

[image: image1]
Fatigue, Sleep, and Autoimmune and Related Disorders









	
	REVIEW
published: 06 August 2019
doi: 10.3389/fimmu.2019.01827





[image: image2]

Fatigue, Sleep, and Autoimmune and Related Disorders

Mark R. Zielinski1,2*, David M. Systrom3,4 and Noel R. Rose5


1Veterans Affairs Boston Healthcare System, Boston, MA, United States

2Department of Psychiatry, Harvard Medical School, Boston, MA, United States

3Department of Medicine, Harvard Medical School, Boston, MA, United States

4Department of Pulmonary and Critical Care Medicine, Brigham and Women's Hospital, Boston, MA, United States

5Department of Pathology, Brigham and Women's Hospital, Harvard Medical School, Boston, MA, United States

Edited by:
Attila Mócsai, Semmelweis University, Hungary

Reviewed by:
Robert Weissert, University of Regensburg, Germany
 Abdulla Watad, Sheba Medical Center, Israel

*Correspondence: Mark R. Zielinski, mark_zielinski@hms.harvard.edu

Specialty section: This article was submitted to Autoimmune and Autoinflammatory Disorders, a section of the journal Frontiers in Immunology

Received: 21 May 2019
 Accepted: 18 July 2019
 Published: 06 August 2019

Citation: Zielinski MR, Systrom DM and Rose NR (2019) Fatigue, Sleep, and Autoimmune and Related Disorders. Front. Immunol. 10:1827. doi: 10.3389/fimmu.2019.01827



Profound and debilitating fatigue is the most common complaint reported among individuals with autoimmune disease, such as systemic lupus erythematosus, multiple sclerosis, type 1 diabetes, celiac disease, chronic fatigue syndrome, and rheumatoid arthritis. Fatigue is multi-faceted and broadly defined, which makes understanding the cause of its manifestations especially difficult in conditions with diverse pathology including autoimmune diseases. In general, fatigue is defined by debilitating periods of exhaustion that interfere with normal activities. The severity and duration of fatigue episodes vary, but fatigue can cause difficulty for even simple tasks like climbing stairs or crossing the room. The exact mechanisms of fatigue are not well-understood, perhaps due to its broad definition. Nevertheless, physiological processes known to play a role in fatigue include oxygen/nutrient supply, metabolism, mood, motivation, and sleepiness—all which are affected by inflammation. Additionally, an important contributing element to fatigue is the central nervous system—a region impacted either directly or indirectly in numerous autoimmune and related disorders. This review describes how inflammation and the central nervous system contribute to fatigue and suggests potential mechanisms involved in fatigue that are likely exhibited in autoimmune and related diseases.
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INTRODUCTION

According to the National Institutes of Health, autoimmune diseases are estimated to afflict over 20 million individuals in the United States (1, 2). Currently, there are over 100 recognized autoimmune diseases (3), and the prevalence of many autoimmune diseases continues to rise (4, 5). A recent self-reported survey of individuals with autoimmune and related disorders by the American Autoimmune and Related Disorders Association indicated that this population's primary concern is fatigue (6). Over two-thirds of respondents reported that their fatigue was profound, debilitating, and prevented them from completing simple everyday tasks. Indeed, a growing literature indicates that fatigue is common in most autoimmune-related diseases, as well as among individuals with related immunodeficiency disorders (7–12). Furthermore, it is estimated that 7–45% of people in the general population exhibit persistent fatigue (13), while almost 98% of individuals with autoimmune disease report that they suffer from fatigue (6). Fatigue can cause dramatic impairments in mood (14), diminish social aspects of life (15), lead to an inability to perform routine daily activities (16), and limit physical activity and work (17). Consequently, fatigue can severely affect well-being and has a financial burden on the individual, family, and society (18–21).

Fatigue is multifaceted and typically broadly defined making it difficult to decipher the causes in specific autoimmune diseases (19). Fatigue is generally described as a condition with prolonged periods of exhaustion accompanied by the inability to perform activities to an expected capacity. There are numerous aspects of fatigue that can be assessed that define the type of fatigue including the severity of functional impairment; time-of-day/circadian patterns of fatigue; length of the persistence of the fatigue from seconds to days; time between fatigue periods; duration of time necessary for the fatigue to dissipate; influence of sleep loss or disturbances in sleep; impact of depression or anxiety; degree of distress concurrently occurring with the fatigue; type of impairment, such as is cognition, motivation, attention, or physical abilities; and the type of physical performance or activity that is impaired, such as in walking, climbing stairs, socialization, chores, cooking, bathing, work, and sex. The type of fatigue experienced in autoimmune disease is variable These differences are likely related to the particular tissues/organs, cell types, brain areas, and molecular and physiological mechanisms affected by the condition (19).

Currently, there is a lack of efficacious long-lasting treatments for individuals experiencing fatigue in autoimmune disease. This is due, in part, to the limitations in our understanding of the multiple mechanisms responsible for fatigue. Evidence suggests several physiological functions can contribute to fatigue including oxygen/nutrient supply (22, 23), metabolism (24), mood (14), motivation (25), and daytime sleepiness (26, 27). Interestingly, inflammation is altered by many of the factors that modulate fatigue and vice versa (25, 28–30). Growing evidence indicates that neuroinflammation is a primary factor contributing to fatigue (25, 31). Since inflammation plays a large part in inducing fatigue, it is plausible that inflammatory pathways and the subsequent physiological alterations modulated by the inflammation are treatable targets for fatigue in patients with autoimmune disease. Indeed, evidence in autoimmune and related conditions, such as neurosarcoidosis, which is associated with increased lung inflammation, sleep disturbances, and fatigue, exhibit reduced fatigue from anti-inflammatory treatment (32). Herein, we discuss the role of factors contributing to fatigue in autoimmune disease including inflammatory-related mechanisms, relationships between peripheral and central nervous system (CNS) inflammation, particular brain areas and neurotransmitters, and cerebral vasohemodynamics (Table 1).


Table 1. Potential target areas, molecular pathways, cellular targets, and target molecules for understanding fatigue in individuals with autoimmune and related disorders.
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INFLAMMATION

Autoimmune diseases are associated with enhanced pro-inflammatory signals in the periphery and CNS (33–37). The location of the enhanced inflammation varies with the type of autoimmune disease and the progression of the condition. Fatigue is observed in non-autoimmune disease and related conditions that have increased inflammation in the periphery and/or CNS, including cancer (38), sleep disorders (31, 39, 40), stroke (41, 42), and traumatic brain injury (43, 44). Several non-inflammatory factors are known to be affect fatigue including impairments in hydration status (45), pain (46), interactions from pharmaceuticals (47), muscle/exercise (48), hypothyroidism (49), radiation therapy (50), lung function, and cardiovascular characteristics such as blood pressure, heart rate, cardiac output, and stroke volume (51, 52). Many of the non-inflammatory components contributing to fatigue are modulated by or modulate inflammatory processes. Regardless, inflammatory mediators are reported to affect different aspects that contribute to fatigue including motivation (53), sleepiness (54, 55), cognition (56), anxiety (57), depression (58, 59), and stress (60).

Cytokines are small proteins molecules involved in cell signaling allowing cells to communicate through autocrine, paracrine, or endocrine mechanisms (61). Cytokines modulate immune responses, inflammation, cell growth and maturation, and normal physiological functions. They are highly conserved among species ranging from invertebrates to rodents and humans. Inflammatory cytokines are produced by nucleated cell types including lymphocytes and macrophages, as well as microglia, astrocytes, and neurons in the CNS (62). Inflammatory mechanisms involved in the etiology of fatigue implicate a significant involvement of cytokines. Interleukin (IL)-1 beta (IL-1β), tumor necrosis factor-alpha (TNF-α), IL-6, and interferon-gamma (IFN-γ) are cytokines that all have pro-inflammatory properties, and their enhancement are the most well-characterized in inducing fatigue and/or altering aspects contributing to fatigue (25, 63).

Autoimmune disease induces enhancement in cytokines such as IL-1β, TNF-α, IL-6, IL-12, IL-23, and IFN-γ, especially by T helper cells and macrophages (64, 65). Consequently, treatments targeting aspects of lymphocyte regulatory processes benefit the treatment of autoimmune diseases including Sjörgen's syndrome, rheumatoid arthritis, and inflammatory bowel disease. Macrophage activity is intertwined with T-cell functions (66), and macrophages are involved in the pathogenesis of autoimmune diseases (65). Macrophages in an M1 classical activated state tend to induce a pro-inflammatory response including IL-1β, TNF-α, IL-6, IFN-γ (67). Macrophages in a M2 alternatively activated state tend to have anti-inflammatory properties expressing IL-10, transforming growth factor-beta (TGF-β), and IL-1 receptor antagonist (IL-1RA). Pro- and anti-inflammatory cytokines regulate a balance in inflammatory status and the production of other cytokines. In addition, the overall level of localized cytokine secretion or its persistent enhancement or attenuation can lead to the upregulation or downregulation of associated receptors to modulate the downstream mechanisms or production of cytokines. Cytokines regulate normal physiological functions including mood, cognition, and sleep, and their expression varies over the course of the day and in response to local activity (30). Consequently, it is likely that dysregulation in inflammatory cytokines and their receptors in autoimmune disease serves to disrupt the normal physiological homeostasis of cytokines and contribute to fatigue.

