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Editorial on the Research Topic 


Neuroendocrine-Immunological Interactions in Health and Disease


Historically, scientists have delimited the immune, endocrine, and neural systems to study physiology and disease (Figure 1). Although questions relating to whether there is a strict boundary between these systems do persist today, we do not believe in that. Biology does not seem to “respect” the established limits between these systems. Indeed, since Claude Bernard’s early studies in physiology, we know that the different organs and systems must communicate in an integrative way to maintain homeostasis. During recent decades, we have investigated these systems in an integrative way, since both the tools and the information to perform these studies are now available. In this Research Topic, we gathered diverse studies that increase our knowledge about the complex interactions among the immune, endocrine, and neural systems in both homeostasis and disease, and the potential therapeutic or disrupting agents of these circuits.




Figure 1 | Neuroendocrine, immune and even metabolic systems are interconnected by a profuse network of mediators.



The similarities between nervous, immune, and endocrine systems are remarkable, and there are a number of shared mechanisms, agents, and receptors. As an example, cytokines and hormones are both important mediators of the hypothalamus–pituitary–adrenal (HPA) and hypothalamus–pituitary–thyroid (HPT) axes in response to stress and promoting immune modulation. Activation of the HPA axis triggers the synthesis of hypothalamic corticotropin-releasing hormone (CRH), followed by the release of the pituitary adrenocorticotropic hormone (ACTH) and activation of adrenal glands to secrete cortisol and dehydroepiandrosterone (DHEA). An imbalance of these components affects both positive and negative regulatory loops, leading to the predisposition for, and/or exacerbation of several infectious diseases. This imbalance was well described by Fernandez et al. as they studied the immune-endocrine system in the presence of tuberculosis and diabetes comorbidity, and demonstrated opposite effects on DHEA and cortisol. In humans, the immune response developed against B. abortus is also influenced by DHEA and cortisol secretions. Here, Gentilini et al. evaluated the consequence of both adrenal steroids on synoviocytes during B. abortus infection, contributing to knowledge about this infectious osteoarthritis. Furthermore, infectious-driven immune stimulation could sustain glucocorticoid production through changes in the intra-adrenal catabolic pathways or induced cellular damage, as shown by Silva Barbosa et al. and by Chen et al. in experimental models of Chagas disease and sepsis, respectively.

It is known that endogenous hypercortisolism or exposure to exogenous glucocorticoids can lead to Cushing’s syndrome. Liu et al. report on a rare case of an ectopic ACTH-dependent Cushing’s syndrome and proposed a mechanism for this unique clinical phenotype. Despite the adverse effects that sustained hypercortisolism may cause, the chronic use of corticosteroids to treat inflammatory diseases is widely accepted in clinical settings. As reported here, Ferreira et al. revealed a promising use of flunisolide as a pharmacological treatment for silicosis. Another important neuro-endocrine circuit, essential for dealing with stress, is the sympatho-adrenal system. Pilipovic et al. summarized the data, pointing to an immunopathogenic role for the sympathoadrenal axis in the pathogenesis of experimental autoimmune encephalomyelitis and multiple sclerosis.

Activation of the HPT axis induces the production of hypothalamic thyrotropin-releasing hormone (TRH), followed by the release of the thyroid-stimulating hormone (TSH), and synthesis of thyroid hormones. Hashimoto’s encephalopathy (HE) is an unusual neuropsychiatric syndrome characterized by elevated levels of autoantibodies against several thyroid antigens. Yu et al. described a case report of HE in a patient whose clinical symptoms and laboratory test results mimicked viral encephalitis. The effective diagnosis enabled the successful use of immunosuppressive therapy. In addition, Ferraris et al. showed that octyl methoxycinnamate, one of the most used UV filters, disrupted thyroid regulation and modulated the immune system in mice pups.

The adipose tissue is considered to be an immunoendocrine organ capable of producing a wide variety of mediators; the main adipose tissue specific cytokines, the adipocytokines, are leptin and adiponectin. Disruption of adipose tissue homeostasis can lead to alterations in many critical aspects of immunity. Pesce Viglietti et al. showed how B. abortus can modulate the transcription of adipocytokines and affect the process of adipogenesis both directly and indirectly. Palhinha et al. described for the first time that leptin autocrine signaling pathways induce adipogenesis and proinflammatory profile. This effect may have particular importance during obesity when leptin central nervous system signaling is defective. Amorim et al. showed that leptin can also trigger an eosinophilic inflammatory response in vivo, by an indirect mechanism dependent on the activation of resident mast cell secretory activity and mediated by TNFα, CCL5, and PGD2.

Immunometabolism can be regarded as a branch of neuroendocrine-immunology examining the crosstalk between metabolism and the immune response. Smitka et al. summarized evidence showing that the gut microbiome is a potential modulator of adipose tissue, energy homeostasis, and appetite satiety in eating disorders, like anorexia and bulimia. The work from Silva et al. proposed that short-chain fatty acids from gut microbiota can be used as a therapy for central nervous system (CNS) disorders through its capacity to regulate the neuro-immunoendocrine function. Milanova et al. showed that hypothalamic microglia from high-fat diet fed mice were activated and lost rhythm, displaying immuno-metabolic functions different from those observed in microglia from control animals. Huang et al. demonstrated that high glucose or glucose fluctuations caused M2 phenotype polarization in a microglial cell line in vitro. They also showed that miR-146a overexpression inhibited high-glucose-induced M1/M2 polarization transitions in those cells.

In literature, activation of immune system secondary lymphoid organs (SLOs) has been observed to coincide with the decrease in noradrenergic activity and/or retraction of sympathetic fibers. Bottasso (part I) and Bottasso (part II) introduced a challenging hypothesis for the existence of a neural plasticity program in the sympathetic fibers innervating both SLOs and non-lymphoid peripheral tissues during inflammation. According to the author, this plasticity implies a retraction and degeneration of sympathetic fibers during immune activation and their re-generation once homeostasis is re-established. The activation of the immune system can be important in the disruption of neural circuits and induction of nervous system disorders. In this regard, Li et al. showed that IFN-α, administered by i.c.v. routes induced depression-like behavior in monkeys. This was associated with a dysfunction in some monoamine neurotransmitters founded in the cerebrospinal fluid. Stary et al. found that nursing in the post-partum period protected the mouse nervous system in a model of middle cerebral artery occlusion-induced stroke. They showed a reduced neurological deficit, lower pro-inflammatory cytokine levels, and lower migration of blood leukocytes into the brain, apparently by an increase of local oxytocin levels in the nursing mice. Along these lines, Kang et al. summarized the protective effects of exosomes on ischemic and hypoxic brain injury by inhibiting neuronal apoptosis, mediating axon reconstruction and neurogenesis, and alleviating inflammatory response and immune suppression.

Neuroendocrine disorders interfere with the interactions between the nervous and the endocrine systems, causing excessive or deficient hormone production with a negative impact on metabolism. The Prader-Willi syndrome (PWS) was the first neuroendocrine disease to be related to genomic imprinting errors. Costa et al. reviewed and summarized the disrupted genes related to the clinical phenotypes of PWS. Another important neuroendocrine disorder is Alzheimer’s disease (AD), where deficiency of the tau protein in the CNS is an important feature in AD pathology. Gonçalves et al. showed that an AD mouse model knockout for tau protein presented anxiety-related behavior and memory impairment. They also verified that the introduction of human tau, in tau knockout mice, did not restore anxiety or metabolic alterations and triggered insulin resistance and further impairments in learning and memory features. Finally, Alvarez-Herrera et al. summarize the peripheral immunological, endocrine, and intestinal microbiome changes induced by atypical antipsychotics used for the treatment of schizophrenia and other psychiatric disorders.

In recent decades, our understanding of the intricate network between nervous, immune, and endocrine systems, and the development of diseases has remarkably increased. However, extensive challenges remain in providing a more comprehensive picture. The articles presented in this Research Topic show the complex circuitry affecting the neuroendocrine-immunological interactions in different diseases and indicate future directions for research in this area.
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Background: Disturbance of immunometabolic signaling is a key process involved in the progression of obesity. Microglia—the resident immune cells in the brain, initiate local immune responses. It is known that hypercaloric diets lead to microglial activation. Previously, we observed that hypothalamic microglial cells from mice fed high-fat diet (HFD) lose their day/night rhythm and are constantly activated. However, little is known about daily rhythmicity in microglial circadian, immune and metabolic functions, either in lean or obese conditions. Therefore, we hypothesized that HFD disturbs microglial immunometabolism in a day/night-dependent manner.

Methods: Obesity was induced in Wistar rats by feeding them HFD ad libitum for the duration of 8 weeks. Microglia were isolated from HFD- and chow-fed control animals at six time points during 24 h [every 4 h starting 2 h after lights on, i.e., Zeitgeber Time 2 (ZT2)]. Gene expression was evaluated using quantitative RT-PCR. JTK_Cycle software was used to estimate daily rhythmicity. Statistical analysis was performed with two-way ANOVA test.

Results: Consumption of the obesogenic diet resulted in a 40 g significantly higher body weight gain in week 8, compared to chow diet (p < 0.0001), associated with increased adiposity. We observed significant rhythmicity of circadian clock genes in microglia under chow conditions, which was partially lost in diet-induced obesity (DIO). Microglial immune gene expression also showed time-of-day differences, which were disrupted in HFD-fed animals. Microglia responded to the obesogenic conditions by a shift of substrate utilization with decreased glutamate and glucose metabolism in the active period of the animals, and an overall increase of lipid metabolism, as indicated by gene expression evaluation. Additionally, data on mitochondria bioenergetics and dynamics suggested an increased energy production in microglia during the inactive period on HFD. Finally, evaluation of monocyte functional gene expression showed small or absent effect of HFD on peripheral myeloid cells, suggesting a cell-specific microglial inflammatory response in DIO.

Conclusions: An obesogenic diet affects microglial immunometabolism in a time-of-day dependent manner. Given the central role of the brain in energy metabolism, a better knowledge of daily rhythms in microglial immunometabolism could lead to a better understanding of the pathogenesis of obesity.

Keywords: microglia, immunometabolism, neuroinflammation, diet-induced obesity, high-fat diet, daily rhythms


INTRODUCTION

Arising evidence highlights the disturbed interaction between immunity and metabolism as a key player in the pathogenesis of obesity (1–3). Immune cell function is highly dependent on metabolic adaptation of the immune cells, allowing for abrupt shifts in energy utilization, thus promoting either a resting or an activated state (4). Moreover, distinct immune cell populations show specific metabolic patterns, modulating their functional properties (4). In the brain, microglia are involved in maintaining brain homeostasis by surveying the environment, sensing invading pathogens and phagocyting dead neurons, and cellular debris, thus eliciting an innate immune response (5, 6). Microglial metabolic reprogramming is associated with polarization to pro- or anti-inflammatory state, which involves both functional and phenotypic plasticity (7, 8). It has been shown that hypercaloric environment induces a proinflammatory response in the hypothalamus via NF-kB and toll-like receptor activation, leading to disturbed energy homeostasis (9–13). This could be due to hypothalamic microglial activation as seen in rodents fed an obesogenic diet (14–17). We observed that under physiological conditions in mice, microglial cells exert their function in a strict time-of-day manner with higher activity during the dark, active phase, compared to the light, sleep phase (18). However, this day-night rhythm was abolished in animals fed an obesogenic, high-fat diet (HFD), suggesting an interaction of diet content and daily rhythms. Indeed, recent evidence suggest an involvement of circadian function in the progression of obesity (19, 20). It is well-known now that a master circadian clock in mammals generates daily rhythms in behavioral, physiological, and hormonal processes to allow adaptation to daily environmental changes, thus optimizing metabolic function to the time of day (21). However, little is known about daily rhythms in microglial function. Therefore, we performed a detailed investigation of daily rhythmicity in microglial immunometabolism in lean and obese rats. As mentioned earlier, many studies have focused on hypothalamic microglial inflammatory response due to the clear relation between the hypothalamus and energy homeostasis. Here, we chose to evaluate cortical microglial activation, to expand on available knowledge on microglial immunometabolism in obesity outside of the hypothalamus.

We induced obesity with HFD for the duration of 8 weeks in rats and evaluated the expression of key clock genes involved in maintaining circadian rhythms (Figure 1). Microglial cells, as many other immune cells, have a high metabolic demand (22). Therefore, we also evaluated the expression of key genes involved in microglial glucose, lipid, and glutamate metabolism. As higher activity and substrate utilization require higher energy production we also assessed the state of mitochondria bioenergetics and dynamics in response to either healthy or obesogenic diet. The immune state of the cells was studied by evaluating cytokine production and phagocytosis (Figure 1). Our results showed time-of-day disturbances in microglial circadian and inflammatory functions in the obesogenic conditions, accompanied with changes in substrate utilization and energy production. We compared these data to monocytes, isolated from the same animals, to evaluate the state of peripheral myeloid cells in a hypercaloric environment. We observed a small effect of HFD on monocyte function, suggesting a microglia-specific response to hypercaloric intake. These results shed further light on microglial time-of-day innate immunometabolism in health and obesity.


[image: image]

FIGURE 1. Microglial circadian, immune, metabolic, and mitochondrial profile. Schematic representation of the pathways and/or functions tested on microglial cells from chow- and HFD-fed rats.





METHODS


Animals

Seventy-two male Wistar rats (Charles River, Germany) were group housed on a 12-h-light/12-h-dark cycle [lights on at 7:00 am; Zeitgeber time zero (ZT0)] at 22 ± 2°C with access to food and water ad libitum. Obesity was induced for the duration of 8 weeks, with a diet containing 60 kcal% fat and 20 kcal% carbohydrates (HFD, 5.24 kcal/g, D12492, Research Diets Inc.). Control animals were fed a standard chow diet (3.1 kcal/g, 2018, Teklad diets, Invigo). Body weight was monitored once per week, and food intake twice per week. All studies were approved by the Animal Ethics Committee of the Royal Dutch Academy of Arts and Sciences (KNAW, Amsterdam) and performed according to the guidelines on animal experimentation of the Netherlands Institute for Neuroscience (NIN, Amsterdam).



