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receptors [10], and are synthesized mainly by neurons located 
in the posterolateral hypothalamus. OX1 receptors are widely 
distributed in the central nervous system (CNS), mostly in the 
ventromedial hypothalamus, and in peripheral tissues such as 
brown adipose tissue. OX2 receptors are also widely distrib-
uted in the CNS, mainly in the paraventricular nucleus, and 
in peripheral tissues such as the adrenal medulla [11]. The 
OXergic system plays an important role in several physiologi-
cal functions such as feeding, sleep–wake cycle, locomotion, 
thermoregulation, autonomic function including cardiovas-
cular function, and analgesia. OXergic system is particularly 
known to be involved in the control of the sympathetic nerv-
ous system [12]. In addition, the OXergic system contributes 
to the cardiovascular defense system which is attenuated in 
OX knockout mice and OX neuron-ablated mice [13].

Pathophysiology of sepsis and the OXergic system

Sleep disorder

Patients with sepsis in the intensive care unit (ICU) often 
show complete absence of the normal circadian rhythm pat-
tern. Although rapid eye movement (REM) sleep typically 
occupies 20–25 % of nocturnal sleep in healthy subjects, 
patients with sepsis often show an absence or a decrease 
in REM sleep. It has been suggested that some specific 
mediators such as endotoxin may disrupt REM sleep [14]. 
Baracchi et al. [15] reported that septic rats showed sup-
pression of REM sleep and δ-power during non-REM sleep 
and fragmented sleep during dark periods. Lipopolysaccha-
ride (LPS) infusion significantly decreases OXergic neu-
rons [7–9]. LPS infusion at 0.22 μg/h significantly reduced 
not only OX by 29.7 % but also REM sleep [7]. The sleep–
wake cycle returns to normal after recovery from sepsis. 

Introduction

The definition of sepsis was revised in Feb 2016 [1]. How-
ever, sepsis remains one of the leading causes of death 
worldwide. Twenty to 30 million patients suffer from sepsis 
and approximately one-third of these die every year. Early 
recognition and standardized emergency treatment such 
as appropriate antibiotic therapy are essential [2]. How-
ever, early recognition is not always easy as typical signs 
and symptoms are not always obvious in all critically ill 
patients. There has been a concerted effort from both clini-
cal and basic researchers to address this issue of recogni-
tion with several studies attempting to establish early diag-
nostic criteria [3–5].

Several reports suggest that neuronal bioactive sub-
stances such as nociceptin [4] and endocanabinoid [6] may 
contribute to the pathophysiology of sepsis. Several reports 
[7–9] suggest that orexin (OX) may also be involved. 
Degeneration of orexinergic (OXergic) neurons occurs dur-
ing sepsis and the decline of OXergic activity may partly 
characterize the symptoms of sepsis. Here, we discuss the 
relationship between the OXergic system and sepsis.

Orexins and orexin receptors

Orexin-A [OXA: molecular weight (MW, human) = 3561.10] 
and -B [OXB: MW (human) = 2899.34] are endogenous 
neuropeptide agonists for orexin-1 (OX1) and orexin-2 (OX2) 
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Palomba et al. [9] found that OX expression declined after 
LPS infusion and completely recovered to the pre-LPS 
level 30 days after the last LPS injection.

Sepsis‑associated delirium

Delirium is evident in 50 % of patients with sepsis in the 
ICU. Clinical features of sepsis-associated delirium (SAD) 
are altered level of consciousness, decrease in attention, 
changes in cognition and perceptual disturbances. SAD 
may be due to neuroinflammation, abnormal cerebral per-
fusion and neurotransmitter imbalance [16]. Indeed, some 
septic patients reveal EEG changes indicating mild to mod-
erate encephalopathy [7]. SAD is generally reversible as 
the symptoms usually disappear after the successful treat-
ment of sepsis [16].

OXergic neuronal activity has been implicated in the 
modulation of learning and memory as OXergic neurons 
project to the hippocampus, which is the main seat of learn-
ing and memory. As ischemic stroke results in inflammation 
in the brain that directly affects the repair of neural damage, 
stroke patients often exhibit cognitive impairment within 
3 months of a stroke with a reduction in serum and cere-
brospinal fluid OX concentrations [17]. In addition, nasal 
administration of OXA improved cognitive performance in 
sleep-deprived nonhuman primates [18] and social memory 
in adult OX/ataxin-3-transgenic mice [19]. These evidences 
suggest that the OXergic system may play an important role 
in cognitive functions. Therefore, a reduction in OXergic 
neurons during sepsis may also contribute to SAD.

A recent article [20] suggested that hyperprolactine-
mia may also be associated with SAD. As prolactin can 
increase cytokine release from astrocytes and aggravate 
brain endothelial dysfunction, excessive prolactin release 
may exert some harmful effects on the brain and cause cog-
nitive dysfunction [20]. It is also reported that the hypotha-
lamic expression of OX is significantly decreased with high 
plasma levels of prolactin such as in pregnancy and lacta-
tion [21]. In addition, OX can regulate prolactin secretion 
[22]. Therefore, an increase in prolactin secretion during 
sepsis might participate in neuroinflammation-caused SAD 
with a decline of OXergic neurons.