Inflammation in the periphery can induce inflammation in the CNS and sickness behaviors (68, 69), which are behaviors associated with different aspects of fatigue (70). Experimental studies in rodents applying IL-1β, TNF-α, or IL-6 or substances that enhance their activity, such as the gram-negative bacterial cell wall component lipopolysaccharide (LPS), to the periphery or CNS result in alterations in behaviors affecting fatigue (30, 71, 72). Such applications can impair behaviors associated with fatigue including cognition, mood, pain, sleep, and motivation. Herein, we give several examples of how IL-1β modulates behaviors that can alter fatigue. Dysregulation of the IL-1 cytokine family member IL-1β or its receptor is implicated in fatigue in many autoimmune diseases (73). Enhanced IL-1β and its receptors are also implicated in fatigue (74). Nevertheless, evidence also suggests that IL-1β signaling is not necessary for other types of fatigue, including conditions like tumor-associated fatigue (75). Collectively, these findings from the animal literature indicate redundancy in how inflammatory cytokine affects fatigue-related behavior, although differences likely relate to the brain area and cells affected, amount of cytokine activity, timing of the cytokine activity, and interactions with normal physiological activities.

IL-1β binds to IL-1 receptor type I (IL-1R1) to induce inflammatory effects (76). IL-1β can also bind to IL-1 receptor type II, which acts as a decoy to inhibit IL-1β activity. Additionally, IL-1RA can inhibit IL-1β functioning by binding the IL-1R, thus preventing subsequent signaling processes. IL-1RI is functional in the presence of IL-1 receptor accessory protein (IL-1RAP). Activation of the IL-1RI promotes myeloid differentiation primary response 88 (MYD88), which subsequently activates the interleukin-1 receptor associated kinase 4 (IRAK4) (77). This activation ultimately leads to an enhancement of inhibitor of kappa B kinase (IKK) and mitogen-activated protein kinase (MAPK) kinase (MAPKK). IKK then can function to induce the inhibitory kappa B (IκB) to be released from nuclear factor kappa B (NF-κB), which allows NF-κB to translocate the nucleus and induce the transcription of pro-inflammatory molecules and processes. MAPKK induces c-Jun N-terminal nucleated kinase (JNK) and p38 to translocate the nucleus inducing activator protein-1 (AP-1) transcription of pro-inflammatory molecules and processes (78, 79). Interestingly, an IL-1 receptor accessor protein that is primarily expressed in the CNS (IL-1RAPb) was identified (80). IL-1RAPb binds to IL-1RI and inhibits the responses of the downstream adaptor molecules MYD88 and kinase IRAK4 (80, 81). Evidence suggests that the IL-1RAP is involved in modulating behavior under conditions of enhanced inflammation (82). Thus, although speculative, it is plausible that IL-1RAPb is involved in modulating cytokines involved in fatigue.

Cognitive fatigue involves declines in alertness, orientation, and mental performance on cognitive tasks and is associated with feelings of exhaustion that follow sustained cognitive demands (83). Individuals with autoimmune diseases, such as multiple sclerosis, often experience cognitive deficits and increased perceived cognitive fatigue associated with impaired cortical brain activity as determined using near-infrared spectroscopy (83). While there is a lack of specific tests in animal models regarding cognitive fatigue, the relationship between pro-inflammatory cytokines, especially IL-1β, and cognition is described (84, 85). Increased neuronal activity is observed with cognitive activities or whisker stimulation (86, 87), which enhance the expression of IL-1β or TNF-α in corresponding brain areas or barrel cortices (88, 89), respectively. In rodents, intracerebroventricular (ICV) or intraperitoneal (IP) injections of IL-1β prior to memory training impairs subsequent cognitive performance using the Morris water maze (90), a test of spatial memory that utilizes the hippocampus (91), or the eight-arm radial maze which tests working memory (92). The area of the brain where the inflammation occurs mediates the effect of the behavioral impairments. This is observed, for example, by the infusion of IL-1β locally into the hippocampus, which impairs working memory in a hippocampal-dependent memory task such as the three-panel runaway task administered to rats (93). Disease-specific aspects of autoimmune disease can also influence types of performance decrements. For instance, ICV injection of Human Immunodeficiency Virus-1 (HIV-1) envelope glycoprotein 120, a molecule that enhances IL-1β and TNF-α in individuals with HIV, increases IL-1β levels in the hippocampus and impairs contextual memory performance in rats (94). Inhibition of ligands for pro-inflammatory cytokines including IL-1β, TNF-α, IL-6, and IFN-γ using transgenic knockout mice, siRNA, or more cutting-edge technologies such as optogenetics or chemogenetics further implicate the role of inflammation in altering components related to fatigue (70, 95, 96). IL-1R1 knockout mice or an IL-1RA applied to the circulation given peripheral LPS demonstrate cognitive dysfunction associated with a fear conditioning test suggesting that reduced activation of peripheral inflammatory activity can inhibit central mediated behavior (97). However, evidence in animals also indicates that pro-inflammatory cytokines are required for normal behavioral functions and that an optimal zone exists for proper functioning (70, 84). This effect is seen in mice lacking IL-1R1 or mice given an IL-1RA to the periphery, which demonstrate reduced cognitive responses in the Morris water maze (90, 98, 99). Nevertheless, other studies demonstrate mice lacking IL-1R1 demonstrate normal learning in cognitive tests including the Y-maze, T-maze, and Morris water maze (100).

Autoimmune diseases including inflammatory bowel disease, multiple sclerosis, and rheumatoid arthritis have a high comorbidity with anxiety, depression, and pain (14), which can serve to induce fatigue. A study involving ICV injections of IL-1β demonstrated increased anxiety-like behavior in mice determined by shorter time spent in the center area of the open field test and increased time spent in the closed arms of the elevated plus maze (101). Additionally, central administration of IL-1β increases immobilization periods in the tail suspension test (102), which assesses depressive-like behavior in mice. Evidence also suggests that social aspects are impaired with enhanced CNS inflammation. For example, ICV injections of IL-1β reduces social interactions as evidenced by reductions in social exploration behavior including active investigation, anogenital sniffing, and wrestling in rats (103). Furthermore, mice lacking the IL-1R1 demonstrate anxiogenic-like behavior with increased time spent in the open arms of the elevated-plus maze (100). However, IL-1R1 knockout mice are reported to not exhibit reduced mobility in a forced swim test, which assesses depressive like behavior in rodents (100).

The perception of effort and motivation can modify fatigue and are affected in autoimmune disease. Animal studies indicate that effort expenditure is influenced by inflammation (104–106). In general, inflammation increases averseness toward negative stimuli and positive stimuli (107). Animal models of motivation indicate that both approach and avoidance motivation are affected by pro-inflammatory cytokines. For example, IP injections of IL-1β impairs motivation in rats as observed with reduced lever pressing in a chow feeding choice procedure (105). IL-1β applied centrally in rats that are food-deprived impairs rodent choice toward favoring a low-effort, low-reward option using a two-choice high vs. low effort/reward task (105). These findings suggest that IL-1β can influence motivation away from high effort/high award tasks, although in this study the use of operant responding for food pellets could be interpreted as IL-1β influencing consummatory behavior. However, in a study where mice received IP injections of LPS with free-feeding, the mice exhibited a reduction in nose pokes for the low-effort, low-reward stimuli of grain resulting in an increase in percentage of high-effort, high-reward stimuli for earned chocolate (108). These data suggest that inflammation affects incentive motivation, in part, though altering willingness to exert effort for reward instead of reducing sensitivity to the reward, although the differences in effects could also be due to species differences or additional cytokines and inflammatory pathways that LPS activates.

A primary mechanism that activates IL-1β occurs through the activation of inflammasomes (109). Inflammasomes are large intracellular signaling protein complexes found within the cytoplasm of most nucleated cells including neurons, astrocytes, microglia, and perivascular macrophages in the brain (Figure 1) (44, 109, 110). Inflammasome activation involves a priming step and a secondary step that induces the formation of the complex to activate caspase-1 to cleave the pro-forms of IL-1β and other IL-1 family members, such as IL-18 and IL-33, into their mature active forms (111). The priming signal involves the activation of transcriptional processes such as NF-κB or AP-1 to produce the components of the inflammasome as well as the pro-forms of the cytokines that will be activated upon inflammasome formation and subsequent caspase-1 release (112, 113). Inflammasome priming can occur by the activation of different types of receptors including the IL-1RI by IL-1β, TNF receptor I by TNF-α, or the toll-like receptor 4 (TLR4) by LPS to activate NF-κB (114). JNKs and MAPK/extracellular signal regulated kinase (ERK) pathways, which can activate AP-1 mediated transcription, also are implicated in the activation of inflammasomes (115). Most inflammasomes contain a nucleotide-binding oligomerization domain-like receptor or an absent in melanoma 2 (AIM2)-like receptor (109). The nucleotide leucine-rich protein-3 (NLRP3) inflammasome is the most widely characterized inflammasome, although multiple types of inflammasomes exist with unique recognition abilities in response to specific pathogen-associated molecular patterns (PAMPS) or danger-associated molecular patterns (DAMPS) (111). PAMPs and DAMPs include components of pathogens, energy-related molecules, double-stranded or single-stranded deoxyribonucleic acid (DNA), ribonucleic acid (RNA), or chemical substances. PAMPs and DAMPs are recognized by their specific associated pattern recognition receptor (PRR). These processes lead to the recruitment of the adapter apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain (ASC; also known as pycard1) and pro-caspase-1, which conglomerate to activate caspase-1.
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FIGURE 1. Schematic of proposed NLRP3 inflammasome activation in inducing pro-inflammatory molecules that induce fatigue. Exposure to pathogen-associated molecular pattern or danger-associated molecular pattern that act on their pattern recognition receptors (Signal 1), such as LPS, TNF-α, or IL-1β acting through Toll-like receptor 4, TNFR1, and IL-1R, respectively, will activate the transcriptional factors NF-κB that will prime components of the NLRP3 inflammasome. Additionally, transcription of inflammasome components can also occur through the activation of AP-1. A secondary signal is then required to activate inflammasome formation, including by alterations in metabolism that induce ROS or the activation of the purine type 2X receptors (P2XRs). Upon formation of NLRP3, ASC, and pro-caspase-1, caspase-1 will be allowed to disassociate and cleave the inactive pro-forms of IL-1β and IL-18 into their mature active forms. Upon release, these pro-inflammatory cytokines can alter surrounding cells leading to effects contributing to fatigue.