Microglia/Monocyte Isolation and Plasma Collection

Animals were sacrificed at six time points during 24 h (every 4 h starting at ZT2) by euthanasia with 60% CO2/40% O2, followed by decapitation. Perirenal white adipose tissue (pWAT) was dissected for evaluation of fat mass gain, evaluating the amount of pWAT in grams weight. Microglial cells from cerebral cortex were isolated for gene expression analysis using the Percoll isopycnic isolation, as it provides a high cell number (23). Briefly, brains were mechanically homogenized with RPMI 1640 medium (Ref.: 11875-093, Gibco™) and filtered through 70 μm cell strainer (Ref.: 431751, Corning®) in a 15 mL Falcon tube. Brain homogenate was centrifuged for 5′ (380 g, 4°C). Pellets were resuspended with 7 mL RPMI medium and mixed with 100% Percoll solution [for 10 mL: 9 mL Percoll® stock (Ref.: 17-5445-01, GE Healthcare, Sigma-Aldrich®) with 1 mL 10x HBSS (Ref.: 14185-045, Gibco™)]. The cell suspension was layered slowly on 70% Percoll solution [for 10 mL: 7 mL 100% Percoll solution with 3 mL 1x HBSS (Ref.: 14175-053, Gibco™)] and centrifuged for 30′ (500 g, 18°C, break 1/0). Cell debris on the surface was discarded and fuse interphase, containing microglial cells were collected in 8 mL 1x HBSS, followed by centrifuging for 7′ (500 g, 18°C, break 9/9). Supernatant was discarded and the microglial cell pellet was used directly for RNA extraction.

During decapitation trunk blood was collected for measurement of different parameters. Briefly, blood was collected in 50 mL Falcon tubes, containing 0.5 M EDTA (ethylenediaminetetraacetic acid). Blood was filtered through a 70 μm cell strainer in a 15 mL Falcon tube and separated for monocyte isolation. For plasma collection, 2 mL blood was centrifuged for 15′ (4,000 rpm, 4°C, break 9/9). Plasma was collected in a new tube and stored at −80°C until usage. For monocyte isolation, 30 mL lysis buffer (containing 1 × ACK; 155 mM NH4Cl; 10 mM KHCO3; 0.1 mM EDTA) was added to ~3 mL blood and vortexed gently, followed by incubation at RT for 10–15′. The cell suspension was centrifuged for 5′ (200 g, RT, 9/9 break), supernatant was discarded and cells were resuspended in 2 mL PBS-FBS (PBS containing 1% FBS). The new cell suspension was again centrifuged for 5′ (200 g, RT, 9/9 break), supernatant was discarded and cells were resuspended in 0.5 mL PBS-FBS. The cell suspension was added to 4.5 mL RPMI medium and layered slowly on 5 mL Ficoll® (Ref.: 17-1440-02, GE Healthcare, Sigma-Aldrich®), followed by centrifuging for 30′ (400 g, 20°C, break 1/1). The fuse interphase, containing monocytes, was collected in 8 mL 1x HBSS, followed by centrifuging for 5′ (200 g, RT). Supernatant was discarded and the monocyte pellet was used for RNA extraction.



Real-Time PCR

For gene expression analysis, RNA from microglial cells and monocytes was extracted using the RNeasy Micro Kit (Cat No. 74004, Qiagen®) according to the manufacturer's guidelines. RNA was quantified by spectrophotometry at 260 nm (DS 11; Denovix). RNA was reverse transcribed using Transcriptor First Strand cDNA Synthesis Kit (04897030001; Roche) according to the manufacturer's guidelines. Levels of mRNA for Tnfa, Bmal1, Per1, Per2, Cry1, Cry2, Dbp, Reverba, Clock, Gls, Gdh, Gpx1, Cd36, Fas, Lpl1, Opa1, Mfn2, Fis1, Drp1, Pdk4, Ppard, Ikbkb, Cd68, Il1b, Cox4, Atp5b, Atp5g, Hk2, Glut5, Myd88, Sirt1, Hprt (internal control), and bactin (internal control) were measured by semiquantitative real-time PCR on a LightCycler LC480 (Roche), using the SensiFAST SYBR® No-ROX Kit (BIO-98020, GC-Biotech) according to the manufacturer's guidelines. Expression levels of all genes were normalized to the geometric mean of the internal controls. Primer sequences (see Table S1) were designed using the Basic Local Alignment Search Tool (BLAST) from the National Center for Biotechnology Information (NCBI). Primers were purchased from Sigma-Aldrich® and validated by melt curve analysis and DNA band size and/or purity on agarose gel electrophoresis (data not shown).



Glucose, Insulin, and Non-esterified Fatty Acids (NEFA) Measurements in Plasma

Plasma glucose concentrations were measured using the Glucose GOD-PAP kit (Ref. 80009, Biolabo S.A.S.), following the manufacturer's guidelines. Absorbance of colored samples, proportional to glucose concentration, was measured at 500 nm with Varioskan® Flash spectral scanning multimode reader (Version 40053; Thermo Scientific). Insulin concentrations were measured using Rat Insulin Radioimmunoassay (RIA) Kit (RI-13K; Millipore, Merck), according to the manufacturer's guidelines. Non-esterified fatty acids (NEFA) concentration in plasma was measured using the NEFA HR(2) reagents (R1 set, Ref. 434-91795; R2 set, Ref. 436-91995; Standard, Ref. 270-77000, Wako Chemicals GmbH) following the adjusted protocol from the Mouse Metabolic Phenotyping Centers [https://www.mmpc.org/shared/document.aspx?id=196&docType=Protocol]. Within-run variations for all measurements fall in the range suggested by the manufacturers.



Statistical Analyses

All results are expressed as mean ± SEM. Statistical analyses were performed using Graph-Pad PRISM (version 7.03, GraphPad Software, Inc.) and JTK_Cycle software (24). Two-way ANOVA analysis was used for effects of Diet, Time, (ZT) and Interaction. Unpaired t-tests were used to evaluate the effect of diet for each time point, unless stated otherwise. Sidak's multiple comparison test was used to compare the effect of diet for the food intake, body weight gain, and plasma measurements data (Figures 2A,B,D–F). One-way ANOVA analysis was used to assess the effect of Time for the chow and HFD groups separately. JTK_Cycle analysis p-values were obtained by fitting the data on a curve with fixed 24 h period. Results were considered statistically significant when p < 0.05.
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FIGURE 2. HFD intake leads to obesity in rats. HFD (orange) leads to an increase in food intake (A) (pint < 0.0001, ptime < 0.0001, pdiet < 0.0001), body weight (B) (pint < 0.0001, ptime < 0.0001, pdiet = 0.0003), and fat mass gain, seen as 2-fold increase in perirenal white adipose tissue (C) in rats, compared to chow-fed controls (black). Plasma measurements in non-fasted HFD-fed animals show an increase in glucose at ZT6 (D) (pint = 0.0032, ptime = 0.0003, pdiet = 0.0874), increased insulin at ZT18 (E) (pint = 0.2802, ptime = 0.0042, pdiet = 0.0006), and significant increase in non-esterified fatty acids during the light phase (F) (pint < 0.0001, ptime = 0.0006, pdiet < 0.0001). Data are presented as means ± SEM. Statistical significance was determined using Two-way ANOVA (A,B,D–F) or unpaired t-test (C). Effect of diet within each time point was evaluated with Sidak's multiple comparison test (A,B,D–F) (*p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001).






RESULTS


HFD Intake Induces Obesity in Rats

We observed that chronic feeding with HFD for 8 weeks induced obesogenic phenotype in adult male rats, compared to control animals on the standard chow diet. The HFD rats had a higher caloric intake (Figure 2A) and a 40 g higher body weight gain after 8 weeks as compared to controls (Figure 2B). Moreover, there was a 2-fold increase in pWAT mass in HFD-fed animals compared to controls (Figure 2C). These results were in line with other literature available on diet-induced obesity (DIO) in rodents (14, 25). To assess glycemic status at the time of death, we evaluated glucose and insulin concentrations in plasma over the 24 h cycle. Control animals showed the expected daily rhythm in glucose concentrations in the plasma (26). However, HFD-fed animals showed increased glucose concentrations during the light phase at ZT6 (inactive period) (Figure 2D). The overall high levels of glucose concentration in both conditions could be explained by our choice of euthanasia (60% CO2/40% O2), as it has been shown previously that CO2 causes acidosis which stimulates enzymes of the glycolytic pathway, leading to decreased liver glycogen stores and increased plasma glucose concentrations, both in fed and fasted animals (27, 28). Insulin concentrations were significantly elevated in HFD-fed animals during the dark phase (active period) at ZT18, which could indicate an impaired insulin sensitivity, as glucose concentrations during this period were not elevated, but overall maintained during 24 h (Figure 2E). A similar trend of increased insulin secretion during the dark phase has also been observed in mice on a HFD (29). Evaluation of the NEFA concentrations in plasma showed a significant increase in HFD-fed animals during the light phase (ZT2-ZT10) compared to chow controls (Figure 2F). Together, these data indicate metabolic changes toward obesity in animals fed HFD.



HFD Disturbs Microglial Circadian Gene Expression

It has been shown previously that microglial cells express clock genes (30, 31). Diets rich in fat and/or sugar are known to alter circadian rhythms of clock gene expression in peripheral tissue (32, 33). To test whether HFD also disturbs daily microglial rhythmicity, we studied expression of genes within the transcriptional feedback loop—circadian locomotor output cycles kaput (Clock) and brain and muscle ARNT-Like 1 (Bmal1)—the so-called activators and the repressors—period and cryptochrome genes (Per1, Per2, Cry1, and Cry2). Additionally, we assessed the expression of two other clock genes—reverse viral erythroblastosis oncogene product alfa (Reverbα), a Clock and Bmal1 repressor, and D-box binding protein (Dbp), a regulator of peripheral circadian input (34).

Control animals fed chow diet showed a clear rhythmic expression for all genes, except Clock and Cry2 (see Table S2). Rhythmicity of Bmal1, DBP, and Reverbα was not influenced by HFD, although a reduced amplitude was observed for DBP and Reverbα. There was a gain of rhythm for Clock expression. However, Per1, Per2, and Cry1 showed a loss of rhythmic expression during HFD, as evaluated with JTK_Cycle (see Table S2). Moreover, all genes showed a significant Interaction effect, as well as difference between HFD and chow-fed animals at the transition period between dark and light phase (ZT22 and/or ZT2) (Figures 3A–H; Table 1). These data point to a clock disturbance, which could lead to irregularity in the expression of other key microglial genes, as it is known that clock genes regulate the expression of 10–20% of all cell genes (34).
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FIGURE 3. Microglial circadian clock system in HFD-fed and control animals. Relative gene expression of circadian genes Bmal1 (A), Clock (B), Cry1 (C), Cry2 (D), Per1 (E), Per2 (F), Reverba (G), and Dbp (H) in HFD-fed rats (red) compared to Chow-fed controls (black). Data are presented as means ± SEM. Statistical significance was determined using Two-way ANOVA effects for Interaction, Diet, and Time (ZT); Student t-test is used for diet effect within a separate time point (*p < 0.05; **p < 0.01). Scale (bottom right) represents light (ZT0-12) and dark (ZT12-24) phase.





Table 1. Two-way ANOVA assessment of effect of Time, Diet, and Interaction in microglia.
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Microglial Time-of-Day Disturbance of Inflammatory Signaling During HFD

To evaluate the effect of HFD on daily changes in microglial activation, we assessed the relative gene expression of the main cytokines secreted by microglia—tumor necrosis factor α (Tnfa) and interleukin 1β (Il1b). We observed an increased expression of Tnfa at the transition between dark and light phase, as well as increased Il1b production at the end of the light period for animals fed HFD, pointing to an increased microglial activation in the obesogenic group, compared to controls (Figures 4A,B). However, myeloid differentiation primary response 88 (Myd88) gene expression, an adaptor for inflammatory signaling pathways, located downstream of Il1b, showed a decrease at ZT2 in HFD-fed animals (Figure 4C). Therefore, we assessed the expression of inhibitor of nuclear factor kappa B kinase subunit betta (Ikbkb) as the protein it encodes phosphorylates the inhibitor in the inhibitor/NFkB complex, leading to activation of nuclear factor kappa-light-chain-enhancer of activated B cells NFkB—a transcriptional activator of key genes involved in cell survival, proliferation and inflammatory response. We observed an inverted daily pattern of Ikbkb expression between chow and HFD animals, with higher expression at the beginning of the light phase, but lower expression at the end of the dark phase for HFD-fed animals, compared to chow diet controls (Figure 4D). We also studied gene parameters reflecting the phagocytic capacity of microglia as this is a key function of their immune response in health, as well as different pathologies (35). We evaluated the gene expression of cluster of differentiation 68 (Cd68), which encodes for a microglial lysosomal protein, and is a good indicator of phagocytic activity (36). Our results showed an overall steady expression of Cd68 during the day-night cycle for HFD-fed animals, with a loss of the time-of-day differences, as observed in control animals (Figure 4E). One-Way ANOVA evaluation of the effect of Time for each group showed a loss of significance during HFD (see Table S3). Recent studies have shown that Sirtuin 1 (Sirt1) deficiency in microglia is associated with increased Il1b production (37). We observed an inverted pattern of expression of Sirt1 expression in animals fed HFD, compared to controls. Moreover, the significantly lower Sirt1 expression at ZT10 coincided with an increased expression of Il1b at the same time point (Figure 4F). No significant daily rhythmicity was observed for any of the genes, apart from Myd88 in Chow-fed animals and Ikbkb in HFD-fed animals (see Table S2). These data demonstrate that microglial innate immunity is affected in HFD-fed animals, suggesting a disruptive effect of obesogenic diets on the microglial inflammatory response.
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FIGURE 4. Microglial inflammatory signaling is disturbed in DIO. Relative gene expression of innate immunity genes Tnfa (A), Il1b (B), Myd88 (C), Ikbkb (D) as well as phagocytic indicator gene Cd68 (E) and Sirt1 (F) in HFD-fed rats (red) compared to Chow-fed controls (black) evaluated at six time points, starting at ZT2. Data are presented as means ± SEM. Statistical significance was determined using Two-way ANOVA effect for Interaction, Diet, and Time (ZT); Student t-test is used for diet effect within a separate time point (*p < 0.05; **p < 0.01; ***p < 0.001). Scale (bottom right) represents light (ZT0-12) and dark (ZT12-24) phase.