Nutrition

Appetite loss and gastrointestinal (GI) dysmotility are often 
accompanied by chronic inflammatory conditions including 
sepsis [23]. Sepsis is one of the risk factors for gastropare-
sis and ileus in the ICU [23]. Hyperglycemia is also pre-
sent in patients with sepsis as insulin resistance is associ-
ated with an increase in plasma LPS concentration, which 
is derived from the membrane of Gram-negative bacteria in 
the GI tract [24].

OXA, OXB and their receptors are distributed not only 
in the CNS but also in peripheral tissues including the 
intestine and pancreas, i.e., organs that are important for 
glucose homeostasis [25]. It has been reported that depres-
sion of the OXergic system produces appetite loss and dis-
turbance of GI function [26]. OXergic activity is stimulated 
by low glucose (2.8 mM) and inhibited by high glucose 
(16.7 mM). As OX could inhibit the active absorption of 
luminal glucose in the intestine, OX directly modulates 
glucose disposal in the GI tract, although the peripheral 
role of OX in glucose homeostasis has not fully been elu-
cidated [25]. On the other hand, the expression of OX in 
the hypothalamus is reduced by hyperglycemia due to insu-
lin insensitivity [25]. Thus, not only inflammation but also 
hyperglycemia may contribute to the depression of OXer-
gic activity in sepsis.

Hemodynamics

Cardiovascular dysfunction profoundly affects the outcome 
of sepsis. Moreover, sepsis also induces autonomic dysreg-
ulation. Sepsis-related cardiac depression may be related 
to lower responsiveness to endogenous catecholamines 
because of disrupted signal transduction with a reduction in 
adrenoceptor density and an increase in inhibitory G-pro-
tein in the myocardium despite high plasma catechola-
mines. In addition, septic shock is associated with neuronal 
and glial apoptosis within cardiac autonomic centers [27].

Central administration of OXs can increase blood pres-
sure, heart rate and sympathetic activity as OXergic neu-
rons are located in the hypothalamus with distribution of 
their terminals in the central autonomic regions [28]. We 
also found that OXergic neurons could regulate the sympa-
thetic nervous system as OX/ataxin-3 transgenic (OX neu-
ron-ablated) rats showed decreased sympathetic nerve tone. 
OX/ataxin-3 rats also showed lower systolic blood pressure 
than wild-type rats [12]. Thus, degeneration of OXergic 
neurons might be partially involved in the mechanism of 
cardiovascular dysfunction in sepsis.

Anesthetic requirement

Several animal studies indicate that sepsis could reduce 
the requirement of both volatile (sevoflurane, desflurane 
and isoflurane) [29] and intravenous anesthetics (propo-
fol) [30]. In these studies, although it was well-known that 
anesthetic requirement could be altered by physiological 
conditions such as body temperature, age, acid–base bal-
ance, electrolyte balance, and blood pressure, the physi-
ologic conditions in the sepsis group were adjusted to those 
in the control group. Therefore, the reduction in anesthetic 
requirement may be due to other factors such as CNS 
dysfunction.
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As mentioned above, sepsis depresses OXergic neurons. 
In addition, we previously reported that intracerebroven-
tricular (i.c.v.) administration of OXs reduced intravenous 
anesthesia time while OX1 receptor antagonist prolonged 
it [31, 32]. Similarly, Kelts et al. [33] reported that genetic 
ablation of OXergic neurons (OX/ataxin-3 mice) and selec-
tive OX1 receptor antagonists delayed emergence from vol-
atile anesthesia such as sevoflurane and isoflurane. Based 
on these observations, sepsis-induced OXergic depression 
may reduce anesthesia requirement.

Therapeutic potential of OX receptor agonists 
in sepsis

Similar to sepsis, inflammatory brain diseases such as 
Alzheimer’s disease, Parkinson’s disease, traumatic brain 
injury and stroke reveal OX deficiency. In inflammatory 
brain disease models, glucagon-like peptide-1 (GLP-1) 
mimetics have been reported to reverse memory impair-
ment, synaptic and neuronal loss, and behavioral dys-
function [34]. As GLP-1 mimetics have been reported to 
activate OXergic neurons in ex vivo hypothalamic slices, 
GLP-1 mimetics could be functional OX receptor agonists. 
In a post-chemotherapy model, rodents revealed fatigue 
which is defined as a significant decline in voluntary loco-
motor activity. In addition, cytotoxic chemotherapy pro-
duced hypothalamic inflammation and suppressed hypo-
thalamic OXergic activity, and this fatigue was reversed by 
i.c.v. OXA [34]. Thus, the pathophysiologic symptoms of 
sepsis might be improved by an increase in OXergic activ-
ity. Indeed, i.c.v. OXA improved arousal, temperature, and 
heart and respiratory rates when OXergic activity was sig-
nificantly reduced to one-sixth of baseline in a septic state 
induced by cecal ligation and puncture [34]. However, as 
there has only been this one report to suggest that i.c.v. 
OXA could improve the pathogenesis of sepsis, more ani-
mal experiments will be required for confirmation. In addi-
tion, clinical investigations will also be required.

Conclusion

Various neuronal and immune systems participate in the 
complicated clinical features of sepsis. However, reported 
data indicate that the OXergic system must be involved 
in the pathophysiology of sepsis. It is necessary to know 
what are the precise sites and how they might be clinically 
effectively targeted. What is clear is that beyond supportive 
therapy and antibiotic use there are no wonder drugs avail-
able for use in the ICU: could targeting the OXergic system 
represent a new therapeutic approach?
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