Inflammasomes are involved in modulating behavior including sleep (116), cognition (117), anxiety (118–120), and depression (120). Evidence also suggests that inflammasomes are hyper-activated in individuals with autoimmune diseases such as rheumatoid arthritis, systemic lupus erythematosus, spondyloarthritis, Sjogren's syndrome, and Crohn's disease (121, 122). Fatigue-related tests in mice including the repeated forced swim test, locomotor activity, and Rota-rod test have shown impaired performance associated with enhanced activation of inflammasome-related molecules, and mice lacking NLRP3 have demonstrated reduced fatigue-like behavior (123). TNF-α and IFN-γ have unique inflammatory pathways involved in their activation and are indirectly involved in mechanisms that can induce inflammasome activation (124, 125). Evidence also suggests that IL-1β can enhance reactive oxygen species (ROS), in part, through increasing the phosphatidylinositol 3-kinase (PI3-K)/protein kinase B (AKT)/mammalian target of the rapamycin (mTOR) pathway—a pathway implicated in inflammasome activation (125–127). Hexokinase-1 is also implicated in mTOR and NLRP3 inflammasome activation (128, 129).

IFN-γ is involved in innate and adaptive immunity. IFN-γ and its ligands (the IFN-γ receptor 1 and IFN-γ receptor 2) are found throughout tissues in the periphery and CNS, especially in macrophages, microglia, and lymphocytes (130). IFN-γ receptors stimulate the Janus kinase (JAK)-signal transducer and activator of transcription protein (STAT) pathway (130). The JAK-STAT pathway can interconnect with other inflammatory pathways including the PI3K/AKT/mTOR pathway and the MAPK/ERK pathway, which can serve to ultimately enhance NLRP3 inflammasome activation (130). Additional evidence suggests that IFN-γ effects on IL-1β are related to the enhancement of suppressor of cytokine signaling 1 (SOCS1) (131). Direct evidence also indicates that IFN-γ upregulates NLRP3, ASC and pro-caspase 1 expression (125).

METABOLISM

Metabolism involves the conversion of fuel sources to energy-related molecules—such as adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate (NADPH)—enabling cellular processes; synthesis of components for proteins, lipids, nucleic acids, and carbohydrates; and the removal of ROS such as peroxides, superoxide, and hydroxyl radicals (132). Metabolism is involved in mechanisms that enhance pro-inflammatory cytokines including IL-1β, TNF-α, IL-6, and IFN-γ (133, 134). Alterations in metabolism have been implicated in sleep regulation and fatigue (135, 136). Metabolism also is tied to glycogen metabolism, glycogen synthesis, and energy substrates and their derivatives (132, 135), which could potentially alter fatigue. Alterations in metabolism are also implicated in the pathogenesis of autoimmune disease (63).

ATP is an energy molecule involved in the catabolism of macronutrients including carbohydrates, proteins, and lipids (137). ATP is modulated by intracellular glucose availability and mitochondria production (137). ATP can function as a neurotransmitter, in part, by acting on purine type 2 receptors (138, 139). Also, ATP can be co-released in to the extracellular space with other neurotransmitters such as norepinephrine or acetylcholine (138, 139). A major mechanism in the activation of NLRP3 inflammasomes involves extracellular ATP acting through purine type 2 (P2) receptors, including the P2X7 receptor, to induce potassium efflux leading to the formation of the NLRP3 inflammasome (140). Nevertheless, ATP is rapidly metabolized to adenosine diphosphate and adenosine monophosphate by ectonucleoside diphosphohydrolase (i.e., CD39). AMP is then metabolized to adenosine by ecto-5′ nucleotidase (i.e., CD73) (141), which is a molecule involved in modulating sleep (142). Adenosine acts on purine type 1 receptors, is involved in sleep regulation, and inhibits arousal (143), which could potentially lead to fatigue. Inhibition of purine type 1 receptors with adenosine 2A receptor antagonists or caffeine can enhance wakefulness and reduce some types of fatigue (144), although the persistent use of caffeine can be detrimental to sleep (145).

ROS are involved in cell signaling, homeostasis, and normal physiological processes including inflammatory processes (146). Evidence in animal models and patients indicates that increased ROS activity is involved in the pathogenesis of autoimmune diseases (147). ROS are formed from the metabolism of oxygen during cellular respiration (148). ROS production—done with the aid of enzymes including cyclooxygenase, lipoxygenase, NAPDH oxidases, and xanthine oxidase—can lead to enhanced pro-inflammatory cytokine production (149). Within the CNS, neurons largely rely on oxidative phosphorylation (OXPHOS) for ATP requirements (150). Neurons work synergistically with astrocytes—cells that utilize glycolysis to convert lipids and glucose to pyruvate, which is ultimately converted to lactate (151). Glycolysis and oxidative phosphorylation generate two ATP molecules per glucose molecule and 36 ATP molecules for OXPHOS, respectively (152). However, glycolysis also produces substrates for pentose phosphate pathway (PPP) to make ribose 5-phosphate for the generation of NADPH (153). NADPH oxidase aids in the production of ROS in microglia, astrocytes and neurons (110). Major areas of activation in the mitochondrial respiratory chain are at complex I and complex III. Electrons from NADH are accepted in complex I where they move through an electrochemical gradient to complex II through ubiquinone (154). Thereafter, the electrons are moved to cytochrome C and complex IV where oxygen is converted into water, which can lead to pro-inflammatory cytokine production (155, 156).

Evidence indicates that NADPH oxidases are activators of NLRP3 inflammasomes (157). In particular, cells undergoing ROS that are primed for NLRP3 activation enhance redox-dependent transcription factors including NF-κB (158). Other studies indicate that IL-1β and caspase-1 are ROS-dependent (159). IL-1β also enhances intracellular ROS by uncoupling superoxide dismutase, catalase, and glutathione peroxidase, which have anti-oxidant functions, thus inducing a feedforward production in inflammasome activation (115). ROS inhibitors also can reduce the secretion of IL-1β. NADPH oxidase appears to be a primary contributor for the ROS activation of inflammasomes involving extracellular ATP, although other contributors are also likely. This is consistent with studies indicating that the enhancement of ROS is dependent on P2X7 receptor activation (160). Moreover, the NADPH inhibitor diphenyleneiodonium attenuates caspase-1 activation by ATP further suggesting energy- and ROS-related mechanisms in inflammasome activation (115).

Mitochondrial DNA dysregulation has also been observed in inflammatory conditions including autoimmune diseases such as systemic lupus erythematosus, rheumatoid arthritis, and granulomatosis with polyangiitis (161). Mitochondrial stress can induce the release of mitochondrial DNA into the cytosol, resulting in increased NLRP3 inflammasome activation (162). Mitochondrial DNA can be altered by the transcription factor A mitochondrial to impair OXPHOS (163). In addition, evidence indicates that the escape of mitochondrial DNA into the cytosol involves the DNA sensor cyclic guanosine monophosphate-adenosine monophosphate synthase (cGAS), which promotes stimulator of interferon genes (STING)-interferon regulatory factor 3 (IRF3) dependent signaling to increase the expression of interferon-stimulated genes (164). STINGs are cytosolic proteins that are attached to the endoplasmic reticulum. STING activates IRF3 which then translocates to the nucleus to transcribe type I IFN genes and NF-κB. Interestingly, recent evidence suggests that IRF3 in antigen presenting cells and T-cells that is necessary for maximized IFN-γ responses (165).

Thioredoxin (TRX) and its endogenous inhibitor thioredoxin-interactive protein (TXNIP) are involved in the activation of inflammasomes (111). TXNIP, when released from the oxidized TRX, will bind directly to leucine-rich areas of NLRP3 inducing the inflammasomes to form (111). Interestingly, multiple sclerosis patients that were not exposed to interferon and immunosuppressive treatments exhibited significant enhancements in TRX expression in peripheral blood mononuclear cells compared to healthy controls while multiple sclerosis patients that did undergo treatments did not show significant differences (166). Moreover, all multiple sclerosis patients regardless of treatment exhibited greater TXNIP expression values (166).

The mechanistic target of rapamycin (mTORC) is a major sensor of metabolic stress and the pro-inflammatory response (167, 168). Evidence indicates that the mTORC1 complex is activated by mitochondrial ROS. Interestingly, mTORC1 and mitochondrial ROS are known to activate NLRP3 inflammasomes in a mouse model of lupus (127). The mTORC1 complex is also coupled with the metabolic depletion of glutathione (169). The depletion of glutathione can be reversed with N-acetylcysteine (NAC) by reducing cysteine and NADPH and inhibiting mTORC1 (169). NAC has been shown to be beneficial in blocking mTOR in systemic lupus erythematosus patients (170).

Cyclooxygenase (COX) converts prostaglandins from arachidonic acid (171). COX-2 is inducible and involved in modulating inflammatory mediators including IL-1β, while COX-1 is constitutively expressed (171). COX-2 is found in most cells including neurons, perivascular cells, and endothelial cells (171). The initiation and resolution of inflammation and alteration of autoimmune-related immunity is modulated by prostaglandin E2, in part, by IL-22 production, T helper 1 cell differentiation and Th17 cell proliferation (172). Evidence suggests that prostaglandin E2 is involved with inflammatory stimuli-induced fatigue (172). These findings collectively suggest that COX-prostaglandin E2 could be involved in fatigue occurring with autoimmune disease. Nevertheless, COX-2 inhibitors tend to have modest effects on fatigue, which could be related to its local cellular effects.