Microglial Glutamate Metabolism Decreases During the Dark Phase During HFD

Glutamate metabolism is a key component in the biosynthesis of nucleic acids and proteins (38, 39). Microglial cells have been shown to be involved in glutamate uptake under physiological conditions, which can be directly converted to glutathione as a defense response against oxidative stress (40). This mechanism has also been observed under pathological conditions, where it has been shown that microglial cells express glutamate transporters (41). We wanted to assess the state of glutamate substrate utilization in microglial cells under control and obesogenic conditions. We observed that glutaminase (Gls)—a key enzyme in the glutamate pathway that converts glutamine to glutamate, showed an effect of Time in control animals, which was lost during HFD, with a decrease in expression during the dark phase (ZT18) (Figure 5A) (see Table S3). Similar observations were made for glutamate dehydrogenase 1 (Gdh1), a mitochondrial matrix enzyme that converts glutamate to α-ketoglutarate, a key intermediate in the tricarboxylic acid cycle. Gdh1 expression showed a lower expression during the dark phase for HFD-fed animals (Figure 5B). Moreover, both genes show a significant Interaction effect between time and diet (Table 1). These data indicate a decrease in conversion of glutamate during the active state of the animals. Microglial activation leads to production of reactive oxygen species (ROS), therefore self-produced antioxidants could have a protective role in the cells. Expression of glutathione peroxidase 1 (Gpx1)—an important antioxidant enzyme, involved in reduction of organic hydroperoxides and hydrogen peroxide by glutathione, showed an inverted pattern of expression during the light phase between both groups (Figure 5C), suggesting a change in this protective mechanism. No significant daily rhythmicity according to JTK_Cycle analysis was observed for any of the genes under control and obesogenic conditions (see Table S2). Together, these data point to an overall decrease of glutamate utilization during the active period of HFD-fed animals.


[image: image]

FIGURE 5. HFD effect on glutamate, glucose and lipid microglial metabolism in rats. Relative gene expression of (top) glutamate substrate utilization genes Gls (A) and Gdh (B), as well as antioxidant enzyme gene Gpx1 (C); (middle) glucose metabolism genes Hk2 (D) and Glut5 (E), fatty acid sensing gene Cd36 (F); (bottom) fatty acid sensing genes Lpl (G) and Ppard (H), as well as fatty acid synthesis gene Fas (I) in HFD-fed rats (red) compared to Chow-fed controls (black) evaluated at six time points, starting at ZT2. Data are presented as means ± SEM. Statistical significance was determined using Two-way ANOVA effect for Interaction, Diet, and Time (ZT); Student t-test is used for diet effect within a separate time point (*p < 0.05; **p < 0.01; ***p < 0.001). Scale (bottom right) represents light (ZT0-12) and dark (ZT12-24) phase.





Decrease of Microglial Glucose Utilization During the Dark Phase During HFD

It has been shown that glycolysis is crucial for immune cell function (42). Moreover, it has been suggested that upregulation of expression of glycolytic genes leads to M1 polarization in macrophages, known for its proinflammatory function (43). To assess the involvement of glucose metabolism in microglial immune function when rats are fed HFD, we evaluated gene expression of hexokinase 2 (Hk2)—the first glycolytic enzyme converting glucose to glucose-6-phosphate. We observed a decrease of Hk2 expression during the dark phase (ZT18-22) for animals fed HFD, suggesting a decrease in glucose utilization in microglial cells (Figure 5D). Moreover, there was a gain of rhythm for Hk2 in animals, fed HFD (see Table S2). To investigate this further, we evaluated the expression of glucose transporter type 5 (Glut5)—a fructose transporter, which is known to be highly specific for microglial cells (44). We observed a similar trend for Glut5 in HFD-fed animals, with a steady decreased expression toward the end of the dark phase ZT22 (Figure 5E). Both genes show a significant Interaction effect between time and diet (Table 1). Together these data on glutamate and glucose metabolism, suggest that under obesogenic conditions microglial cells switch their substrate utilization to other sources during their active state.



HFD Leads to an Increase in Lipid Utilization and Sensing in Microglia During the Light Phase

Fatty acid oxidation can contribute 20% of total brain energy production (45). A recent study has shown that microglial cells determine hypothalamic inflammation in response to excess saturated fat intake through a direct and specific sensing mechanism (16). To assess microglial fatty acid (FA) metabolism in DIO, we evaluated genes involved in FA substrate utilization and sensing. Expression of cluster of differentiation 36 (Cd36)—a FA translocase responsible for import of FA inside the cell, showed a flattening of the time-of-day differences in animals fed HFD, compared to controls (Figure 5F). Evaluation of daily rhythmicity of Cd36 gene expression confirms this observation, with a loss of rhythm under obesogenic conditions (see Table S2). This suggests an overall steady import of FA during the day/night cycle under HFD. Previous research from our group has shown that HFD stimulates the expression of microglial lipoprotein lipase (Lpl)—a triglyceride hydrolase receptor involved in receptor-mediated lipoprotein uptake, and that lack of LPL impairs microglial immune reactivity (46). Here, we show that this increase of Lpl expression takes place during the light phase in animals fed HFD (Figure 5G). These data highlight LPL as a key player in microglial immunometabolism in DIO. Peroxisome proliferator-activated receptors (PPARs) have an important physiological role in lipid sensing and regulation of lipid metabolism during normal healthy conditions, as well in the development of pathologies like obesity and type two diabetes (47). PPAR delta (Ppard) is highly expressed by microglia and its activity increases oxidative capacity. Our results showed an inverted pattern of Ppard day/night expression in obesogenic animals, with highest expression during ZT2, but lowest at ZT22 (Figure 5H). To assess the effect of HFD-induced obesity on fatty acid synthesis we evaluated gene expression of fatty acid synthase (Fas)—a key enzyme catalyzing the synthesis of palmitate from malonyl coenzyme A. Fas expression in microglia from HFD-fed animals showed a lower expression at the end of the dark phase and higher expression at the beginning of the light phase, compared to control chow-fed animals (Figure 5I). These data suggest a shift of FA synthesis to the light phase in HFD-fed animals.

Taken together, these data suggest an overall increase in lipid metabolism during the light, i.e., sleep, phase of animals fed HFD. This increase could be partially explained by the higher levels of NEFA in HFD-fed rodents during the light phase (Figure 2F) (48, 49). Moreover, we observed a decrease in glutamate and glucose utilization as shown above. This could suggest a microglial metabolic switch to lipid substrate utilization in HFD-induced obesity.



HFD Increases Mitochondrial Bioenergetics and Dynamics Gene Expression During the Light Phase

To assess whether microglial mitochondria bioenergetics are affected by DIO, we evaluated the gene expression of cytochrome c oxidase subunit 4 (Cox4), encoding a terminal enzyme of the mitochondrial respiratory chain that catalyzes the reduction of oxygen to water, and ATP synthase subunit beta (Atp5b)—encoding a part of the enzyme, catalyzing ATP synthesis. We observed a decrease in Cox4 and Atp5b expression in animals fed HFD at ZT18 (dark phase), but an increase during the beginning of the light phase (ZT2), suggesting a shift of energy production to the resting state in obese animals (Figures 6A,B). These data are in line with our observation on lipid metabolism; therefore, we selected another mitochondrial target, involved in FA metabolism. Pyruvate dehydrogenase kinase 4 (Pdk4) is an enzyme located in the mitochondrial matrix, inhibiting the pyruvate dehydrogenase complex and exerting a regulatory function on substrate utilization by suppressing glycolysis and enhancing FA oxidation. Pdk4 expression showed the same trend for HFD-fed animals, with an increase at ZT2 (beginning of the light phase) (Figure 6C). This has also been previously observed in heart tissue and soleus muscle of rats fed HFD (49). Moreover, all three genes show a daily rhythm under control conditions, which was lost in HFD-fed animals, suggesting that hypercaloric diet impairs time-of-day mitochondrial bioenergetics in microglial cells (see Table S2).
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FIGURE 6. Microglial mitochondria signaling during DIO. Relative gene expression of mitochondria bioenergetics genes Cox4 (A), Atp5b (B), and Pdk4 (C), as well as mitochondria dynamics gene Fis1 (D), Drp1 (E), Mfn2 (F), and Opa1 (G) in HFD-fed rats (red) compared to Chow-fed controls (black) evaluated at six time points, starting at ZT2. Data are presented as means ± SEM. Statistical significance was determined using Two-way ANOVA effect for Interaction, Diet, and Time (ZT); Student t-test is used for diet effect within a separate time point (*p < 0.05; **p < 0.01). Scale (bottom right) represents light (ZT0-12) and dark (ZT12-24) phase.



To test if this trend was also observed in mitochondrial dynamics, as they adjust to mitochondrial demand, we evaluated key genes involved in mitochondrial fusion—mitofusin 2 (Mfn2) and optic atrophy 1 (Opa1); as well as mitochondrial fission—fission 1 (Fis1) and dynamin-related protein 1 (Drp1). Results were supportive of changes in the bioenergetics state, with a significant increase of expression for all four genes (Mfn2, Opa1, Fis1, Drp1) at ZT2 for HFD-fed animals (Figures 6D–G). Two-way ANOVA test showed a significant Interaction effect for all four genes (Table 1).

Taken together these data suggest an increased energy production in microglia of DIO animals during the light phase, which could be explained by an increased demand to sustain the increase in lipid metabolism. Another recent study indeed showed that mitochondrial fission is elevated as a consequence of high-fat concentrated diets (50). This indicates that mitochondrial dynamics adapt to changes in the bioenergetics state in response to nutritional status.



The Effect of HFD-Induced Obesity on Blood Monocyte Immunometabolism Is Less Robust Than on Brain Microglial Cells

Following our observations in microglia, we were interested if the same effects could be seen in monocytes—peripheral myeloid cells. Originating from hematopoietic stem cells in the bone marrow, monocytes circulate in the blood and migrate to other tissue where they differentiate into tissue resident macrophages. It is known that under obesogenic conditions, circulating monocytes could infiltrate adipose tissue, leading to macrophage activation and increasing proinflammatory activity (51–53).

Our results indicated an overall loss of daily rhythmicity of circadian gene expression, with Clock, Per2, and Dbp showing daily rhythmicity in control animals, which was only maintained for Per2 gene expression under obesogenic conditions (see Table S2). Bmal1 and Per1 showed a significant increase in expression at the beginning of the light phase (ZT2) in HFD-fed animals compared to control chow (Figures 7A,C). Gene expression of Reverba and Dbp in monocytes showed a higher expression at ZT6 in HFD-fed animals (Figures 7E,F). There was no difference in Clock, Per2, Cry1 and Cry2 gene expression between both conditions (Figures 7B,D) (see Figures S1A,B). Moreover, One-Way ANOVA analysis showed lack of Time effect for all circadian genes during HFD (see Table S3).
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FIGURE 7. Monocyte immunometabolism in DIO. Relative gene expression of circadian genes Bmal1 (A), Clock (B), Per1 (C), Per2 (D), Dbp (E), and Reverba (F); immune genes Il1b (G) and Myd88 (H), antioxidant enzyme gene Gpx1 (I), glycolysis gene Hk2 (J), fatty acid sensing gene Cd36 (K), and mitochondria dynamic genes Opa1 (L) and Drp1 (M) in HFD-fed rats (red) compared to Chow-fed controls (black) evaluated at six time points, starting at ZT2. Data are presented as means ± SEM. Statistical significance was determined using Two-way ANOVA effect for Interaction, Diet, and Time (ZT); Student t-test is used for diet effect within a separate time point (*p < 0.05; **p < 0.01; ****p < 0.0001). Scale (bottom right) represents light (ZT0-12) and dark (ZT12-24) phase.



We did not find any difference in monocyte immune response between both groups for Tnfa, Ikbkb, Cd68, and Sirt1 gene expression (see Figures S1C–F). However, we did observe a daily rhythm in Tnfa and Cd68 in control animals, as well as gain of rhythm for Sirt1 gene expression in HFD-fed animals (see Table S2). There was an increase in Il1b expression at ZT2 for the HFD group (Figure 7G). Il1b showed daily rhythmicity under control conditions, which was maintained under obesogenic conditions with a shift in acrophase of 6 h (see Table S2). Il1b-induced inflammation has been shown to be indirectly involved in insulin resistance in type 2 diabetes (54, 55). Thus, these data could indicate a reduction in insulin sensitivity. Moreover, we observed an increased expression of Myd88 at ZT2 for HFD-fed animals (Figure 7H).

No differences between obese and control animals were found for representative genes of the glutamate pathway Gls and Gdh (see Figures S1G,H). However, there was a gain of daily rhythm for Gls gene expression in HFD-fed animals (see Table S2). We found an increase in Gpx1 expression at ZT2 for HFD group with an overall stable day/night expression, suggesting a mechanism of constant anti-oxidant production (Figure 7I). This observation was supported by a loss of daily rhythmicity under obesogenic conditions (see Table S2). Expression of the glucose metabolic gene Hk2 was decreased at ZT22 in HFD-fed animals, similar to what was observed in microglia (Figure 7J). We observed no difference in FA metabolism and sensing genes Fas and Ppard (see Figures S1I,J), apart from Cd36 expression (Figure 7K). Cd36 expression showed a strong daily rhythm under control conditions, which was significant also in HFD-fed animals with an acrophase shift of 6 h (see Table S2). The expression of the FA translocase in monocytes has also been shown to be associated with insulin resistance, supporting our observation for Il1b expression (56). Lpl evaluation showed low expression (data not shown).

We observed no difference in mitochondrial bioenergetics gene expression between both dietary groups for Atp5b, Atp5g, and Cox4 (see Figures S1K–M). Mitochondria dynamics gene expression was affected only at ZT2 for Opa1 and Drp1 expression (Figures 7L,M), with no difference in Mfn2 expression (see Figure S1N) and low expression of Fis1 (data not shown). Interestingly, HFD led to a decrease in mitochondrial bioenergetics gene expression in monocytes at the start of the inactive period, opposite to the increase we observed in microglia under obesogenic conditions. We found no daily rhythm for any of the mitochondria genes, both under control and obesogenic conditions (see Table S2). One-Way ANOVA analysis showed lack of Time effect for all genes both during control and HFD (see Table S3). Two-way ANOVA analysis data is shown the in Supplementary Material (see Table S4).

Overall, these data suggest a small effect of the obesogenic diet on monocyte immunometabolism, suggesting that HFD specifically affects microglial immunometabolism.




DISCUSSION

It is well-known now that a hypercaloric environment is a potent inducer of microglial activation, which ultimately leads to chronic neuroinflammation (14–17). However, the daily rhythm of microglial innate immune function is poorly known, both in obesity and health. The purpose of this study was to evaluate the effect of an obesogenic diet on daily changes in microglial immunometabolism. Our data showed a disturbance of the microglial interaction between metabolism and immunity during DIO. We report that HFD-induced obesity leads to loss of daily rhythm of circadian genes and impaired microglial immunometabolic functions primarily at the transition period between dark and light phase (ZT22-ZT2).

