 2). Therefore, these compounds may indirectly affect
serotonergic neurotransmission by interfering via the glutamater-
gic system of the brain.
3.4. Role of hypothalamic inflammation in depressive disorder

Stress and depressive disorder are associated with various
comorbidities. Recent research links the inflammatory basis of
chronic stress exposure to cardiovascular and metabolic diseases,
as well as certain cancer types [50]. Similarly, depressive disorder
is frequently associated with various comorbidities including
autoimmune disorders, metabolic syndrome, and cardiovascular
diseases [51,52]. Previously, it has been proven that many of the
above-mentioned disorders are associated with hypothalamic
inflammation [4–6]. Therefore, it is possible that chronic stress
induces hypothalamic inflammation, which in turn leads to disrup-
tion of homeostasis and development of associated somatic dis-
eases. On the other hand, somatic diseases might induce
hypothalamic inflammation on their own (for review see [53]).
Moreover, hypothalamic inflammation might modulate HPA axis
activity [2], lead to glucocorticoid resistance, and cause depressive
symptoms in some patients. Either way, hypothalamic inflamma-
tion represents an interconnection between depressive disorder
and somatic diseases. Therefore, we assume that anti-
inflammatory treatment might be beneficial in patients with
somatic disorders and associated psychiatric comorbidities.
4. Possible clinical implications

Despite significant progress in research of the neuroinflamma-
tory basis of stress, as well as psychiatric and somatic diseases,
many aspects of hypothalamic inflammation need to be deter-
mined. To date, it is not clear whether management of glucocorti-
coid resistance might be beneficial in the treatment of depressive
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disorders. Similarly, the detailed epigenetic mechanisms by which
early-life and in utero events contribute to increased inflammation
in later years are not fully understood. However, there are already
some potential treatments focusing on reducing neuroinflamma-
tion in hypothalamic inflammation-related disorders.

Although stress, depressive disorder, and various somatic con-
ditions associated with hypothalamic inflammation represent seri-
ous problems for society, a healthy life-style still seems to be one
of the most efficient approaches in reducing their negative
impacts. Regular physical activity increases production of anti-
inflammatory cytokines, such as interleukin 10 (IL-10) and reduces
hypothalamic inflammation in rats fed a high-fat diet [54]. Simi-
larly, endurance training has reduced hypothalamic inflammation
in a murine model of cancer cachexia [55]. In addition, some of
the current studies suggest a positive effect of stress relieving tech-
niques (such as mindfulness meditation and yoga) on inflamma-
tion, immunity, as well as biological aging [56–58]. These
techniques might be especially suitable for stressed patients and
patients with depressive disorder.

Current data indicate that the ratio of omega-6/omega-3 fatty
acids is also involved in the pathogenesis of depressive disorder.
Increased levels of omega-6 fatty acids in membranes might play
a role in the etiopathogenesis of depressive disorder via several
mechanisms, such as altered membrane fluidity and increased pro-
duction of pro-inflammatory cytokines with subsequent activation
of the HPA axis [59]. Conversely, omega-3 fatty acids seem to have
a protective effect [60,61].

The detrimental effect of inflammatory stimuli can be reversed
by antidepressants, particularly selective serotonin reuptake inhi-
bitors (SSRIs), which seem to be very effective in reducing inflam-
mation, as well as restoring HPA axis activity [62]. Potentially, also
other medicaments, such as nuclear factor kappa B (NF-jB) inhibi-
tors, inhibitors of the kynurenine pathways, antioxidants, and
mitochondrial modulators (e.g. polyphenolic compounds from nat-
ural sources) might be effective in reducing hypothalamic inflam-
mation [63,64].
5. Conclusion

Findings from the last decades have proved that many somatic
diseases, such as metabolic disorders and cardiovascular diseases,
are associated with neuroinflammatory changes in the hypothala-
mus. Based on the available data, we hypothesize that hypothala-
mic inflammation induced by stress exposure modifies HPA axis
activity and consequently plays a role in the development of
depressive disorder. Therefore, hypothalamic inflammation may
represent a node that interconnects stress, somatic diseases, and
depressive disorder. Suppression of hypothalamic inflammation
should be considered as a treatment that could benefit psychiatric
patients, as well as patients with certain somatic diseases.
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