SLEEP AND CIRCADIAN RHYTHMS

A bidirectional relationship appears to exist between sleep and circadian disturbances with autoimmune disease (173–175). Chronic insomnia is associated with an increased incidence of developing autoimmune disease (176). Findings in animal model of systemic lupus erythematosus also suggest that sleep deprivation could be involved in the etiology of the disease (177). Short sleep duration of <7 h of sleep per night is also associated with transitioning to systemic lupus erythematosus (178). Evidence also suggests that the sleep disorder narcolepsy has an autoimmune origin (179). Individuals with autoimmune disease often report disturbed sleep (180–185). In a mouse model of systemic lupus erythematosus, it was reported that an increased disturbances in sleep corresponded with the progression of the disease including increased sleep fragmentation and impaired sleep-stage transitions (186). The comorbidity of autoimmune disease and sleep disorders is documented for a small number of autoimmune diseases, although this area of research is widely under investigated. Rheumatoid arthritis, ankylosing spondylitis, systemic lupus erythematosus, Sjörgen's syndrome, pemphigus, and systemic sclerosis are associated with increased occurrence of sleep apnea (174, 187, 188). Multiple sclerosis is associated with an increased risk of rapid-eye movement (REM) sleep behavior disorder (189). Increased risk of restless legs syndrome is associated with autoimmune disorders including multiple sclerosis, psoriasis, and rheumatoid arthritis (190–192). Clinical diagnosis of chronic fatigue syndrome/myalgic encephalomyelitis is also partially based upon non-restorative sleep suggesting relationships between poor sleep and fatigue (193). In addition, secondary effects of autoimmune disease or sleep disorder pathology might serve to affect sleep. For example, chronic pain is found in individuals with autoimmune disease (194). Up to 88% of individuals with chronic pain also report disturbed sleep (195). Conversely, it is reported that up to 50% of individuals with insomnia also indicate enhanced pain (195), which could contribute to fatigue.

Sleepiness, often referred to as drowsiness, can be loosely defined as the inability to remain awake or the enhanced occurrence or compulsion to sleep. Sleep disorders and disturbed sleep are associated with sleepiness (196). Sleepiness can impact vigilance, cognition, mood, and attention as well as induce fatigue (197). Many sleep-related pathologies, including insomnia and sleep apnea, are associated with impairments in vigilance, cognition, mood, motivation, and attention (198–201). Sleepiness can be induced by acutely staying awake for extended periods of time or by the fragmented sleep that occurs chronically with many health conditions including sleep apnea and autoimmune diseases (202, 203). Evidence suggests that there is a dose-dependent impact whereby greater amounts of sleep loss correlate with enhanced sleepiness and poor performance (204). Nevertheless, sleepiness varies over the time of day (205), which can impair an individual's ability to sleep or the effectiveness of naps in preventing detriments of sleepiness in functional tasks such as cognition (206). Individuals experiencing fatigue often experience waves of periods of times when their fatigue is worse (207). Furthermore, individuals with multiple sclerosis may experience increased incidence of fatigue in the morning while others do so in the evening (207). Although speculative, prior sleep or circadian factors are likely contributors to these time-of-day fluctuations.

Sleep disorders—such as sleep apnea, insomnia, and REM sleep behavior disorder—are associated with enhanced levels of inflammatory molecules (208–210). Since inflammation can induce fatigue, it is plausible that neuroinflammation occurring with disturbed sleep or sleep loss could exacerbate fatigue in individuals with autoimmune disease. In a variety of species—including rats, mice, and rabbits—pro-inflammatory cytokines can enhance non-rapid-eye movement sleep when applied to the periphery or CNS (30, 211), although IL-1β and TNF-α are the most thoroughly investigated. When IL-1β or TNF-α are applied to the CNS they also enhance electroencephalogram delta activity (~0.5–4 Hz frequency range) (30, 211), a frequency of brain electrical activity that is associated with an increased pressure to sleep after sleep loss. Additionally, conditions that induce sleepiness—including sleep loss, pathogens, and related components such as influenza and LPS—enhance IL-1β and TNF-α in the brain (30, 211). However, inflammatory cytokines, such as IL-1β do not remain in a steady state throughout the course of a day (211). Inhibition of pro-inflammatory cytokines or their receptors via pharmaceuticals, siRNA, or knockout animals can inhibit enhanced sleepiness by pro-somnogenic substances (30, 211). Collectively, these findings supporting the idea that dysregulated homeostatic cytokine expression in autoimmune disease contributes, in part, to sleep disturbances in individuals with autoimmune disorders. Moreover, it is reasonable that sleep loss, which enhances pro-inflammatory cytokines, could exacerbate sleep disturbances in autoimmune disease. Indeed, prolonged sleep deprivation using a multiple platform method in an animal model of systemic lupus erythematosus using New Zealand Black/New Zealand White F1 mice were shown to exhibit earlier onset of disease like symptoms (177).

Recently, the NLRP3 inflammasome was found to be critical to sleep and electroencephalogram delta power fluctuations throughout the day as well as responses to sleep loss and inflammatory stimuli in mice (212). Additionally, infusing a caspase-1 inhibitor ICV into rats attenuated sleep and electroencephalogram delta power responses to LPS (213), further suggesting the involvement of the NLRP3 inflammasome in sleep regulation. Moreover, evidence indicates that there is an upregulation of NLRP3 inflammasome related components with sleep deprivation and sleep fragmentation (214–216). In the cortex, there are diurnal variations in NLRP3 expression, IL-1β protein, and caspase-1 activity occurring at times of day following high neuronal activity when sleep propensity is the greatest indicating a relationship between activity and inflammation in the CNS (212).

The transcriptional factors brain and muscle aryl hydrocarbon receptor nuclear translocator-like protein 1 (BMAL1) and CLOCK (CLK) form heterodimers in the cytoplasm that regulate gene expression oscillator properties of cells that regulate both the persistence and duration of circadian rhythms (217). BMAL1 and CLK recruit the co-activator cyclic AMP response element-binding protein (CREB)-binding protein and, upon phosphorylation, form a CLK/CYCLE (CYC) complex that binds to the E-box of the promoter PERIOD (PER) (218), which enhances the expression of these promoters and modulates the circadian system. The CLK gene is a major transcription factor that serves as a circadian pacemaker and is a co-activator of CREB and modulates PER protein (219). CLK also induces histone acetyl transferase activity (220), which enhances the dimerization of BMAL1 and is associated with binding to another cytokine implicated in fatigue, IL-1alpha (221, 222). Clock gene expression is enhanced in a dosage-dependent manor with increased oxygen concentrations (223). Furthermore, mice lacking NLRP3 can inhibit CLK gene in hyperoxia-induced lung inflammation (223). An animal model of autoimmune encephalomyelitis found that within the CNS, the enhanced infiltration of IL-1β secreting CD11b/Ly6Chi monocytes enhanced IL17+/IFN-γ+ T cells with the loss of myeloid BMAL1 at midday instead of midnight (224). These data suggest that IL-1β and inflammasome activation or dysregulation could alter T cell cytokine responses to further dysregulate sleep and/or fatigue.

Melatonin is secreted by the pineal gland, regulates circadian rhythms, and has anti-inflammatory and anti-oxidant properties (225). Melatonin receptors are expressed on CD4 and CD8 T-cells and B-cells. Additional evidence suggests that melatonin attenuates the expression of IL-1β, TNF-α, IL-6, and IFN-γ (225). The anti-inflammatory properties of melatonin occur, in part, through the inhibition of NF-κB (225). An association between multiple sclerosis and melatonin has been observed clinically (225). Melatonin therapy has been shown to attenuate inflammatory cytokines and related pathways in both animal models and human studies of multiple sclerosis, type 1 diabetes, inflammatory bowel disease, and systemic lupus erythematosus (225), and thus could potentially be beneficial in combating fatigue.

STRESS

The hypothalamic-pituitary-adrenal (HPA) axis involves interactions between the hypothalamus and pituitary glands and is involved in hormonal responses to stress that modulate fatigue (226, 227). Individuals with autoimmune disease are reported to have increased stress levels compared to the general population. Evidence indicates that stress can modulate brain inflammation in autoimmune diseases such as multiple scleorsis (228). Sympathomedullary system activation will release norepinephrine (also referred to as noradrenaline) from nerve terminals and epinephrine (also called adrenaline) from the adrenal medulla (229). These catecholamines can increase heart rate and blood pressure.

Microglia, macrophages, and astrocytes in the central nervous system express adrenaline receptors (230). Adrenaline receptors are altered by complement-induced innate immune responses. Interestingly, several autoimmune and related disorders are associated with dysregulated complement including Sjögren's syndrome, rheumatoid arthritis, and systemic lupus erythematosus (231). Evidence indicates that activated microglia are selectively inhibited by norepinephrine (232). Furthermore, norepinephrine applied with ATP attenuates the baseline rate and increased ATP-induced process extension and migration of microglia in vitro suggesting relationships exist between the activation of purinergic and adrenergic systems (233). Beta-adrenergic receptors also exhibit an anti-inflammatory influence on astrocytes by reducing TNF-α-related genes including IL-6, CXCL2, CXCL3, VCAM1, and ICAM1 expression (234).