To evaluate the effect of DIO on daily rhythms in microglial function and activity, we studied the microglial expression of major circadian and immune genes. Under normal conditions, microglia circadian genes were expressed in a rhythmic manner, which is disturbed by HFD, mainly due to a loss of its rhythmicity. Comparable changes have also been observed in different peripheral tissues like liver, brown adipose tissue and skeletal muscle in animals on an obesogenic diet (57–59). However, to our knowledge, we are the first to report an effect of HFD on expression rhythms of microglial clock genes. The presently reported difference in time-of-day expression of microglial cytokine genes, is in line with our previous results (18). Fonken et al. have shown previously that Il1b and Tnfa gene expression have a peak during the middle of the day, contrary to our observations (31). Possible explanation to this contradiction is the heterogeneous transcriptional identities of microglia, specific for each brain region, in this case hippocampal vs. cortical microglia (60).

Microglial cells are known to exhibit bioenergetics shifts in energy substrate, for example during aging (61). Such a shift in substrate utilization is known to have an effect on the activation status of immune cells (42, 62). We studied microglial substrate utilization, focusing on glutamate, glucose and FA metabolism and observed a difference between control and HFD-fed animals, particularly during the transition period from the dark to light phase. Key players in the glutamate pathway have been shown to be involved in macrophage immune function, e.g., glutamine availability was shown to modulate macrophage phagocytic capacity, while α-ketoglutarate, generated through glutaminolysis, is crucial in eliciting an anti-inflammatory phenotype in macrophages (63, 64). We report a decrease in microglial glutamate utilization in the active period of HFD-fed animals as seen in glutamine conversion to glutamate and glutamate conversion to α-ketoglutarate. Additionally, a similar change was observed for glucose metabolism with decreased glucose utilization in the active period of HFD-fed animals. However, we observed an increase in FA sensing and synthesis at the beginning of the light period under obesogenic conditions, suggesting a shift to FA utilization during the sleep phase of the animal. It has been shown that FA treatment of BV2 cells (a microglial cell line) is a potent inducer of cytokine production via TLR4 signaling, thus leading to low-grade inflammation even in the absence of immune challenge (65). This FA metabolism increase could be a possible explanation for our previously observed constant day/night activation of hypothalamic microglia under HFD (66). Additionally, we know that immune cell activation requires higher energy production. We here show that microglial mitochondrial function in DIO is increased during the inactive period, suggesting an increase in ATP production, which could be explained by the increased FA metabolism demand. These data support the view that mitochondrial function adapts to nutritional status (50).

To investigate whether the observed effect of HFD on immunometabolism is restricted to microglial cells, we also studied monocyte immunometabolism in obesity. We report small or no effect of the hypercaloric diet on monocyte immunometabolic function, which suggests a microglia-specific functional disturbance in HFD-induced obesity. Taken together, our data suggest that microglial innate immunity is highly dependent on metabolic changes, as well as the time of day. Microglial cells are highly active cells, with a high energy demand, which is achieved by a strictly regulated cellular metabolism. A robust switch of substrate utilization is a suitable mechanism, in response to the high demands of immune defense.

The data currently presented suggest a deleterious effect of an obesogenic diet on microglial function by inducing chronic activation. It has been shown that chronic microglial activation has a negative impact on neuronal function and could play a role in obesity-associated cognitive decline (16, 67). Our data point out to the importance of microglial integrity and the negative impact of chronic exposure to a hypercaloric environment on cortical microglial function, which could ultimately lead to cognitive impairment. Previously we observed that obesity induces microglial activation in close proximity to the anorexigenic proopiomelanocortin (POMC) neurons located in the arcuate nucleus of the hypothalamus (18). Moreover, chronic HFD feeding leads to POMC neuronal loss, which would lead to further progression of obesity (66). It is possible that the current observation on cortical microglia could be translated to the hypothalamus, which would give insight in the mechanisms behind this neuronal loss.

Finally, three issues need to be addressed: firstly, we observed a clear effect of HFD on microglial immunometabolism, leading to an increase in expression of many of the presented genes around the end of the dark period, i.e., ZT22/ZT2. In order to check whether or not a higher food intake at the end of the dark period in the HFD-fed group could be responsible for these changes, we re-analyzed the food intake data from metabolic cage experiments from a separate cohort of rats fed a similar HFD (68). With respect to consumed grams, no difference in timing of food intake was found between control and obesogenic diet (see Figure S2). However, with respect to consumed calories, the obesogenic diet group showed a larger increase of kcal intake at the beginning and the end of the dark period, although only significant for the beginning of the dark period, suggesting that higher energy consumption (but not higher food intake) may be partially responsible for the differences in gene expression between the HFD and control group at the end of the dark period (see Figure S2). Secondly, we cannot distinguish between the effect of obesity and the hypercaloric diet itself. However, a hypercaloric diet can induce microglial activation in the hypothalamus after 1 day, prior to any changes in body weight, pointing to an effect of diet rather than obesity itself (69). Thirdly, the data presented only show the transcriptional state of selected target genes, representative of the different functions investigated. Future studies should be aimed at a further understanding of activity changes in each of the represented pathways.



CONCLUSIONS

An obesogenic diet affects microglial immunometabolism in a time-of-day specific manner. The aim of this study was to increase the knowledge of microglial cell function in obesity in general and its daily rhythms in specific. To our knowledge, we are the first to point out (loss of) time-of-day differences for microglial cells during HFD. Our data are supportive of the ongoing research, focused on the interaction between immune cells and metabolism. Further studies should focus on addressing the time-of-day differences in microglial function, as more detailed knowledge of microglial immunometabolism could lead to a better understanding of the neuroinflammatory process taking place in the CNS under chronic hypercaloric environment.
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Recent studies demonstrate significant neuroimmune changes in postpartum females, a period that also carries an increased risk of stroke. Oxytocin, a major hormone upregulated in the brains of nursing mothers, has been shown to both modulate neuroinflammation and protect against stroke. In the present study we assessed whether and how nursing modulates the neuroimmune response and injury after stroke. We observed that postpartum nursing mice were markedly protected from 1 h of transient middle cerebral artery occlusion (MCAO) relative to either non-pregnant/non-postpartum or non-nursing (pups removed) postpartum females. Nursing mice also expressed reduced levels of pro-inflammatory cytokines, had decreased migration of blood leukocytes into the brain following MCAO, and displayed peripheral neuroimmune changes characterized by increased spleen weight and increased fraction of spleen monocytes. Intranasal oxytocin treatment in non-pregnant females in part recapitulated the protective and anti-inflammatory effects associated with nursing. In summary, the results of the present study demonstrate that nursing in the postpartum period provides relative protection against transient ischemic stroke associated with decreased brain leukocytes and increased splenic monocytes. These effects appear to be regulated, at least in part, by oxytocin.
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INTRODUCTION

Over the past decades significant progress has been achieved in understanding the complex cellular and molecular mechanisms of stroke pathology. Various physiological conditions and interventions that modulate stroke outcome have been identified and extensively investigated (Lo et al., 2003; Lakhan et al., 2009; Moskowitz et al., 2010), but clinical translation has been elusive. While stroke is uncommon in young women, the peripartum period is associated with a significantly increased risk of stroke (Kittner et al., 1996; James et al., 2005). Notably, approximately 15% of pregnant women who experience a stroke die as a result, making it the 8th leading cause of pregnancy-associated deaths in the United States (Kochanek et al., 2013), and retrospective clinical studies demonstrate the risk of stroke remains significantly elevated in the postpartum period (Jaigobin and Silver, 2000; Kamel et al., 2014; Cheng et al., 2017). However, to date, essentially no research has been conducted on stroke in the postpartum period in rodent models.

Strong evidence supports the notion that modulation of the neuroimmune response critically influences lesion volume and overall outcome after ischemic stroke. While the healthy brain maintains an anti-inflammatory local milieu limiting destructive inflammation (Carson and Sutcliffe, 1999), stroke initiates both acute and long-lasting inflammatory processes characterized by release of pro-inflammatory molecules and infiltration of inflammatory cells into the ischemic brain (Stoll et al., 1998; Schwab et al., 2001; Iadecola and Anrather, 2011). Stroke-induced release of pro-inflammatory mediators and cytokines leads to brain cell damage and apoptosis (Choe et al., 2011; Vogelgesang et al., 2014), specifically tied to increased levels of pro-inflammatory cytokines IL-6 and TNF-α (Campbell et al., 1993; Rothwell and Relton, 1993; Meistrell et al., 1997; Lavine et al., 1998). Induction of stroke results not only in brain damage and local neuroinflammation, but also has profound effects on peripheral immune responses, promoting peripheral immune suppression, splenic atrophy and changes in circulating leukocytes (Offner et al., 2006; Lafargue et al., 2012).

Sex differences in outcome from stroke have long been appreciated (Sohrabji et al., 2017), with female animals generally being protected compared to male animals (Alkayed et al., 1998; Murphy et al., 2004). A recent review summarizes the current clinical evidence for sex differences in ischemic stroke, and highlights immune/inflammatory pathways that may contribute to these clinical differences (Chauhan et al., 2017). While pregnancy, parturition and lactation are major important physiological changes in females, these factors have been little studied in the context of stroke. The postpartum period induces significant changes in brain physiology and plasticity including altered neurogenesis (Darnaudery et al., 2007; Leuner et al., 2007), neuronal morphology and synaptic plasticity (Tomizawa et al., 2003; Haim et al., 2014), and astrocytic and oligodendrocytes function (Salmaso and Woodside, 2006; Maheu et al., 2009). Only recently have studies reported changes in maternal neuroimmune function during the postpartum period (Haim et al., 2014; Sherer et al., 2017). In particular, the postpartum period is associated with changes in pro- and anti-inflammatory cytokine levels (Haim et al., 2017). Oxytocin, a hormone produced in the paraventricular and supraoptic nuclei of the hypothalamus, is best known for its role in lactation and parturition. In addition, oxytocin signaling modulates social behaviors, feeding, and pain perception. It has been demonstrated that oxytocin administration provides neuroprotection after cerebral ischemia in male mice, preventing the increased injury seen with social isolation (Karelina et al., 2011). In addition, oxytocin treatment inhibited pro-inflammatory microglial activation both in vivo and in vitro (Yuan et al., 2016), and mitigated neuroinflammatory responses associated with maternal separation (Amini-Khoei et al., 2017).

In the present study we compared infarct volume and neurological function following transient middle cerebral artery occlusion (MCAO) in acute postpartum nursing female mice with age-matched, postpartum non-nursing (pups removed) mice and age-matched nulliparous female mice. We observed marked protection in nursing mice accompanied by decreased migration of leukocytes and reduced levels of brain pro-inflammatory cytokines in the brain, and increased numbers of leukocytes in the spleen. Because oxytocin is a major hormone upregulated during nursing, we also performed comparative studies between nursing, non-pregnant, and oxytocin-treated non-pregnant female mice following MCAO.



MATERIALS AND METHODS


Animals

The study was conducted in accordance with National Institutes of Health guidelines for the use of experimental animals, and the protocols were approved by the Stanford Animal Care and Use Committee. Female 10 week old Swiss Webster mice (Charles River Laboratory, Wilmington, MA, United States) were used. All animals were housed in air-conditioned rooms in a controlled environment at 21 ± 2°C with seasonal lighting conditions (12 h of light and 12 h of darkness), with unrestricted food and water. Pregnant mice were allowed to deliver and nurse the newborn pups for 3 days before use in stroke studies. Control postpartum mice were deprived of all their pups after delivery and did not nurse for 3 days prior to use in studies. MCAO was performed in each experimental group immediately after the 3 day treatment period. Control non-pregnant female mice were also studied, with and without 3 days of oxytocin treatment. The total number of female mice used was 147 (MCAO 83, non-stroke 64).



Intranasal Oxytocin Treatment

Oxytocin was administered intranasally for 3 days with a dose previously demonstrated to significantly increase brain oxytocin levels in male mice (Neumann et al., 2013). Briefly, synthetic oxytocin (Tocris Bristol, United Kingdom), 12 μl of a 1 μg/μl in saline solution, or control saline vehicle alone, was administered, the solution was applied alternately into each nares, using a pipette. The solution was allowed to diffuse into the squamous epithelium of both the left and right tunica mucosa nasi.



Transient Focal Cerebral Ischemia

Focal cerebral ischemia was induced, and neuroscore and edema corrected infarct volume (percent of hemisphere) were assessed as described previously (Xu et al., 2015). In brief, mice were randomized to treatment groups. Under 1.5–2.0% isoflurane anesthesia, the common carotid artery was exposed and the external carotid artery ligated and cauterized. Unilateral MCAO occlusion was performed by inserting a 6-0 nylon monofilament surgical suture from Doccol Corporation (Sharon, MA, United States). The suture was secured, and the animal allowed to awaken. After 60 min, the animal was briefly re-anesthetized and reperfusion was initiated by filament withdrawal. Sham-operated mice were treated identically with the exception that no filament was inserted. Intraoperative rectal temperature was controlled in all animals between 36.5 and 37.5°C.

Neurological deficit score (Yang et al., 1994) was determined after 24 h reperfusion. Scores were (0) no deficit, (1) forelimb weakness, failure to extend forepaw; (2) torso turning to the ipsilateral side when held by tail, circling to affected side, (3) inability to bear weight on affected side, falling (4) no spontaneous locomotor activity. Any animal without a visible deficit, score of 0, was excluded from the study. The number of animals excluded from the study was four for control, three for oxytocin and three for the nursing group. Ischemic injury resulted in five deaths in the control group, and three deaths in each of the oxytocin and nursing groups.



Brain Oxytocin and Cytokine Measurements

For ex vivo measurements of oxytocin and proinflammatory cytokines, mice were killed and perfused with 0.9% saline. The brains were removed and the peri-infarct areas and corresponding brain areas in sham control animals were isolated and immediately homogenized in cold phosphate buffered saline using a ratio of 1 g of tissue to 10 ml of reagent plus protease inhibitor mixture (G-Biosciences, St. Louis, MO, United States). The samples were centrifuged at 10,000 × g for 20 min at 4°C and the supernatants were used for measurements. Oxytocin levels in brain tissue were assayed by ELISA kit according to manufacturer’s instructions (DLdevelop Wuxi, China 214031). Levels of proinflammatory cytokines were determined by TNF-α and IL-6 ELISA kits (Invitrogen). Protein concentrations were measured by BCA protein assay (Pierce).