Within the hypothalamus, stress induces the release of corticotrophin-releasing hormone (CRH) (229). CRH induces the release of adrenocorticotropic hormone (ACTH) from the pituitary, which enhances the release of glucocorticoids from the adrenal cortex (229). Glucocorticoids have an anti-inflammatory function that occurs, in part, by inhibiting IL-1β, IL-6, and IFN-γ, as well as cyclooxygenases and prostaglandins (229, 235). However, a relationship exists between cytokines and ACTH and glucocorticoids whereby IL-1β, IL-6 and TNF-α can stimulate the pituitary adrenal axis to increase serum levels of ACTH and glucocorticoids (229, 235), which will inhibit pro-inflammatory molecules. Nevertheless, glucocorticoids can also have pro-inflammatory influence on the immune system (235). Glucocorticoids can enhance the expression of NLRP3 to enhance IL-1β responses to ATP (236). Glucocorticoids are highly expressed in the hippocampus and prefrontal cortex and thus could modulate the inflammatory response for behaviors such as cognitive fatigue (229). Stress-related molecules including glucocorticoids exhibit diurnal patterns during which they tend to be greatest during the inactive period of the day (237). Sleep loss also can enhances levels of the glucocorticoid cortisol (238). Thus, the effects of stress, sleep, and fatigue are intertwining. Chronic stress, such as those undergoing chronic health conditions, can reduce glucocorticoid sensitivity to promote inflammatory signaling (239). This can occur, in part, the suppression of cortisol signaling sensitivity, the functional heterogeneity of monocytes, or the diminished ability of monocytes to transduce cortisol signals—all of which could serve to enhance inflammatory cytokines (239).

The weak androgen dehydroepiandrosterone (DHEA) produced in the adrenal cortex. The HPA-axis, in part, controls DHEA synthesis (240). The greatest levels of DHEA demonstrate a circadian pattern similar to the pattern of ACTH secretion (240). DHEA can act as a positive allosteric modulator for the NMDA receptor and a negative allosteric modulator of the GABAA receptor (240). DHEA is found to have reduced levels in autoimmune disease including multiple sclerosis, systemic lupus erythematosus, rheumatoid arthritis, and inflammatory bowel disease (241, 242). DHEA can function to attenuate the production of pro-inflammatory cytokines such as IL-1β and TNF-α though NF-κB (242). Collectively, stress can contribute to modulating brain inflammatory mediators, which could lead to exacerbation of molecules that can induce fatigue.

BRAIN AREAS AND NEUROTRANSMITTERS

Several brain areas are associated with modulating fatigue (Table 2) (243), although this area of research remains poorly investigated. These brain areas function through neurons and glia to release neurotransmitters (243). Neurotransmitters, especially monoamines, are potent at producing arousal, wakefulness, and motivation to perform activities when desired (30, 144, 244). Dopamine, norepinephrine, epinephrine, glutamate, and histamine are excitatory transmitters. Serotonin and gamma-aminobutyric acid (GABA) are inhibitory neurotransmitters that prevent neuron signals from continuing (144). There are many redundancies in the actions of these neurotransmitters, although there are also unique characteristics for receptors on the cells and brain areas that neurotransmitters act upon, as well as functional differences that exist based on the prior state of the brain cells and the concentration of the neurotransmitters. Inflammatory molecules are affected by neurotransmitters and vice versa (245), which can lead to behavior changes including those affecting fatigue.


Table 2. Overview of neurotransmitters, their receptors, brain areas, and associated fatigue-related behaviors.
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GABA is the major inhibitory neurotransmitter in the CNS (246). GABA ligands are GABAA receptors that are ligand-gated ion channels and GABAB, which are metabotropic receptors that are G protein-coupled receptors that open and close ion channels. GABA functions to help neurons recover after transmission. It has been shown to reduce anxiety and stress and is involved in sleep and sleepiness (246, 247). The dorsal raphe nucleus, periaqueductal gray area, locus coeruleus, and lateral hypothalamus have high concentrations of GABAergic neurons, which are activated during NREM sleep (30). GABAergic neurons in the ventrolateral preoptic nucleus area of the lateral hypothalamus are involved in modulating NREM sleep. The ventrolateral preoptic nucleus also projects to areas of the hypothalamus, including the median preoptic nucleus, which is involved in NREM sleep (248). Ventrolateral preoptic nucleus neurons are inhibited by the neurotransmitters acetylcholine, norepinephrine, serotonin, and dopamine. Moreover, the ventrolateral preoptic nucleus projects to the locus coeruleus, periaqueductal gray matter, parabrachial nucleus, histaminergic cells in the tuberomammillary nucleus, and the dorsal raphe nucleus where it can function to inhibit those arousal-producing brain areas. Evidence also indicates that IL-1β and IL-1RA, respectively, enhance and attenuate GABAergic neuron action potentials (249), which, in part, could contribute to the attenuation of arousal producing neurons resulting in fatigue and sleepiness.

Serotonin is involved with altering anxiety, depression, sleep, and fatigue (250–252). A main area of serotonin production in the CNS is the raphe nuclei, located in the brainstem (253). Serotonin acts on 5-hydroxytryptamine (5-HT) receptors located on cell membrane of nerve cells. These receptors have unique and repetitive functions including altering dopamine release into the mesocorticolimbic pathway, acetylcholine release in the prefrontal cortex, activation of GS signaling via activating adenylyl cyclase, and induction of vasoconstriction (254, 255). IL-1β is also associated with the release of serotonin, dopamine, and norepinephrine (256).

Norepinephrine is an excitatory neurotransmitter that binds to alpha- and beta-adrenergic receptors, which function as G protein-coupled receptors that act on secondary messenger systems (257). Norepinephrine is involved in anxiety and depression. However, low levels of norepinephrine are associated with fatigue and impaired motivation (258, 259). Neurons expressing norepinephrine are found in relatively small brain areas. The norepinephrine cell group A1 is located in the caudal ventrolateral part of the medulla within the brainstem (260). The norepinephrine cell group A2 is located in the brainstem area called the nucleus tractus solitarius (NTS) (260). Additionally, a major source of norepinephrine in the brain is the locus coeruleus, which is located in the pons of the brainstem (261). This area projects to all major parts of the brain including the cortex (262). Locus coeruleus activity is low during non-rapid-eye movement (NREM) sleep, with very little activity during REM sleep (262). Norepinephrine levels remain fairly constant during wakefulness but are enhanced when a stimulus is needed for reasons such as attention (262).

Dopamine is an excitatory neurotransmitter that binds to D1-like and D2-like receptors that increase or decrease intracellular amounts of cAMP by acting on adenylate cyclase and the trace amine-associated receptor 1 (263, 264). This increases intracellular amounts of cAMP and intracellular calcium levels (263). Dopamine is involved in motivation, interest, and drive (265). Low levels are found in individuals that experience difficulty completing tasks, poor concentration, no energy, and lack of motivation (266). Consequently, the dopamine imbalance hypothesis of fatigue suggests a U-shaped relationship between amounts of dopamine and levels of fatigue in which inadequate or excessive amounts of dopamine leads to fatigue (267). Main brain areas where dopaminergic neurons are found in the brain include the substantia nigra area of the basal ganglia, the ventral tegmental area (located near the midline of the midbrain of the brainstem), the posterior hypothalamus, the periventricular nucleus (located in the wall of the third ventricle within the hypothalamus), the arcuate nucleus area of the hypothalamus, the zona incerta (located below the thalamus), and the periventricular nucleus (268). The nigra-striatal pathway is heavily involved in motor functions. The ventral tegmental area dopaminergic neurons project to the prefrontal cortex in the mesocorticolimbic pathway while also projecting to the nucleus accumbens by the mesocorticolimbic pathway (268). The ventral tegmental area projects to the amygdala, cingulate gyrus (which is part of the cingulate cortex in the medial aspect of the cerebral cortex), hippocampus, and olfactory bulb (269, 270). The caudate is associated with cognitive fatigue in individuals with traumatic brain injury—a condition where inflammatory cytokines including TNF-α and IL-1β are enhanced (267, 271). Research suggests that individuals with multiple sclerosis have impaired dopamine function in the caudate (272).

Histamine is an excitatory neurotransmitter that acts on four G protein-coupled receptors (histamine 1, histamine 2, histamine 3, and histamine 4 receptors) (273). Histamine receptors function, in part, to activate phospholipase C, inhibit cAMP synthesis, and activate MAP kinases and the AKT/GSK3β pathway (274). Histamine can also affect sleep/wake, emotions, behavior, and fatigue (275, 276). Histamine is known to activate microglia leading to the production of pro-inflammatory cytokines including IL-6 and TNF-α (277). Histamine is also noted to be activated in chronic inflammatory diseases including autoimmune diseases such as multiple sclerosis (274). Histamine is involved in vasodilation and can alter blood pressure (273). Histamine also can function to release nitric oxide, which is a potent vasodilator (278). The tuberomammillary nucleus is the only known neuronal area to produce histamine (279). Histaminergic neurons project throughout the brain including the cortex and brainstem (280). However, histaminergic receptors are found on cells in other brain areas. Histamine 1 receptor is found on neurons in the tuberomammillary nucleus of the hypothalamus, which project to the dorsal raphe nucleus and locus coeruleus. The histamine 2 receptor is found in neurons in the dorsal striatum (caudate nucleus and putamen), external layers of the cerebral cortex, hippocampus, and dentate nucleus of the cerebellum. Histaminergic neurons within the tuberomammillary nucleus is involved in promoting arousal when activated (281). These neurons fire rapidly during wakefulness and stop during sleep (279). Histamine 1 receptor targeting drugs induce drowsiness, and over-the-counter anti-histamines are associated with increased sleepiness (282). Findings in experimental autoimmune encephalomyelitis (EAE), an animal model of enhanced brain inflammation, suggests that histamine acting through its histamine 1 and histamine 2 receptors can attenuate damage to the brain and inflammatory cytokines including IFN-γ (283, 284).

Glutamate is a major excitatory neurotransmitter found throughout the CNS that is produced by metabolism (285). Glutamate has affinity to bind to ionotropic and voltage-gated N-methyl-D-aspartate (NMDA) receptors that increase calcium membrane permeability; metabotropic glutamate receptors, which are G-coupled protein receptors that can activate phospholipase C or reduce intracellular levels of cAMP through adenylate cyclase; ionotropic alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors; and kainate receptors that increase sodium and potassium membrane permeability (286). Low levels of glutamate can lead to tiredness and poor brain activity (287). Glutamatergic neurons located in the parabrachial nucleus located in the dorsolateral pons of the brainstem and the adjacent precoeruleus area induce arousal through their projections to areas of the ascending reticular activating system (ARAS) (30). Glutamatergic neurons are also found in synapses within additional brain areas including the hippocampus, cerebellum and cerebral cortex. Extracellular glutamate concentrations operate within a tight physiological range involving its release and uptake to protect neurons from excitotoxicity (288). Dysregulation of glutamate can lead to diminishing the sodium-dependent glial glutamate transporter and impairing the activity of volume sensitive anion channels and hemi-channels of astrocyte to alter astrocytic end-feet (289). Evidence suggests that mGluR5 receptors mediate NF-κB, which is suggested to alter chronic inflammation associated fatigue (290). Ketamine is a potent NMDA receptor antagonist, which recent evidence indicates has anti-fatigue effects (291). Studies indicate that IL-1β can modulate the glutamate receptor NMDA and vice versa. The IL-1R1 is co-localized with the NMDA receptor NR2B subunit (292). IL-1β is enhanced in microglia and astrocytes within the cortex after NMDA induced excitotoxicity. Furthermore, inhibiting NMDA receptors in rats attenuates IL-1β expression after cerebral ischemia and high potassium cortical spreading and depression (293). Collectively, these studies suggest that altered inflammatory response, neuronal activity, and cerebral blood flow to modulate glutamatergic neuronal activity and possibly fatigue.

Acetylcholine is an excitatory neurotransmitter that is synthesized by choline acetyltransferase from choline and acetyl-CoA (294). Acetylcholinesterase transforms acetylcholine into acetate and choline. Acetylcholine binds to nicotinic acetylcholine receptors and muscarinic acetylcholine receptors (mAChR). Nicotinic acetylcholine receptors are ligand-gated ion channels that modulate the state of neurons by the movement of cations to induce depolarization of the plasma membrane. This results in an excitatory postsynaptic potential or activation of voltage-gated ion channels or leads to the entry of calcium and to the activation of intracellular cascades that can alter gene expression or the release of neurotransmitters. mAChR exhibit longer lasting actions and function as G protein-coupled receptors to induce their effects by second messenger systems. Acetylcholine is involved in both CNS and peripheral function including the neuromuscular junction. Acetylcholine regulates sleep/wakefulness, arousal, cognition, memory, and fatigue (295–297). Myasthenia gravis disease is an autoimmune disease in which nicotinic acetylcholine receptors are affected and a condition that is associated with fatigue and feelings of weakness (298, 299). Acetylcholinesterase inhibitors have been used to treat symptoms in conditions including Alzheimer's disease, Parkinson's disease, and schizophrenia (300). Cholinergic neurons in the brainstem including the pedunculopontine and laterodorsal tegmental nuclei as well as the basal forebrain are involved with arousal and wakefulness (296). These brain areas project to the lateral hypothalamus, prefrontal cortex, and reticular thalamic nuclei. Acetylcholine also acts on cells within the basal ganglia, locus coeruleus, dorsal raphe nucleus, and hippocampus. Inflammatory molecules can inhibit acetylcholine and vice versa. For example, acetylcholine significantly attenuates LPS-induced TNF-α production in microglia in a dosage dependent manor (301). In human and rat monocytes, acetylcholine also is effective in suppressing other endotoxin-inducible pro-inflammatory cytokines—such as IL-1β, IL-6, and IL-18—by a post-transcriptional mechanism (302). IL-1β can also inhibit acetylcholine synthesis in the brains stem (303).

Arousal and wakefulness involve an ascending pathway that begins in brainstem monoaminergic and cholinergic neurons located between the pons and the midbrain in the mesopontine junction (30). Fatigue is associated with brain areas that regulate arousal, attention, and reaction time. These areas include the ARAS, limbic system, anterior cingulate, and basal ganglia (304). Increased self-reported fatigue is associated with poor sleep quality or sleep disturbances (305), and this type of fatigue likely involves the ARAS system that modulates arousal and wakefulness. Cholinergic neurons in the pedunculopontine and laterodorsal tegmental nuclei of the brainstem are active during wakefulness, and their output traverses the mesopontine junction to the thalamus, as well as project to the lateral hypothalamus, basal forebrain, prefrontal cortex, and reticular thalamic nuclei (144). Neurons in the brainstem project to the basal forebrain and the lateral hypothalamus affecting arousal. The basal forebrain is in particular a brain area involved in mediating arousal. Diverse populations of neurons including GABAergic, glutamatergic, and cholinergic neurons serve to activate cortical pyramidal neurons to increase cortical activation as evidenced by electroencephalogram desynchronization. Cortical GABAergic interneurons—cells that are often activated during sleep—are inhibited by neurons of the basal forebrain.

Orexin (also known as hypocretin) is a neuropeptide that binds to orexin 1 and orexin 2 receptors (306). These neurons release acetylcholine, serotonin, and norepinephrine and are sensitive to metabotropic glutamate receptors, adenosine A1 receptors, muscarinic M3 receptors, serotonin 5-HT1A receptors, neuropeptide Y receptors, cholecystokinin A receptors, and catecholamines, as well as ghrelin, leptin and glucose (307). Since orexin produces monoamines that all involved with arousal and wakefulness and links exist between energy homeostasis and orexins (144, 308), it is plausible that orexinergic cells could be involved in aspects of fatigue. Orexin neurons are located in the perifornical area and the lateral hypothalamus (307). These neurons project throughout the cortex, and to the brainstem, basal forebrain, tuberomammillary nucleus, locus coeruleus, and thalamus (309). The cerebral cortex, including the prefrontal cortex, also projects to the basal forebrain, hypothalamus, and brainstem to further modulate arousal, wakefulness, and sleep (144). In addition, evidence implicates the striatum, parietal cortex, basal ganglia, ventromedial prefrontal cortex, nucleus accumbens, and anterior cingulate cortex in cognitive fatigue with brain injury (310). Evidence indicates that IL-1β can block orexin neuron activity in the lateral hypothalamus and that inflammation-induced lethargy is mediated by the suppression of orexin neuron activity (311).

VAGUS NERVE AND CNS INFLAMMATION

Two mechanisms whereby peripheral inflammation can enhance CNS inflammation are through leaky areas in the blood-brain-barrier and the vagus nerve (312). The vagus nerve, the tenth cranial nerve, is the longest nerve in the autonomic nervous system. This nerve has parasympathetic control of numerous organs that are involved in respiration—including the lungs, heart, and diaphragm—to mediate oxygen demand (313), which could contribute to fatigue. The vagal nerve afferents tend to relay pro-inflammatory responses cells from organs in the periphery to the CNS (Figure 2) (68). These vagal efferents tend to induce anti-inflammatory responses in peripheral tissue from CNS signals.
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FIGURE 2. Increased pro-inflammatory molecules in the brain. Schematic of vagal afferent and efferent modulation of inflammation. The vagal afferents mediate pro-inflammatory signals, such as IL-1β and TNF-α from the periphery including the peritoneum and organs such as the lung intestine, hear, spleen, liver, and lung to stimulate inflammatory cytokines in the nucleus tractus solitarius (NTS). The NTS has projections to multiple brain areas where this pro-inflammatory signal that originates in the periphery leads to enhanced pro-inflammatory cytokine expression in brain areas that affect fatigue and sleep. Conversely, stimulation of the vagal efferents, such as that occurring from cholinergic mechanisms in the brain, such as muscarinic acetylcholine receptors (mAChR) acting through the, NTS, dorsal motor nucleus (DMN), and nucleus ambiguus (NA) can lead to anti-inflammatory reactions in peripheral tissues. The vagal afferents could serve to transfer enhanced inflammatory signals in the periphery occurring from autoimmune and related pathologies into dysregulated inflammatory regulation in the brain to induce fatigue-like behavior. Additionally, abnormal vagal efferent activity could server to affect physiological functions mediating fatigue-like behavior, such as heart rate, bronchoconstriction, and gluconeogenesis.



The vagal nerve afferents project to the dorsal vagal complex, which consists of the NTS, the dorsal motor nucleus (DMN) of the vagus, and the area postrema, located in the medulla area of the brainstem. However, the NTS is the primary area of vagal afferent stimulation. Neurons in the brainstem project toward many areas of the brain that can modulate fatigue including the amygdala, cortex, central nucleus of the amygdala, nucleus accumbens, paraventricular nucleus, and lateral hypothalamic areas of the hypothalamus, cerebellum, and other areas of the brainstem (314, 315). The NTS projects to areas of the brain that modulate the respiratory response (315), which could serve to alter oxygen and nutrient supply to affect fatigue. The NTS has projections to the other areas of the brain stem including the dorsal raphe nucleus and locus coeruleus. The NTS also projects to the parabrachial complex, which are nuclei located in the dorsolateral pons and surrounds the superior cerebellar peduncle. The parabrachial complex projects to areas of the brain involved in arousal including the thalamus, medial and lateral hypothalamus, and amygdala (316). Additionally, the NTS projects to the reticular formation, which are interconnected nuclei found thought the brainstem. The reticular formation has ascending pathways to the cortex in the ARAS (144).