Brain and Spleen FACS Studies

For FACS studies of brain immune cells, mice were euthanized and perfused with 20 mL of 0.9% saline. The brains were removed, chopped with dissecting scissors and digested with 400 mU/mL Collagenase-D (Roche, Germany) and 50 μg/mL DNase I (Roche) for 1 h in a 37°C incubator. 10 μM EDTA (Life Technologies, Grand Island, NY, United States) was added for the last 5 min. The samples were centrifuged at 450 × g for 10 min, resuspended in 4 mL of 67.5% Percoll (Sigma, St. Louis, MO, United States) and carefully overlaid with 4 mL of 30% Percoll. The Percoll gradient mix was centrifuged at 800 × g for 20 min at room temperature. The cells were collected at the Percoll interface (lymphocytes and monocytes) and bottom pellet (granulocytes).

Spleen cell suspensions were obtained by mechanical disruption and enzymatic digestion with 400 mU/ml Collagenase D and 50 μg/ml DNase I for 30 min at 37°C, and 10 μM EDTA was added for the last 5 min. Cell suspensions were lysed with ACK lysis buffer (Lonza, Walkersville, MD, United States) and filtered through a 70 μm filter. Total leukocyte count (CD45+) from spleen and brain were obtained using Countbright Beads (Thermo Fisher Scientific, Eugene, OR, United States) following manufacturer’s instructions. Cell suspensions were incubated 15 min at 4°C with CD16/CD32 (produced in house from 2.4G2 hybridoma, ATCC) to prevent binding of antibodies through Fc-receptor. Cell suspensions were then stained using the following antibodies obtained from eBiosciences, BD or Biolegend: F4/80 PerCPCy5.5 (BM8 clone), CD115 PE (clone AFS98), CD11c PE-Cy7 (clone N418), CD19 APC-A780 and APC-A700 (clone eBio1D3), CD3e APC-A780 (clone145-2C11), Ly6C efluor450 (clone HK1.4), MHCII A700 (clone M5/114.15.2), CD4 BUV395 GK1.5, Ly6G BUV395 (clone 1A8), CD8 BV510 (clone 53-6.7) and CD11b BV785 (clone M1/70). For lymphocyte quantification, cells were stained with the surface cocktail: CD49b FITC (clone DX5), CD25 PerCPCy5.5 (clone PC61), CD19 APC-A700 (clone 1D3), CD62L APC-A780 (clone MLE14), CD44 BV785 (clone IM7), CD4 BUV396 (clone GK1.5), TCRbeta eFluor450 (H57-597), and CD8 BV510 (clone 53-6.7). All surface stainings were performed at 4°C for 20 min. After surface staining, cell were fixed using FoxP3 transcription factor detection kit (eBiosciences) for at least 2 h. Cells were permebealized and stained with FoxP3 APC (clone FJK-16s) for 30 min at 4°C. Stained cells were acquired in a Fortessa X-20 and fcs files were analyzed using FlowJo.



Statistical Analyses

Numbers of animals/group are indicated in figure legends. Data reported are means + SEM. Statistical difference was determined using T-test for comparison of two groups or ANOVA followed by Tukey correction for experiments with >2 groups using SigmaPlot (Systat Software, San Jose, CA, United States). P < 0.05 was considered significant.




RESULTS

Infarction volume was assessed by TTC staining 24 h after MCAO in non-pregnant/non-postpartum females, nursing postpartum females and postpartum females from which the pups had been removed after delivery (experimental overview illustrated in Figure 1A). We observed marked (>70%) reduction in nursing postpartum mice relative to either non-pregnant/non-postpartum mice or when nursing was inhibited by removing the pups in the postpartum period (Figures 1B,C). In parallel we evaluated changes in neurological score associated with nursing. Figure 1D demonstrates that nursing was associated with significantly improved neurological performance relative to non-pregnant/non-postpartum or non-nursing postpartum females. Because both stroke injury and neurobehavioral outcomes after MCAO were comparable between non-pregnant/non-postpartum mice and non-nursing postpartum mice, non-pregnant/non-postpartum mice were used as the “control” group in the remainder of studies.
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FIGURE 1. Nursing mice demonstrate marked protection from middle cerebral artery occlusion (MCAO). (A) Experimental overview. (B) representative TTC stained brain sections, (C) quantification of infarction volume as % of hemisphere, and (D) post-ischemic neurological deficit. Control are non-pregnant, age-matched females. (N = 8–10/group, ∗∗∗p < 0.001 and *p < 0.05 compared to control).



We next determined the effects of intranasally delivered oxytocin on stroke outcome (experimental overview illustrated in Figure 2A). We observed (Figure 2B) that 3d of intranasal oxytocin resulted in elevated brain oxytocin levels (5.2-fold) in control female mice relative to intranasal saline treatment, were comparable to levels observed in nursing females (4.1-fold). Administration of oxytocin resulted in a significant ∼(32%) decrease in the post-MCAO infarction volume (Figures 2C,D), significantly improved neurological scores (Figure 2E) compared to intranasal saline treated female controls.


[image: image]

FIGURE 2. Oxytocin treatment improves post-MCAO outcome in female mice. (A) Experimental overview. (B) Intranasal oxytocin (Oxt) treatment for 3 days resulted in significantly higher brain levels of oxytocin than seen in non-nursing females and comparable to levels in nursing mice, N = 8–12. Oxytocin treated female mice demonstrated reduced infarction volume compared to control (Ctrl). (C) representative TTC stained brain sections, (D) quantification of percent of hemisphere infarct volume (N = 9–12), and (E) post-ischemic neurological deficit (N = 11–13) ∗∗∗p < 0.001 and *p < 0.05 compared to control (Ctrl) non-nursing.



Since it has been reported that both lactation and oxytocin treatment are associated with significant neuroimmunological changes (Yuan et al., 2016; Haim et al., 2017; Sherer et al., 2017), we measured brain levels of two major cytokines involved in post-ischemic brain injury, IL-6 and TNF-α, in non-pregnant/non-postpartum mice with and without intranasal oxytocin treatment and in nursing postpartum mice after MCAO (experimental overview illustrated in Figure 3A). We observed that brain TNF-α levels were significantly (4.2-fold) increased after MCAO in saline-treated control females, and this increase was significantly attenuated in both nursing postpartum and oxytocin-treated control females (Figure 3B). Similarly, brain IL-6 levels were significantly (3.3-fold) increased after MCAO in saline-treated control females, and this increase was also significantly attenuated in both nursing postpartum, and oxytocin-treated control females (Figure 3C). We did not observe any significant differences in brain TNF-α or IL-6 levels between the three groups in the absence of ischemic injury (sham surgery).
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FIGURE 3. Increases in brain TNF- and IL-6 levels induced by MCAO are moderated by nursing or oxytocin treatment. (A) Experimental overview. Brain cytokine levels were assessed in sham operated or MCAO mice either nursing or treated with vehicle or oxytocin. TNF-α (B) and IL-6 (C) levels were significantly increased in mouse brain 24 h after MCAO compared to sham operated animals. This increase was significantly attenuated in both nursing and oxytocin (Oxt) treated mice N = 6 for MCAO animals, N = 4 for sham, ∗∗∗p < 0.001 ∗∗p < 0.01, and *p < 0.05 for comparisons indicated by the horizontal bars.



It has been shown that MCAO induces major changes in the peripheral immune system, including significant spleen atrophy in male mice (Offner et al., 2006). Therefore we assessed spleen weight and immune cell composition in non-pregnant/non-postpartum mice with and without intranasal oxytocin treatment and in nursing postpartum mice after MCAO (experimental overview illustrated in Figure 3A). Figure 4A demonstrates that oxytocin induced a moderate 1.4-fold increase in spleen weight in females, while nursing resulted in a stronger 2.2-fold increase in spleen weight compared to control sham. MCAO caused small but significant decreases in spleen weights in all groups (17% decrease in control, 26% in oxytocin treated, and 14% in nursing mice). We then studied male Swiss Webster mice and found modest decreases in spleen weight following MCAO, with no significant effect of oxytocin treatment on spleen weight (Supplementary Material).
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FIGURE 4. Changes in spleen 24 h past ischemia in nursing and oxytocin treated mice evaluated by spleen weight and FACS studies of leukocytes. Oxytocin (Oxt) treated and nursing animals demonstrated significantly bigger spleen weights (A). Changes in total leukocyte numbers promoted by nursing and oxytocin treatment (B). Sequential gating strategy to analyze myeloid cells in the spleen (C) and the brain (D). Number represent frequency of parent. N = 11 for A, N = 4 for B, ∗∗∗p < 0.001, ∗∗p < 0.01, and *p < 0.05, for comparisons indicated by horizontal bars.



Analyses of spleen cell suspensions by flow cytometry indicate that nursing was associated with a significant 1.7-fold increase in total spleen leukocytes, while oxytocin treatment resulted in only a non-significant increase in non-ischemic animals. Ischemia caused a significant 37% decrease in total spleen leukocyte numbers in control animals. Significant MCAO-associated decreases in total spleen leukocytes were also observed in oxytocin-treated and nursing mice (45 and 36%, respectively, Figure 4B). We observed nursing-associated changes in spleen myeloid cells, monocytes and granulocytes. Figures 4C,D demonstrate sequential gating strategies used to analyze myeloid cells in the spleen and in the brain, respectively. Analysis of monocyte frequency and total counts showed a markedly increased frequency in nursing post-MCAO animals, compared to all other groups (Figure 5A). This translated to significantly higher spleen monocyte counts in the nursing mice, without significant differences between non-ischemic and post-MCAO animals, due to the differences in overall leukocyte count (Figure 5B). Granulocyte frequency was significantly increased in non-ischemic nursing mice, compared to non-ischemic sham control (Figure 5C). The total spleen granulocyte numbers were significantly increased in both ischemic and post-MCAO nursing mice, compared to corresponding sham controls (Figure 5D). However oxytocin supplementation did not recapitulate the effects observed with nursing (Figures 5A–D).
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FIGURE 5. Nursing- and oxytocin (Oxt)-associated changes in spleen myeloid cells. Monocyte frequency (A) and total counts (B) demonstrated significant increase in nursing animals. Granulocyte frequencies (C) and total counts (D) were also increased in nursing animals. N = 4, ∗∗∗p < 0.001, ∗∗p < 0.01, and *p < 0.05 for comparisons indicated by horizontal bars.



Lymphocyte populations in the spleen were also analyzed. We observed a significant 2.1-fold increase in total regulatory T cells (Treg) numbers in spleens of post-MCAO nursing animals compared to control ischemic animals, while only a non-significant 1.4-fold increase was observed in oxytocin-treated mice. Results of FACS studies for different leukocyte types, frequency and total counts, are included in Supplementary Material. Because leukocyte migration into the brain develops over time and peaks around 3 days post-stroke (Jin et al., 2010), we performed FACS studies of brain immune cells at this time point. MCAO induced a strong 3.3-fold increase in total leukocyte numbers in the stroke affected (ipsilateral) brain hemisphere compared to the contralateral hemisphere in control mice (33583 vs. 15077 total leukocytes in ipsilateral vs. contralateral hemispheres). This MCAO-associated increase was significantly attenuated in nursing mice (13052 total leukocytes per hemisphere) only reaching levels comparable to the non-ischemic hemispheres of controls. This was paralleled by significant increases in frequencies (Figure 6A) and total cell numbers of monocytes (Figure 6B) and granulocytes (Figures 6C,D) in the ipsilateral hemispheres of MCAO animals. Together our observations demonstrate that nursing significantly attenuated the MCAO-induced increase of immune cell types that are considered central to the development of ischemic injury (Shi and Pamer, 2011).
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FIGURE 6. MCAO-induced brain migration of monocytes and granulocytes is reduced in nursing mice. In non-nursing mice MCAO promoted strong migration of monocytes (A,B) and granulocytes (C,D) into the ipsilateral ischemic hemispheres (Ipsi) compared to the non-ischemic contralateral hemispheres (Contra). This migration was significantly attenuated in nursing mice. N = 4, *p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 for comparisons indicated by horizontal bars.





DISCUSSION

Oxytocin is essential for lactation and postpartum maternal behavior (Gimpl and Fahrenholz, 2001). Recent studies report significant neuroimmunological changes in postpartum animals (Haim et al., 2017; Sherer et al., 2017), and immune responses are crucial to stroke outcome (Stoll et al., 1998; Schwab et al., 2001; Iadecola and Anrather, 2011). Our results show for the first time that nursing animals have markedly smaller infarct volumes and improved neurological outcome following MCAO injury. To compare the protective effects of nursing and oxytocin treatment we administered oxytocin intranasally and achieved brain oxytocin levels comparable to those in nursing animals. We observed reduced infarct volume and improved neurological outcome in oxytocin-treated female mice. These results support related observations in male mice whereby oxytocin treatment improved stroke outcome after cerebral ischemia when caged alone, but provided no protection to group-housed male mice that had higher brain oxytocin levels (Karelina et al., 2011).

Oxytocin inhibited LPS-induced inflammation in microglial cells and attenuated microglial activation associated with LPS treatment and maternal separation in vivo (Yuan et al., 2016; Amini-Khoei et al., 2017). Stroke induces significant inflammation in the brain (Choe et al., 2011; Vogelgesang et al., 2014); however, to the best of our knowledge, the effects of oxytocin on post-stroke inflammation have not been studied. Our studies indicate that the levels of two major pro-inflammatory cytokines associated with stroke injury, TNF-α and IL-6 (Campbell et al., 1993; Rothwell and Relton, 1993; Meistrell et al., 1997; Lavine et al., 1998), were elevated following MCAO injury. Independently, both oxytocin treatment and nursing significantly attenuated this pro-inflammatory cytokine release. The decrease in pro-inflammatory cytokine levels in nursing mice was accompanied by reduced brain migration of blood leukocytes, particularly monocytes and granulocytes. These cell types have been shown to be central to the development of post-ischemic brain inflammation and damage, especially due to pro-inflammatory cytokine generation (Shi and Pamer, 2011). Thus one major mechanism of protection is likely reduced migration of monocytes and granulocytes to the brain.