Studies in rats and mice have demonstrated that the vagal afferent stimulation by IL-1β, TNF-α, or LPS delivered IP can enhance inflammatory IL-1β or TNF-α gene expression in the brain (69, 317, 318). Conversely, vagal efferents originating in the brainstem projecting to organs in the periphery can function to attenuate inflammation (68). Inhibiting the vagus nerve by vagotomy can demonstrate directional changes between the periphery and CNS. Inhibiting vagal afferents by a vagotomy and applying inflammatory substances to the periphery indicate that at lower dosages the vagal afferent nerves can be a major mechanism of translating peripheral inflammation to central inflammation and subsequently can affect behavior such as sleep (68, 69). Application of IL-1β, TNF-α, or LPS, which stimulates IL-1β and TNF-α production, into the peritoneum enhances sleep in mice and/or rats and is attenuated in animals that have their vagal nerves severed (69, 319, 320). Using vagotomy animal models, it has been shown that peripheral inflammation achieves this, in part, through stimulating the vagal afferents that enhance IL-1β and TNF-α in the NTS—a brain area that projects to brain areas involved in regulating sleep and are associated with modulating fatigue (69). In rats, the direct electrical stimulation of the afferent vagus nerve enhanced mRNA gene expression and protein levels in the hypothalamus and hippocampus (321). Nevertheless, the types of cytokines stimulating the vagal afferents from the periphery likely stimulate CNS cytokines over different time courses and affect different brain areas and cytokines. Thus, differences in peripheral inflammation associated with the type of autoimmune disease and progression of the disease could interact with circadian, sleep/wake states, activity-dependent, and pharmaceutical-related alterations in inflammatory processes to affect the severity or development of specific types of fatigue.

Vagotomy does not inhibit central inflammation induced by peripheral inflammation by large concentrations of inflammatory stimuli (69), suggesting that leaky areas of the blood-brain barrier also contribute to CNS inflammation. Leaky areas of the blood-brain-barrier exist in the circumventricular organs including the area postrema, and the subfornical organs, as well as the vascular organ of lamina terminalis (VOLT) (322). However, immunohistological evidence suggests that a diffusion barrier exists between the circumventricular organs and the NTS (323). VOLT, along with the subfornical organ, is interconnected with the mid-ventral hypothalamus and surrounds the third ventricle along with the median eminence. The VOLT capillaries do not have a blood-brain-barrier, and circulating factors present in the systemic circulation can enter the brain through this area (324). These areas are well-vascularized and respond to a wide variety of hormones and neurotransmitters. This area of cells heavily regulates osmoregulation, cardiovascular regulate, and energy homeostasis. Thus, leaky areas of the brainstem or the vagal afferents could be involved in peripheral inflammation enhancement in fatigue occurring in individuals with autoimmune disease that have enhanced peripheral inflammation.

The DMN and NTS are major sources of efferent motor vagal input. Longer preganglionic cholinergic neurons communicate with postganglionic neurons in closer proximity and within tissues of the viscera to induce anti-inflammatory signals (68). Acetylcholine released from neurons interacts with muscarinic acetylcholine receptors and utilizes the DMN, NTS, nucleus ambiguus (NA), and the vagal efferent nerve to alter heart rate, gluconeogenesis, and bronchial constriction (68). Consequently, these physiological effects could potentially affect fatigue-like behaviors.

Vagal efferent nerves project to the reticuloendothelial system, other peripheral organs, and the brain-derived motor output (325). Acetylcholine plays a large role in modulating the anti-inflammatory actions of the vagal efferent nerve on systemic and local peripheral inflammation (326). Muscarinic acetylcholine receptors in the CNS can induce anti-inflammatory effect on the periphery. This effect has been observed with the acetylcholinesterase inhibitor galantamine in the activation in the CNS. The nicotinic acetylcholine receptor alpha-7 (α7 nAChR) is a mechanism that signals the vagal efferent aspects of the anti-inflammatory effect. Cholinergic vagal efferent stimulation can downregulate CD14, TLR4, and NF-κB activation thus inhibiting pro-inflammatory processes within the periphery (68). This suppressor effect can be, in part, attributed to the activation of the JAK-STAT pathway. Additionally, the vagal efferents are involved in reducing hepatic glucose production and enhancement of glycogen synthesis and pancreas secretion of insulin, which could modulate metabolism and affect fatigue. Vagal nerve stimulation is used as an alternative therapy to inhibit TNF-α in patients with rheumatoid arthritis (327). Additional studies suggest that vagal nerve stimulation could benefit individuals with inflammatory bowel disease (327). The benefits of this anti-inflammatory treatment occur, in part, through the activation of cholinergic neurons to induce a suppression of peripheral inflammation, which then attenuates CNS inflammation. In fact, vagal nerve stimulation in individuals with Sjörgen's syndrome treated with a non-invasive method for 28 days were found to have reduced daytime sleepiness, improvements in fatigue, and reduced whole blood cells levels of TNF-α, IFN-γ, IL-6, and IL-1β (328).

Interestingly, evidence suggests relationships between peripheral muscle weakness and pain, inflammatory pathways, neuroinflammation, and fatigue in certain autoimmune disorders. A recent study found that serum TNF-related apoptosis-inducing ligand, which is a TNF-superfamily member, is enhanced in the serum and expressed in infiltrating inflammatory cells in patients with polymyostitis and dermatomyostitis (329)—conditions that are associated with increased fatigue and neuroinflammation. Chronic fatigue syndrome/myalgic encephalomyelitis is a condition that is defined by muscle pain and CNS inflammation, and fatigue (330) Thus, it is plausible that the vagus nerve is involved in muscle pain/CNS inflammation, and fatigue associated with these conditions. While much more research is needed to define the inflammatory pathways involved, targeting specific inflammatory pathways in the periphery could provide novel treatments to attenuate neuroinflammation and associated detriments.

NEUROVASCULAR UNIT AND VASOHEMODYNAMICS

Cerebral blood flow is an essential component involved in providing nutrients and oxygen supply to cells in the CNS (331). Additionally, the neurovasculature removes waste products including carbon dioxide (CO2), signaling molecules, and provides adequate supplies of energy reserves (332, 333). A reduction in blood supply within an area surrounding neurons in the CNS can lead to cellular and performance dysfunction (334). Autoimmune diseases, such as multiple sclerosis, type 1 diabetes, and Alzheimer's disease, and celiac disease are often found to be associated with hypoperfusion (335–337) Neural activity functions in synchrony with localized cerebral blood flow and is referred to as neurovascular coupling (338). This neural activity is associated with increases in the release of vasoactive substances, which can directly or indirectly alter vasohemodynamics (339). Pro-inflammatory cytokines including IL-1β and TNF-α are reported alter vasohemodynamics, although these relationships are not well-understood (340–343). In rats, IL-1β applied ICV induced global cerebral hypoperfusion (340). In rabbits, application of TNF-α into the cisterna magna induces a prolonged reduction in cerebral blood flow (343). It has been postulated under the hemo-neuro hypothesis that vasohemodynamics modulate the gain of local cortical circuits to alter the detection and discrimination of sensory stimuli, and thus, cerebral blood flow could affect neural activity (344). This process could involve alterations in diffusible or mechanical factors that lead to alterations in neuronal membranes, temperature, or indirect mechanisms such as altering astrocyte functions, which are tightly regulated with neurons. Indeed, neurovascular coupling depends not only on neurons but also numerous cells of the neurovascular unit such as neurons, astrocytes with end feet that surround the vasculature, endothelial cells, pericytes, and surrounding supporting cells including microglia and perivascular macrophages (Figure 3) (338, 345, 346). Interestingly, inhibiting perivascular macrophages and brain macrophages using liposomes with clodronate can reduce IL-1β in the brain and increase central mediated fatigue in an exhaustive exercise test in mice (347), which suggests that inflammation in the neurovascular unit is critical to CNS-mediated fatigue.
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FIGURE 3. Diagram of the neurovascular unit in modulating vasohemodynamics. The neurovascular unit at the level of the cerebral microvasculature including the arterioles and capillaries is comprised of endothelial cells, smooth muscle, astrocytes, neurons, pericytes, and is modulated by surrounding microglia and perivascular macrophages. Additionally, alterations in metabolism and inflammation can modulate astrocyte end-feet to modulate cerebral blood flow (CBF). The neurovascular unit modulates blood flow throughout the brain and is regulated by energy needs of the surrounding cells and the vasoconstrictive, such as catecholamines and dopamine, and vasodilative factors, such as IL-1β, TNF-α, and adenosine, that are released by these cells. Pro-inflammatory molecules tend to be vasodilative, reduce vascular resistance, and increase cerebral CBF, while monoamines released by neurons have both vasodilative and vasoconstrictive properties, which can influence blood flow. Vasoconstrictive substances typically increase vascular resistance and reduce CBF.



The neurovascular unit functions to regulate cerebral blood flow, blood velocity, and blood volume in local areas of the brain (333, 338). Substances can pass through blood capillaries by osmosis, filtration, or diffusion. Oxygen and CO2 pass through the blood vessel walls by diffusion whereas fluid passes through by both hydrostatic and osmotic pressure (348). Blood travels from areas of high pressure to areas of lower pressure and flows in the direction of the lower pressure gradient (349). Blood velocity changes inversely with the cross-sectional area of the blood vessels, where vasodilation will increase blood flow and blood volume (350). Blood pressure can affect blood flow in the circulation including the cerebral vasculature (351). Blood pressure is affected by cardiac output, blood volume, peripheral resistance, and viscosity, which is dependent on the heart and the lung. Systemic blood pressure is expressed as the ratio of systolic pressure to diastolic pressure. Cerebral autoregulation is the process where cerebrovascular resistance, which is largely affected by the diameter of blood vessels, is adjusted to compensate for changes in perfusion pressure to maintain a constant blood flow. The mean arterial pressure is the average pressure of blood in the arteries driving blood into vessels and is dependent upon systolic and diastolic blood pressure values.