Peripheral immune responses are activated by stroke and interact with the development of brain damage. The spleen is a key lymphatic organ and a major reservoir of blood cells that come into the circulation and brain following brain injury (Mebius and Kraal, 2005). Therefore, splenic responses after stroke have gained attention (Seifert and Offner, 2018). It is well established that the spleen shrinks in animal stroke models (Offner et al., 2006; Ajmo et al., 2009). Spleen shrinkage is associated with early release of splenocytes and splenocyte apoptosis (Liu et al., 2015). Our studies demonstrate that nursing is associated with a marked increase in spleen size, and reduced MCAO-associated spleen atrophy. Spleen responses have been shown to correlate inversely with infarct volume (Vendrame et al., 2006), and, in turn, influence the development of ischemic brain injury (Liu et al., 2015). Prior studies have shown that splenectomy, preceding or immediately after stroke, or spleen irradiation is protective (Dotson et al., 2014; Chauhan et al., 2018). To the best of our knowledge this study describes the first observations of nursing-associated reduced spleen atrophy in post-MCAO animals, with associated improvements in stroke outcomes. In the present study we also observed that nursing independently promoted significant increases in spleen weight and total leukocyte numbers prior to injury. Importantly, nursing resulted in higher numbers of spleen monocytes and granulocytes, and this increase was retained after stroke induction. Both monocytes and granulocytes have been shown to contribute to post-ischemic brain damage and inflammation, and their increased numbers in the spleen apparently inversely correlate with the observed decrease in those cell types in post-ischemic brain (Shi and Pamer, 2011). Notably, in the present study we observed that oxytocin treatment alone failed to significantly reduce the MCAO-associated spleen atrophy.

It has been demonstrated that pro-inflammatory cytokine production induced by LPS stimulation is attenuated during pregnancy and in the postpartum period (Sherer et al., 2017). Whether lactation or oxytocin treatment leads to reduced peripheral immunosuppression remains to be determined. Post- and peripartum changes in baseline microglial density, and brain levels of interleukins 6 and 10, have been previously described in rat brains (Haim et al., 2017). Notably, the brain immune response to stress (forced swim test) is also altered in pregnant versus non-pregnant females. Most relevant to the present study, Ritzel et al. (2017) recently described reduced baseline microglial activity in multiparous female rats compared with nulliparous rats. This translated to reduced inflammatory activation after experimental stroke, reduced injury and faster recovery. Because infection is a major factor in post-stroke mortality this will be an important future direction to pursue.

Recent studies also suggest that Treg cells, a subset of T lymphocytes, are beneficial for stroke outcome (Liesz et al., 2009; Li et al., 2013). While significant Treg brain migration is generally observed at later time points than studied here, it has been shown that Treg depletion promotes increased levels of pro-inflammatory cytokines in the blood of post-ischemic animals within hours after MCAO (Liesz et al., 2009). In the present study we observed that nursing was associated with increased total spleen Treg cells, suggesting that this mechanism may also contribute to the observed protection, though future studies at later time points will be required.



SUMMARY

This study is the first to assess the effects of nursing and exogenous oxytocin treatment in stroke outcomes in female mice. Our study demonstrates for the first time strong nursing-associated neuroprotection against experimental stroke, along with observed oxytocin-associated anti-inflammatory mechanisms. Spleen and brain monocyte numbers were also increased with nursing, whereas in nursing mouse brains monocyte number and fraction were both decreased following MCAO. These studies suggest that: (1) intranasal oxytocin may be a novel neuroimmunological approach to reduce injury from stroke in females; and, (2) that nursing confers protection against neuroinflammatory changes and resultant stroke injury. One limitation of the present study is that the effect of oxytocin replacement therapy on stroke outcomes and neuroimmune modulation was not assessed in non-nursing postpartum females. As these studies did not include a non-nursing group for all comparisons, changes in postpartum females following MCAO cannot necessarily be attributed to nursing per se, as other features associated with pup presence/absence could also underlie our observations. Litter size may also have an effect on postpartum stroke outcomes, as nulliparity versus multiparity have bene shown to determine stroke outcomes (Ritzel et al., 2017), however this was not controlled for in this study. A final limitation is that we did not identify the cell-type specific source of brain cytokine modulation associated with oxytocin treatment. Further studies incorporating cell-type specific mechanistic studies will be required to develop a more comprehensive understanding of the regulatory pathways responsible for lactation-associated neuroprotection, to advance therapeutic applications for this specific, at-risk population.
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In the preceding work, a hypothesis on the existence of a specific neural plasticity program from sympathetic fibers innervating secondary lymphoid organs was introduced. This proposed adaptive mechanism would involve segmental retraction and degeneration of noradrenergic terminals during the immune system (IS) activation followed by regeneration once the IS returns to the steady-state. Starting from such view, this second part presents clinical and experimental evidence allowing to envision that this sympathetic neural plasticity mechanism is also operative on inflamed non-lymphoid peripheral tissues. Importantly, the sympathetic nervous system regulates most of the physiological bodily functions, ranging from cardiovascular, respiratory and gastro-intestinal functions to endocrine and metabolic ones, among others. Thus, it seems sensible to think that compensatory programs should be put into place during inflammation in non-lymphoid tissues as well, to avoid the possible detrimental consequences of a sympathetic blockade. Nevertheless, in many pathological scenarios like severe sepsis, chronic inflammatory diseases, or maladaptive immune responses, such compensatory programs against noradrenergic transmission impairment would fail to develop. This would lead to a manifest sympathetic dysfunction in the above-mentioned settings, partly accounting for their underlying pathophysiological basis; which is also discussed. The physiological/teleological significance for the whole neural plasticity process is postulated, as well.

Keywords: neuro-immune interaction, sympathetic nervous system, inflammation, neural plasticity, peripheral immune tolerance


INTRODUCTION

In the preceding work (1) evidence regarding changes in the sympathetic innervation of secondary lymphoid organs (SLOs) during the activation of the immune system (IS) was presented. Different authors interpreted this phenomenon as “damage” or “injury” of the noradrenergic axons, probably due to the action of endogenous mediators. In contrast to this view, the hypothesis of a neural plasticity adaptive mechanism was postulated –involving axonal degeneration during the activation of the IS with subsequent axonal regeneration once the immune response ceases, thus recovering the innervation pattern of the steady-state. It was also proposed that this mechanism may be mediated by molecules such as neurotrophins and semaphorins.

One of the main remaining questions was whether these changes in innervation would also occur in other non-lymphoid organs and tissues during inflammation, encompassing recruitment of immune cells and/or presence of inflammatory cytokines. Given that the above-mentioned molecules mediating neural plasticity can be produced by immune cells or by other different cell types under cytokine influence (2–6), this hypothetical view seems plausible. In support of this, clinical and experimental evidence regarding the loss of sympathetic innervation during different inflammatory conditions is now presented. As part of the autonomic nervous system (ANS), the sympathetic nervous system (SNS), regulates nearly all bodily functions (7). Hence, a sympathetic dysfunction would become clinically manifest, in cases wherein a compensation against this hypothetical impaired noradrenergic transmission is insufficient, implying life-threatening consequences in some circumstances.

Nature is unlikely to orchestrate complex and energy-wasting mechanisms for nothing. As the nervous system (NS) regulates most phases of the immune response, mainly through the SNS (8–11), the immunological meaning for this postulated retraction of the noradrenergic terminals both in SLOs and in non-lymphoid tissues during immune-mediated processes is also proposed.


Sepsis and Septic Shock

Sepsis is one of the main causes of morbidity and mortality throughout the world consisting of a dysregulated systemic inflammatory response syndrome against a specific pathogen infection. Sepsis with organic dysfunction is called severe sepsis, which can progress to septic shock, characterized by persistent hypotension <65 mmHg leading to a state of acute circulatory failure (12–15). Organic dysfunction in severe sepsis can include renal, hepatic, cardiac or pulmonary failure, lactic acidosis, thrombocytopenia with abnormalities in coagulation or multiple organ failure. Bacterial endotoxins such as LPS activate the NF-κB pathway in immune cells with the subsequent production and release to the circulation of inflammatory mediators such as TNF, IL-1, IL-6, IL-8, and macrophage migration inhibitory factor, presumably involved in the above-referred clinical alterations.

Vasoplegia and myocardial dysfunction are the two complications of septic shock leading to hemodynamic instability (16, 17). Vasoplegia is defined as a lack of vasculature response to vasopressors (18, 19) leading to a state of persistent peripheral vasodilation, hypotension, and hypoperfusion. Nitric oxide (NO), synthesized by the vascular smooth muscle inducible nitric oxide synthase (iNOS) under the control of cytokines, may play a central role in this regard (20). As to cardiac function, at the beginning of sepsis, patients have a hyperdynamic phase characterized by an increased cardiac out-put as a reaction to the decreased peripheral vascular resistance. After that, progression toward septic shock is characterized by a depressed activity of the ventricular myocardium along with a reduced ejection fraction. Since this depression cannot be simply explained by hypoperfusion and coronary ischemia, a direct action of inflammatory mediators, as depressants, was postulated (21–23). It is currently believed that such depression is multifactorial, involving metabolic alterations and mitochondrial dysfunction of the cardiomyocytes, reduced calcium release from the sarcoplasmic reticulum and impaired electromechanical coupling at the myofibrillar level (17). These alterations seem to be caused by different cytokines produced and released from activated immune cells, as well as NO.

The first-line treatment for the maintenance of hemodynamic stability in septic shock is norepinephrine (NA) -or other sympathomimetics such as dopamine or dobutamine through their effects on α- and β-adrenoreceptors (ARs) and their high vasoconstrictive action and inotropic effect on the vascular and cardiac muscle, respectively (12–15). Vasopressin can also be used, to reduce NA doses.

Sympathetic noradrenergic fibers normally mediate vasoconstriction by acting on α1-ARs from the smooth muscle of arteries and veins, thus regulating peripheral vascular resistance. On the other hand, by acting on β1-ARs, the sympathetic activity increases myocardial contractility -both atrial and ventricular- as well as the heart rate (7). As commented, during sepsis and septic shock inflammatory mediators can lead to vasodilation and a decrease in peripheral vascular resistance as well as depression of myocardial activity. Regardless of the action of inflammatory mediators, the question emerges as to why the SNS fails to overcome this alteration to maintain hemodynamic stability, raising the need for exogenous sympathomimetics administration to keep the patient alive. It follows that some impairment in the noradrenergic transmission is likely to exist during sepsis and septic shock. Considering that sepsis is a systemic inflammatory response, it may be hypothesized that even in the absence of immune cells infiltrating the vessel walls or the heart, circulating inflammatory mediators favor a probable retraction of the noradrenergic terminals, leading to an impairment in sympathetic transmission, as it may happen in SLOs during IS activation (1). In line with the proposed hypothesis, this impairment may be due to the action of neurotrophins and semaphorins with possible re-expression of p75 neurotrophin receptor (p75NTR) in vascular and cardiac sympathetic nerves in an inflammatory milieu (Figure 1). These molecules might be locally produced under the influence of cytokines, as found in different tissues (2–6). A possible action of netrin-1, an axon guidance molecule able to mediate neural fibers retraction, expressed in epithelial and endothelial cells under inflammatory influences, may not be discarded (24, 25); in addition to a probably direct action of some inflammatory cytokines, given their regulatory role in neurogenesis and synaptic function (26, 27).
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FIGURE 1. Clinical and experimental evidence of sympathetic structural and functional alterations in many inflammatory scenarios. In different situations in which compensatory mechanisms against sympathetic blockade may be insufficient or may have failed to evolve, sympathetic dysfunction is likely to become evident. This may apply to chronic inflammatory diseases, the ones due to hypersensitivity reactions (maladaptive immune reactions per se), and situations of protracted and dysregulated immune responses failing to eradicate pathogens, i.e., prolonged septicemia. Physiological effects of sympathetic nervous system on different organs are depicted on the left, together with the involved adrenergic-receptor. Evidence suggestive of sympathetic impairment in different pathological conditions is shown on the right. PGP 9.5, protein gene product 9.5; COPD, chronic obstructive pulmonary disease; T1DM, type 1 diabetes mellitus; BDNF, brain-derived neurotrophin factor; p75NTR, p75 neurotrophin receptor; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; NGF, nerve growth factor; AD, atopic dermatitis: NA, norepinephrine. *Mediated by sympathetic adrenergic and non-adrenergic transmission.**Parasympathetic cholinergic neurotransmission elicits in turn bronchoconstriction, increases mucus production and favors airway remodeling (through muscarinic mediated proliferation of bronchial smooth myocytes and fibroblasts). ***Mediated by sympathetic non-adrenergic transmission.



This sympathetic dysfunction may not only explain the lack of vasoconstriction reflex, but also other alterations observed in sepsis and septic shock, like myocardial metabolic alterations and reduced intracellular calcium in cardiomyocytes, contributing to a decreased contractility (Figure 1). In fact, sympathetic action has very important metabolic functions since NA increases glucose uptake in brown fat and heart (28, 29), by mechanisms other than insulin (30), like the important enhancement of GLUT1 functional activity (31). NA also stimulates glucose utilization by myocytes (32), thyrocytes and platelets. As to calcium levels, endotoxins and cytokines alter and suppress L-type calcium currents in cardiomyocytes, possibly via changes in the autonomic regulation of this channel (33–35). Calcium trafficking is also linked to mitochondrial function and integrity (17).

Different authors raised the view of an autonomic dysfunction in multiple organ failure as contributing significantly to the pathogenesis of this syndrome (36–38). In fact, a decreased sympathetic activity has been observed in the early course of severe sepsis that may contribute to circulatory and cardiac failure (39). In anesthetized cats, the injection of Escherichia coli endotoxin causes a significant decrease in mean blood pressure with a drop in sympathetic activity of the splanchnic nerve (40). Post-mortem examinations in humans dying from septic shock reveal neuronal and glial apoptosis within cardiovascular autonomic centers with a significantly increased brain expression of TNF and iNOS (41). Provided a noradrenergic transmission blockade does occur in sepsis, as part of the proposed adaptive neural plasticity mechanism involving sympathetic decreased activity during inflammation, the question remains on how it has evolved when causing hemodynamic instability and even patient death? Being so, other compensatory mechanisms must also exist tending to maintain peripheral vascular resistance and cardiac functionality. Progression toward septic shock with hemodynamic instability may then represent the exhaustion of compensatory programs given the immune incapability to eliminate the pathogen and the persistence of systemic inflammation.

Activation of the renin-angiotensin-aldosterone system is a well-characterized physiologic mechanism to prevent hypotension during sepsis (42). Also, it is worth reminding that vertebrates have two main sources of NA and adrenaline (Adr): the sympathetic nerves and the adrenal medulla. The function of the catecholamines released by the adrenal medulla in the septic scenario is yet poorly understood. Perhaps it may be basically compensatory to preserve hemodynamic stability given the transient blockade of noradrenergic transmission, mainly at the vascular level. Thus, the perpetuation of the sympathetic blockade may exhaust the adrenal medulla in its compensatory attempt along with a certain degree of tissue hypo-responsiveness due to prolonged exposure to circulating catecholamines favoring circulatory instability. In parallel, immunoinflammatory responses are known to also activate the hypothalamic-pituitary-adrenal (HPA) axis, leading to the release of corticosteroids, a major immunomodulatory compound (43, 44). Adrenal insufficiency, at least in terms of corticosteroid production, is present during sepsis (45), and likely detrimental in this regard considering that corticosteroids regulate vascular reactivity to vasoconstrictors (46).

The adrenal medulla releases both NA and Adr, in a very variable proportion depending on species [for review, (47)]. There are also two independent sympathetic innervation pathways in the adrenal medulla, one mediating the release of Adr and the other one NA. Rat preganglionic sympathetic neurons innervating the Adr-releasing adrenal cells are not influenced by baroreceptor arterial reflexes but stimulated by hypoglycemia. Unlike this, preganglionic neurons that innervate the noradrenergic cells from the adrenal medulla are under a potent baroreceptor arterial reflex control. Thus, Adr released from the adrenal medulla to circulation primarily exerts metabolic effects by mediating glycogenolysis in the liver and skeletal muscle, with no significant effect on the maintenance of circulatory homeostasis. On the other hand, NA released into the plasma from the adrenal medulla has neither metabolic nor hemodynamic effects under physiological conditions. In this sense, it is important to note that, in neuro-effector vascular junctions, NA reaches concentrations in the micromolar range, while circulating NA barely reaches concentrations in the picomolar range, being normally unable to exert any effect. However, under pathophysiological circumstances, this situation changes markedly. In fact, after sympathetic denervation, some effector organs, like vascular smooth and cardiac muscles, develop an adaptive hyper-responsiveness to adrenal circulating NA, viewed as a compensatory mechanism (48).

During sepsis and septic shock, both Adr and NA plasma levels and ARs expression in different tissues undergo important and varied modifications. In this sense, high levels of circulating catecholamines have been observed during human and experimental sepsis (39, 49–51). On the other hand, the α1-ARs from human hepatocytes experience dynamic changes during sepsis showing an increased, normal or decreased expression in mild, moderate, or severe sepsis, respectively (52). In septic rats, myocardial ARs were found to be decreased (53, 54). From a hypothetical viewpoint, these variations throughout the sepsis spectrum may reflect an initial blockade of sympathetic neurotransmission and a subsequent over-exposure to circulating adrenal catecholamines.



Anaphylaxis and Anaphylactic Shock

The term anaphylaxis is used to describe a rapid and widespread immunological reaction occurring after exposure to certain substances in previously sensitized persons [for review (55, 56)]. The most frequent triggers are food, medicines, and insect bites, causing a type I immediate hypersensitivity reaction. Clinically, the most common life-threatening manifestations include angioedema, pulmonary edema, bronchospasm, and hemodynamic instability in cases of anaphylactic shock, characterized by hypotension due to decreased peripheral vascular resistance, and occasionally myocardial depression.

Cells implicated in this reaction are mast cells and granulocytes, which upon degranulation release pre-formed and newly and rapidly synthesized inflammatory mediators into the systemic circulation. Among these mediators, the most important ones are histamine, tryptase, chymase, bradykinin, and heparin as well as metabolites from the arachidonic acid, including products of the lipoxygenase and cyclooxygenase pathways such as prostaglandins and leukotrienes. During severe anaphylaxis episodes, there is concomitant activation of complement and coagulation pathways, and the kallikrein-kinin contact system. These mediators are capable of inducing vasodilation and mucosal edema, bronchial smooth muscle contraction, and increased mucus production. As in septic shock, the first-line treatment is the administration of fluids and sympathomimetics like Adr (57, 58), which reverses all features of anaphylaxis. In fact, stimulation of α-ARs increases peripheral vascular resistance, raising the blood pressure while reversing peripheral vasodilation and decreasing angioedema. Stimulation of β1-ARs has positive inotropic and chronotropic effects on the cardiac muscle, whereas β2-ARs stimulation leads to bronchodilation. β-ARs also increase the production of intracellular cyclic AMP, which stabilizes mast cells, inhibiting further mediator release. At this point, one might wonder why the organism does not respond with an increased sympathetic tone to such a massive systemic release of these inflammatory mediators and hence maintaining homeostasis with no need of exogenous catecholamine administration. Once again, there may exist a blockade of sympathetic transmission during anaphylactic shock, probably mediated by mechanisms like those proposed for septic shock (Figure 1). Several years ago, the group of Levi-Montalcini described the production, storage, and release of nerve growth factor (NGF) by mast cells, suggesting interactions between the NS and IS (59). Probably the adrenal production and release of catecholamines may be insufficient in these cases to counterbalance the SNS dysfunction in front to such a massive maladaptive reaction.

Supporting the hypothesis of the sympathetic transmission blockade in the pathophysiology of distributive shock, it is worth remembering that the disruption of descending pathways from central centers to spinal sympathetic neurons may also lead to hemodynamic instability. In fact, spinal cord injury provokes different clinical manifestations that will depend on the localization and severity of the lesion, with some patients developing neurogenic shock in the acute phase, and even multi-organ dysfunction syndrome, mainly in severe cervical lesions (60). The initial response in these cases consists of a massive sympathetic stimulation and parasympathetic reflex activity lasting 3–4 min due to the release of catecholamines by adrenal glands immediately after the injury. This results in severe hypertension and heart rhythm alterations. After this short initial phase, there is a massive decrease in sympathetic activity, with a reduction in peripheral vascular resistance, marked hypotension and, occasionally, bradycardia due to the absence of sympathetic tone and unimpeded vagal tone, which characterizes the state of shock (61, 62). In contrast, during the chronic phase, some patients display autonomic dysreflexia, after spinal shock resolution, which constitutes a life-threatening syndrome of massive imbalanced reflex sympathetic discharge.

It follows that the solely traumatic lesion of the sympathetic pathway reproduces, in the acute phase, a hemodynamic instability state, like the one seen in sepsis or anaphylaxis (Figure 1). Furthermore, the treatment of neurogenic shock is also based on the replacement of volume and the administration of sympathomimetic vasopressors.



Acquired Vascular Aneurysms

One of the most frequent forms of acquired aneurysms is the abdominal aortic aneurysm—AAA—(63). AAA consists of a localized and permanent weakening and dilation of this vessel over 50% of its usual diameter or >3 cm, which in most cases compromises the infrarenal segment. In 65–80-year old men, the prevalence is between 1–2 and 8% according to the series; being 6 times less frequent in women [for review (64, 65)]. The most important complication is the rupture, which leads to significant bleeding and an estimated 150,000–200,000 deaths yearly worldwide.

Although the pathogenesis of AAA is not yet clearly elucidated, most researchers agree that its development is related to atherosclerosis along with chronic inflammation (63). In fact, atherosclerosis, previously considered as a disease of lipid storage, involves an important inflammatory response, with presence within the arterial wall of cells from innate and adaptive immunity, and locally produced cytokines (66–69). Moreover, targeting of inflammatory adhesion molecules reduces atherosclerosis, whereas, removing or blocking IL-10 or TGF-β accelerates its development.

Apparently, the release of proteolytic enzymes, oxidation-derived free radicals and cytokines during such a chronic inflammatory response leads to a reduction in elastin content, a distorted elastin configuration, increased deposition of type I collagen and reduced type III collagen, in both tunica media and adventitia. These phenomena may also diminish the number of smooth muscle cells leading to a marked thinning of the tunica media, typical of AAA, resulting in a decreased resistance of the arterial wall (70, 71). Search into the literature revealed one study on the AAA innervation through immunohistochemistry for protein gene product 9.5 (PGP 9.5), indicating an apparent increase in the number of nerve fibers in AAA only in the adventitia (71), without identifying the proper fiber type. Beyond this fact, the question remains whether this increased immunostaining does correspond to a real increase in nerve terminals or to a redistribution within the AAA wall.

Not only in AAA but also in other pathological settings, i.e., tertiary syphilis and “mycotic” aneurysms, the existence of localized chronic inflammation of the arterial wall results in thinning of the tunica media and dilation of the vessel with aneurysm formation. Noticeably, the occurrence of these pathologies is very low nowadays compared to the one recorded in the pre-antibiotic era (72–75).

As it is widely known, the SNS innervates the vascular smooth muscle leading to vasoconstriction by acting on α1-ARs, thus increasing flow resistance in large and small arteries and arterioles (7). Beyond this effect, in vivo, and in vitro studies showed that sympathetic fibers exert a profound trophic effect on vascular smooth muscle, stimulating its proliferation and differentiation, probably not only through NA but also through co-transmitters such as ATP and neuropeptide Y (76–81).

Within the setting of the proposed adaptive neural plasticity mechanism, chronic inflammation of the vessel wall may mediate a retraction of the sympathetic fibers and probably the apoptosis of neurons innervating such arterial segment, through p75NTR stimulation (82–84). Considering the localized and chronic nature of the inflammatory process, sympathetic denervation may lead to a marked decrease in the trophism of the tunica media of the arterial wall, which may partly explain the weakening and dilation of vessels, with the ensuing aneurysm formation (Figure 1).



Asthma

Asthma is a heterogeneous inflammatory disease of the lower airways causing recurrent symptoms and exacerbations. It can develop at any age, but the disease onset is more frequent in childhood or young adulthood, affecting about 7.5% of the adult population [reviewed in (85–87)]. It is characterized by bronchial hyperreactivity, cough, mucus secretion, different degrees of bronchoconstriction and dyspnea. Even when allergic and non-allergic phenotypes are described (88, 89), the immunopathological characteristics of both patient groups are similar and this distinction is not easy. The bronchial mucosa is infiltrated by a series of inflammatory cells, like eosinophils, mast cells, neutrophils, and lymphocytes.

The chemical mediators released by the inflammatory cells in the context of an immediate hypersensitivity reaction (like histamine and arachidonic acid metabolites) seem to be the cause of asthma symptoms. Nevertheless, it has long been thought that the mechanisms put into place by such mediators, linked to disease symptoms, may be of neural nature. For instance, the β-adrenergic blocking theory proposed by Szentivanyi (90) argued that a diminished responsiveness to β-adrenergic stimulation could increase impulse transmission or receptor stimulation through α-adrenergic or cholinergic pathways. Since then an important body of evidence suggests the existence of an autonomic dysfunction in patients with asthma. Some groups have observed increased bronchial cholinergic responsiveness and β-adrenergic hyporesponsiveness (91), which would lead to bronchospasm, mucosal edema, augmented mucous secretion, cough, and dyspnea (92). Moreover, according to some authors, not only asthma symptoms but also the most common ones seen in other respiratory diseases may be explained by a dysfunction in the ANS (93, 94). Furthermore, asthma treatment is currently addressed to reduce inflammation through local or systemic corticosteroids as well as to promote β2-adrenergic stimulation or cholinergic inhibition. Other drugs like leukotriene receptor antagonist and leukotriene synthesis inhibitor, along with biological therapies such as antibodies against IgE or IL-5 are also employed (86, 87).

The autonomic innervation of the lower airway is somewhat complex, regulating tones from the bronchial smooth muscle, the vessel wall and the activity of bronchial glands (7). Parasympathetic nerves are the dominant neural pathway in the control of airway smooth muscle tone and mucus secretion in humans, with acetylcholine (ACh) acting on type 3 muscarinic receptors, promoting bronchoconstriction (95). The sympathetic innervation in the human airways is fundamentally present in the vicinity of the submucosal glands and the bronchial arteries. The bronchial smooth muscle, on the other hand, does not appear to be directly innervated by adrenergic fibers. However, β-ARs, which mediate bronchorelaxation, are widely distributed in the human lung. It has been postulated that circulating Adr may act on these receptors facilitating the dilation of the bronchial smooth muscle, but there is no convincing evidence in this regard. Nevertheless, the SNS does influence bronchial muscle tone through adrenergic fibers indirectly (96). In fact, adrenergic transmission can inhibit cholinergic neurotransmission at different levels. In parasympathetic ganglia, which are predominantly and physically associated with larger airways, sympathetic nerves stimulate ARs, thus preventing cholinergic activity (97). Moreover, in the bronchial walls themselves, sympathetic fibers end on parasympathetic postganglionic nerves, probably inhibiting cholinergic output through stimulation of prejunctional β2-ARs (98). In this sense, it is well-known that the sympathetic blockade induced by treatment with β-blockers produces bronchospasm and precipitates asthma (99, 100). This effect is thought to be caused by blockade of presynaptic β2-ARs on cholinergic nerves, which normally inhibits ACh release (98). In addition to the cholinergic and adrenergic fibers, a non-adrenergic non-cholinergic nervous system exists in the airways, exhibiting inhibitory (bronchodilator) or excitatory (bronchoconstrictor) actions (95).

To support the hypothesis that symptoms of inflammatory airway diseases are caused by an autonomic dysfunction, some authors have postulated that the different mediators produced and released locally during an inflammatory response may stimulate action potential discharge in parasympathetic nerves leading to bronchoconstriction (93). Even if this turns out to be true, it cannot be excluded that a primary decreased adrenergic transmission leads to increased cholinergic activity, thus contributing to the development of asthma, within the hypothetical mechanism involving neurotrophins and semaphorins effects on sympathetic nerves (Figure 1). As commented, these molecules can be produced by the immune cells themselves or by bronchial smooth muscle cells under cytokine influence (2). As proposed for anaphylaxis, compensatory programs against a possible noradrenergic transmission blockade may simply be insufficient to counterbalance bronchoconstriction in asthma, due to the maladaptive type of the immune response, predominantly immediate hypersensitivity.



Bronchial Hyperreactivity During Acute Inflammation of the Airways

Formerly healthy subjects undergoing viral infections in the respiratory tract are largely known to experience bronchial hyperreactivity without developing clinical asthma. In fact, the inhalation of histamine diphosphate aerosol produces a significantly higher increase in airway resistance from normal subjects with flu, compared to the increase recorded in healthy individuals. Moreover, isoproterenol hydrochloride (a β-adrenergic agonist), and atropine sulfate aerosol (a muscarinic antagonist) inhibit and reverse such increased histamine-induced airway resistance, implying that increased cholinergic and/or decreased adrenergic activity play a role in the contraction of the smooth bronchial muscle in this scenario (101, 102).

In parallel, it is well-known that bronchoconstriction and wheezing resulting from increased bronchial reactivity are much more frequent in childhood during viral respiratory diseases caused by the respiratory syncytial virus (RSV), human metapneumovirus, rhinovirus, parainfluenza virus, influenza virus, and adenovirus, among others (103). Also, RSV infection of the lower respiratory tract in children is associated with an increased risk for the subsequent development of recurrent asthma/wheezing, becoming less likely as age increases (104). Such association was seen in viral respiratory infections other than the one caused by RSV, as well (105).