There is evidence that autoimmune conditions are associated with increased hypertension including systemic lupus erythematosus, psoriasis, multiple sclerosis, and rheumatoid arthritis (352, 353). Inflammation is a primary contributor to hypertension (354). Hypertension is associated with injured endothelium, which affects microvessel integrity. Astrocyte end feet interact with the endothelium to form the basal lamina matrix, which forms a blood-brain-barrier by forming tight junctions that inhibit larger molecules, including pro-inflammatory cytokines, from entering the CNS (355). Prolonged enhanced inflammation can make the vascular more rigid and less compliant (356). Vascular compliance is a necessary process that allows the vasculature to dilate or contract appropriately when required by an activity, and the lack of proper function could result in fatigue. A major component in modulating blood flow is vascular compliance, which allows increased blood volume to occur and resultant increases in blood flow. Impairments in vessel compliance are seen in inflammatory conditions such as cardiovascular disease and autoimmune diseases such as multiple sclerosis, type 1 diabetes, and systemic lupus erythematosus (357–360). Moreover, pro-inflammatory cytokines, such as TNF-α, are elevated with reductions in vascular compliance in patients with systemic lupus erthematosus (358).

Multiple autoimmune diseases, such as rheumatoid arthritis, Sjörgen's syndrome (SS), Wegener's granulomatosis, Churg-Strauss syndrome, Good pasture's syndrome, and ankylosing spondylitis are known to induce inflammation in the lung and alter lung functions (361). Macrophages in the lungs are located in the airways, alveoli, lung interstitium and can travel into the lung microvasculature (362). These cells are potent sources of cytokines, chemokines, and other pro-inflammatory molecules (363). Pulmonary hemodynamics with associated impairments in pulmonary vascular compliance and increased vascular resistance can persist following enhancements in exercise in individuals with pulmonary hypertension suggesting that lung function is important in fatigue (364).

Hyperventilation can induce fatigue and is implicated in perpetuating chronic fatigue syndrome/myalgic encephalomyelitis (365). A condition related to chronic fatigue syndrome/myalgic encephalomyelitis, postural osrthostatic tachycardia syndrome, is a conditions that induces cerebrovasoconstriction and hyperventilation affecting cerebral blood flow (366, 367). Interestingly, CNS related deficits, such as cognitive impairments are found in individuals with chronic fatigue syndrome and postural orthostatic tachycardia syndrome in support of the idea that central-mediated impairments could be, in part, induced from hyperventilation (368). Conditions of dysfunctional breathing, such as asthma and chronic obstructive pulmonary disease (369), are often associated with hyperventilation during exercise. Thus, it would be expected that individuals with dyspnea, such as those with chronic fatigue syndrome/myalgic encephalomyelitis, could have exercise-induced hyperventilation and associated fatigue.

A complex and not well-understood relationship exists between the brain vasculature, cerebrospinal fluid, and the perivascular spaces that act as lymphatics in the brain (30). In 1968, Foldi and colleagues alluded that perivascular spaces function as lymphatics in the brain (370), which has since been termed the glymphatic system (371). They glymphatic system is modulated by cerebrovascular pulsation and astrocyte water channels around the perivascular channels. The glymphatic system is altered during sleep/wake periods and is thought to clear the formation of ROS and other waste products in the brain. Persistent inflammation can alter astrocytic channels and end-feet morphology (372), which could modulate the clearance and lead to further inflammation affecting fatigue and/or sleep. Although speculative, it is plausible that an enhanced ROS content in the CNS might be unable to be cleared in autoimmune diseases and sleep related disorders leading to exacerbated inflammation and impaired vasohemodynamics leading to fatigue.

FUTURE DIRECTIONS

There are several areas of research and logistics that need to be established to understand the exact mechanisms of fatigue and sleep in autoimmune diseases. First, a detailed description of particular types of fatigue needs to be established in the clinic. This can be achieved, in part, with more precise medical coding. Second, there needs to be standardized questionnaires and diagnostic tests that can more precisely indicate the determents observed from fatigue. This will provide insight into the types of fatigue that are observed with the pathogenesis of the autoimmune disorders. Understanding the neurocircuitry of fatigue and its relationship between inflammation and autoimmune diseases is also needed. This area can aid in understanding the manifestation of types and severity of fatigue found in autoimmune patients. Since inflammation and metabolism are implicated in fatigue and impairments are found in these in autoimmune disorders, a detailed understating of the mechanisms of these systems, unique cells, and brain areas are lacking in autoimmune research. More information on interactions between circadian timing and sleep/wake state or sleep loss, alterations in neuronal activity, and normal daily functioning that affect fatigue is required. And there needs to be a better understanding of the relationship between the vagal afferents in modulating brain inflammation to induce fatigue is needed. More research is also necessary for understanding the relationship between vasohemodynamics and fatigue in autoimmune disease. Additionally, several autoimmune diseases are associated with disproportionately greater incidence and disease severity in particular genders and little information is known regarding the relationship of fatigue with these gender differences (373). The relationship of gender to fatigue in autoimmune disease should be a topic for future research.

An autoimmune disease involves multiple interactions between genetics and environmental factors. Most autoimmune-related disorders are more prevalent in monozygotic twins vs. dizygotic twins or siblings, indicating the involvement of genetics in disease development. Furthermore, genome wide association studies (GWAS) have found several genetic loci and small nucleotide polymorphisms that are associated with specific autoimmune disease prevalence. Interestingly, proteins encoded by genes that are involved in inflammatory mechanisms including NF-κB, apoptosis, Toll-like receptor, and immune complexes are described in autoimmune and related disorders. Nevertheless, a number of autoimmune diseases exhibit similar genetic modifications, which likely contributes to the higher incidence of multiple autoimmune diseases found in individuals with autoimmune disorders and potentially similar disease characteristics including fatigue. Indeed, larger data sets (i.e., >10,000 individuals) are finding new associations of inflammatory mechanism I with impairments in respiratory function and sleep (374). Several inflammatory gene small nucleotide polymorphisms have been implicated in fatigue including TNF-α, IL-1β, IL-6, and IFN-γ (375). Nevertheless, a high amount of the heritability of the genetics behind autoimmune and related disorders remains unexplained. In recent years, researchers, agencies, and governments, such as the British Biobank, Trans-Omics for Precision Medicine (TOPMED), and the Million Veteran Program have begun assembling very large sample populations that are giving enough statistical power to unmask genetic links between diseases.

CONCLUSION

In summary, fatigue is a major early finding in individuals with autoimmune diseases, and inflammation is a contributing factor relating to this impairment, one that affects the ability of people to perform daily activities, work, and thus their overall well-being. Recent research reveals a relationship between types of fatigue and certain brain areas, cell types, and phenotypes that mediate the symptoms observed. In addition, inflammatory molecules that are enhanced in the periphery with specific types of autoimmune disease can alter brain inflammation and neurocircuitry affecting fatigue. Consequently, immunomodulatory agents and drugs targeting inflammatory pathways could serve to treat fatigue occurring in autoimmune and related diseases. Understanding the mechanisms behind fatigue will not only aid individuals with autoimmune diseases but could also benefit transplant recipients, cancer patients, and infectious disease patients who experience debilitating fatigue.
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ABBREVIATIONS

5-HT, 5-hydroxytryptamine; ACTH, adrenocorticotropic hormone; AIM2, absent in melanoma 2; AKT, protein kinase B; AMPA, alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; AP-1, activator protein-1; ARAS, ascending reticular activating system; ASC, adapter apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain; ATP, adenosine triphosphate; BMAL1, brain and muscle aryl hydrocarbon receptor nuclear translocator-like protein 1; CBF, cerebral blood flow; CD39, adenosine monophosphate by ectonucleoside diphosphohydrolase; CD73, adenosine by ecto-5' nucleotidase; cGAS, cyclic guanosine monophosphate-adenosine monophosphate synthase; CLK, CLOCK; CNS, central nervous system; CO2, carbon dioxide; CREB, cyclic AMP response element-binding protein; CRH, corticotrophin-releasing hormone; CYC, CYCLE; DAMPS, danger-associated molecular patterns; DNA, single-stranded deoxyribonucleic acid; EAE, experimental autoimmune encephalomyelitis; ERK, extracellular signal regulated kinase; GABA, gamma-aminobutyric acid; GWAS, genome wide association studies; HIV-1, Human Immunodeficiency Virus-1; HPA, hypothalamic-pituitary-adrenal; ICV, intracerebroventricular; IFN-γ, interferon-gamma; IκB, inhibitory kappa B; IKK, inhibitor of kappa B kinase; IL-1, interleukin; IL-1β, Interleukin-1 beta; IL-1R1, IL-1 receptor type I; IL-1RA, IL-1 receptor antagonist; IL-1RAP, IL-1 receptor accessory protein; IP, intraperitoneal; IRAK4, interleukin-1 receptor associated kinase 4; IRF3, interferon regulatory factor 3; JAK, Janus kinase; JNK, c-Jun N-terminal nucleated kinase; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; MAPKK, mitogen-activated protein kinase kinase; mTOR, mammalian target of the rapamycin; mTORC, mechanistic target of rapamycin; MYD88, myeloid differentiation primary response 88; NAC, N-acetylcysteine; NADPH, nicotinamide adenine dinucleotide phosphate; α7 nAChR, nicotinic acetylcholine receptor alpha-7; NF-κB, nuclear factor kappa B; NLRP3, nucleotide leucine-rich protein-3; NREM, non-rapid-eye movement; NTS, nucleus tractus solitarii; OXPHOS, oxidative phosphorylation; P2, purine type 2; P2X7, purine type 2 X7; PAMPS, pathogen-associated molecular patterns; PER, PERIOD; PI3-K, phosphatidylinositol 3-kinase; PPP, pentose phosphate pathway; PRR, pattern recognition receptor; REM, rapid-eye movement; RNA, ribonucleic acid; ROS, reactive oxygen species; SOCS1, suppressor of cytokine signaling 1; SS, Sjörgen's syndrome; STAT, signal transducer and activator of transcription protein; STING, stimulator of interferon genes; TGF-β, transforming growth factor-beta; TLR4, toll-like receptor 4; TNF-α, tumor necrosis factor-alpha; TOPMED, trans-Omics for Precision Medicine; TRX, Thioredoxin; TXNIP, thioredoxin-interactive protein; VOLT, vascular organ of lamina terminalis.
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