The reason for this persistence of bronchial hyperreactivity beyond the resolution of the infectious disease in early childhood is not currently understood. Viral infections may increase asthma susceptibility by acting onto the neural control of the respiratory tract. Indeed, the airway inflammation may lead to some degree of blockade of adrenergic transmission, thus facilitating cholinergic transmission, through the proposed neural plasticity mechanism (Figure 1). In theory, previously healthy adults would not experience bronchial obstruction, but rather a certain degree of bronchial hyperreactivity, probably due to the existence of compensatory programs. By opposite, symptoms may be more florid in early childhood, when the NS is still developing. Moreover, since the p75NTR is capable to mediate neuronal apoptosis (82–84), it may be speculated that severe airway inflammation in early developmental stages alters the normal innervation of the respiratory tract, perhaps further progressing to wheezing or asthma, as described in children.



Chronic Obstructive Pulmonary Disease (COPD) and Long-Standing Asthma

COPD comprises a heterogeneous group of pathologies affecting the respiratory tract and pulmonary parenchyma, such as chronic bronchitis and emphysema, which are characterized by an incompletely reversible obstruction to the expiratory flow [for review (106–108)]. Although there are many risk factors, most cases are smoking-related and develop after the fourth decade of life. It manifests with periodic exacerbations due to viral or bacterial respiratory infections, causing an estimated of 3.2 million people deaths yearly worldwide.

Although in asthma airflow obstruction is usually intermittent and reversible, it can progress to an irreversible obstructive pattern, like COPD, in older people with a history of long-standing asthma. Thus, asthma and COPD overlap and converge, sharing three basic common clinical features: airway inflammation and obstruction along with bronchial hyperresponsiveness (109–112). Like asthma, COPD treatment is based on the use of inhaled corticosteroids and bronchodilators such as β-adrenergic and anticholinergic drugs, as well as oxygen therapy in some cases (106).

Regardless of the type of immune response seen in COPD or asthma, airway chronic inflammation may lead by itself to bronchial histo-structural changes usually referred to as “airway remodeling” partly accounting for the phenotypic clinical overlap of asthmatic and COPD patients (109, 113). Although there exist some differences in remodeling patterns between COPD and asthma, both cases are characterized by increased thickness of the basal membrane, changes in the extracellular matrix (fibrosis of the bronchial wall), angiogenesis, increased permeability of mucosal vessels, with hyperplasia/hypertrophy of glandular structures and the bronchial smooth muscle. This increased airway smooth muscle mass is the most important contributor to airway hyperresponsiveness and obstruction (114).

As well as the parasympathetic bronchial tone was found increased in patients with COPD and asthma, non-neuronal cells -including inflammatory cells and airway structural cells- can synthesize and release ACh (115, 116). Beyond its traditional role as a bronchoconstrictor, ACh may also play a pro-inflammatory immunological role favoring airway remodeling via pro-fibrotic and pro-proliferative mechanisms mediated by muscarinic receptors. In fact, stimulation of muscarinic receptors induces the proliferation of fibroblasts and collagen production. Notably, ACh may play an important role in the increase of bronchial smooth muscle mass, by enhancing the effect of different mediators (TGF-β, epidermal growth factor and platelet-derived growth factor) on proliferation, hypertrophy, and differentiation of smooth myocytes of the airway wall. Current clinical and experimental evidence suggests that anticholinergic drugs, mostly the long-acting tiotropium bromide, may reduce airway remodeling and the degradation of lung function, beyond its bronchodilator effect (117, 118).

As proposed for asthma and acute respiratory infections, chronic bronchial inflammation may lead to a blockade of sympathetic adrenergic transmission, giving rise to a sustained and unopposed increased parasympathetic cholinergic tone, responsible for the irreversibility of the bronchial hyperreactivity, mucus production and bronchoconstriction observed in COPD and long-standing asthma (Figure 1). The chronic nature of this condition would have prevented any adaptive compensatory program from evolving. Furthermore, since p75NTR can mediate neuronal apoptosis (82–84), the adrenergic innervation may be definitively lost in this context.



Type 1 Diabetes Mellitus

Diabetes mellitus is characterized by a deregulation of carbohydrate, lipid and protein metabolism. There are two major types of diabetes, type 1 (T1DM) and type 2 (T2DM). T2DM is the most common form (accounting for more than 90% of cases) and develops in adult life over a background of peripheral insulin resistance with subsequent exhaustion of pancreatic β cells to produce it (119). On the other hand, T1DM is an autoimmune disease (120), presumably caused by T cell-mediated destruction of pancreatic β cells, with inflammation of the islets of Langerhans—insulitis—composed of T cells, B cells, macrophages and dendritic cells—DCs—(121–124).

The ANS innervates the islets of Langerhans, contributing to the regulation of endocrine pancreas function (7, 125). Accordingly, parasympathetic nerves stimulate insulin secretion whereas sympathetic nerves inhibit basal and glucose-stimulated insulin secretion. Regarding autonomic regulation of glucagon secretion, there are three mechanisms of direct stimulation of adrenergic and cholinergic receptors from α cells, which are activated in the brain during hypoglycemia and tend to facilitate glucagon release to normalize glycemia: (1) sympathoadrenal system, which culminates with the release of Adr by the adrenal medulla; (2) islet parasympathetic nerves, eliciting a modest glucagon response; (3) islet sympathetic nerves, that provoke a robust glucagon response (126, 127). It is known that the physiological glucagon response to insulin-induced hypoglycemia is impaired in T1DM, but not in T2DM (128). Interestingly, Taborsky's group linked this impaired glucagon response to a loss of sympathetic innervation of Langerhans islets in the context of the T1DM insulitis (129).

In fact, rodent models of T1DM (Bio-Breeder rats and NOD mice), in which an impaired glucagon response to insulin-induced hypoglycemia is also observed, showed an early and selective loss of sympathetic innervation in the islets of Langerhans. Such loss does not affect the exocrine pancreas and has not been observed in other models of non-autoimmune diabetes, like streptozotocin-induced diabetes (130, 131). In the above-referred T1DM models, the loss of sympathetic fibers is fully established in the first 2–3 weeks after the onset of diabetes and does not progress any further, thus differing from diabetic neuropathy, due to chronic hyperglycemia, which develops much later in the course of this disease and does progress. It was also shown that islet sympathetic nerve loss was proportional to the degree of invasive insulitis and that could be prevented by blocking lymphocyte infiltration. In another experimental animal model, they demonstrated that p75NTR was required for the loss of islet sympathetic fibers during insulitis, since mice lacking p75NTR retained most of their islet sympathetic nerves (132). Further studies in pancreas necropsy samples from patients with T1DM and T2DM and non-diabetic controls, revealed a severe loss of sympathetic fibers in islets of T1DM patients, either of recent onset (<2 weeks) or long-term disease (>10 years). This loss was observed neither in patients with T2DM nor in the exocrine pancreas of both patients with T1DM and T2DM (133). Apparently, such early loss of islet sympathetic nerves may be mediated by the brain-derived neurotrophic factor (BDNF) acting on p75NTR, being unclear which cells within the infiltrated islets of Langerhans will produce this neurotrophin (134).

As proposed in other cases of chronic inflammation, it may be hypothesized that semaphorins and pro-neurotrophins, produced by immune cells infiltrating the islets of Langerhans in T1DM–or by other cytokine-influenced local cells–act on sympathetic nerves, thus mediating their retraction. P75NTR stimulation may also induce neural apoptosis, with a definitive loss of sympathetic islet innervation (82–84). According to Taborsky's group (129), this loss of sympathetic innervation may partly explain the impaired glucagon response to insulin-induced hypoglycemia during T1DM (Figure 1).



Myocardial Infarction-Related Inflammation

Myocardial infarction (MI) is one of the most important causes of morbidity and mortality worldwide, with an annual incidence in the United States of 525,000 and 210,000 first and recurrent attacks, respectively. An estimated number of 155,000 silent attacks also occur annually (135). MI causes sterile inflammation of the myocardium characterized by the recruitment of innate and adaptive IS cells (136, 137). In fact, a rapid influx of neutrophils and monocytes-derived macrophages has been demonstrated, followed by DCs, T cells, B cells, NK, and NKT cells. The resolutive phase of the inflammatory process culminates with apoptosis of immune cells and reparative fibrosis of the necrotic myocardium.

Interestingly, it has been observed that MI causes two distinct types of myocardial sympathetic denervation: a permanent denervation of the infarct area, because of tissue ischemic necrosis, and a transient denervation of viable peri-infarct myocardium (138). This transient sympathetic denervation of the non-infarct myocardium, apical to the infarct, was demonstrated in dogs, rodents and even in humans, through imaging techniques consisting of the use of radiolabeled compounds (139–141). On the other hand, it has also been observed an up-regulation of NGF and BDNF in the infarct myocardium and its viable border zone, respectively (142). The role of p75NTR in this cardiac sympathetic transient denervation after ischemia has been demonstrated in mice (143). Three days after MI, it was observed a significant sympathetic denervation in the proximal peri-infarct region in WT mice but not in p75NTR-/- counterparts. Since the loss of sympathetic nerve fibers adjacent to the infarct required p75NTR, it was suggested that ischemia induced the expression of a p75NTR ligand mediating axon degeneration outside of the infarct. In addition, BDNF immunostaining was shown on immune cells, within the infarct area (Figure 1).

As it is widely known, sympathetic innervation increases heart rate as well as atrial and ventricle contractility, through β1-adrenergic stimulation (7). Some clinical studies have indicated that sympathetic denervation following MI is a risk factor for the development of arrhythmias and cardiac arrest in attack survivors (144–146). However, the transient sympathetic denervation of the viable non-infarct myocardium seems to have a minimal impact on the development of electrical complications (138).



Skin Inflammatory Diseases

Since a common manifestation of cutaneous inflammatory diseases is pruritus, the interest in the investigation of changes in the innervation in these conditions was placed mainly in the sensory fibers and not in the sympathetic ones (147). As such, it was observed an increase of fibers containing gastrin-releasing peptide and calcitonin gene-related peptide (CGRP), both in the dermis and epidermis of patients suffering from atopic dermatitis (AD), as well as in murine models of AD and acute dry skin (148, 149). In these cases, it has also been shown an increased expression of NGF in keratinocytes, as well as a decrease in the expression of semaphorin 3A, which has been shown to inhibit NGF-induced sprouting of sensory nerves (3–6). On the other hand, TNF-α was shown to enhance NGF production in human keratinocytes (150). Likewise, mast cells, and mast cell-derived TNF-α, promoted the elongation of epidermal and dermal PGP 9.5+ nerves and dermal CGRP+ nerves in a mouse model of oxazolone-induced contact hypersensitivity (151).

Only a few studies evaluated the sympathetic innervation and activity in the skin during inflammation. In frozen tissue sections from skin biopsies of patients with AD, it was observed an increased expression of markers of different fibers by immunohistochemistry, except those for sympathetic fibers (neuropeptide Y and tyrosine-β-hydroxylase). A diminished density of fibers immunolabeled for neuropeptide Y was also observed in biopsies from patients with urticaria and systemic lupus erythematosus skin lesions (152). In the same line, another group evaluated the electrophysiological functioning of the ANS in patients with AD (153) and psoriasis (154). In both cases, a dysfunction in local sympathetic responses was observed, probably accounting for the impairment in sweat glands secretion and skin dryness seen in those conditions (Figure 1).



Colitis

During the 1990s, early degenerative and later regenerative phases of mucosal nerve fibers were reported in the rat acute inflammation model of intestinal infection with the nematode Nippostrongylus brasiliensis (155, 156). The type of nerve fibers was not characterized in these studies. A decrease in the NA release from the myenteric plexus of rats infected with Trichinella spiralis was also reported in those years (157). More recently, Boissé et al. (158) demonstrated an abnormal sympathetic neural activity and decreased NA release from sympathetic nerve fibers in bowels during experimental inflammatory bowel disease (IBD). On the other hand, in a mouse model of dextran sulfate sodium-induced colitis, an inhibition of N-type voltage-gated calcium channels in prevertebral sympathetic neurons was observed (159). According to this study, this inhibition may explain the decreased NA release observed both in inflamed and uninflamed regions of experimental IBD.

It's worth noting that the enteric nervous system constitutes a very complex network, with autonomic extrinsic innervation and neuronal plexuses present in the very wall of the gastrointestinal organs (myenteric and submucosal plexuses), exhibiting intricate interactions (160). Importantly, authors working in the field agree that intestinal inflammation leads to significant changes in the structure and functionality of nearly all these different nerve fibers (161–164). Since many of these neural plasticity phenomena involve non-sympathetic nerve fibers, discussing these issues is beyond the scope of this work. However, as above-referred, concerning changes in local SNS functioning, this neural plasticity mainly comprises an impaired sympathetic activity. Since sympathetic innervation of the gastrointestinal tract modulates motility, blood flow, and secretion, these authors proposed that this impairment may contribute to symptom generation during IBD and intestinal inflammation in general (Figure 1).



Arthritis

Innervation changes were also noted in rheumatoid arthritis (RA). Straub's group assessed the presence of sympathetic fibers and sensory nerve fibers by immunohistochemistry in fresh synovial tissue of 52 patients with RA, 59 patients with osteoarthritis (OA) and 26 controls. They observed a significant reduction in sympathetic fibers along with an increased number of sensory nerve fibers in RA patients, compared to OA patients and controls. At the same time, they found an increased semaphorin 3C and BDNF expression by in situ hybridization in samples from RA patients, with double immunohistochemistry revealing that these molecules were expressed in macrophages and fibroblasts (165, 166). In the same line, higher plasma levels of BDNF were also observed in RA patients, as compared to controls (167).

This loss of sympathetic fibers in the joints was consistently replicated in rat type II collagen-induced arthritis [collaborative studies between Straub's group with del Rey and Besedovsky; (168–170)]. Since sympathetic stimulation increases vascular tone in articular vessels, regulating vascular permeability, and synovial fluid production (171, 172) its loss does not have major clinical consequences (Figure 1).



Chagas Disease

Chagas disease is an anthropozoonosis of the American continent, caused by the protozoan Trypanosoma cruzi. It affects an estimated 8–10 million people worldwide with 25 million people living in endemic areas of Latin America (173). Current migration flows have also led to an increased incidence in non-endemic countries (174, 175). Among chronically infected patients, 30–40% can develop organ involvement 10–30 years after acute infection. This chronic phase of the disease is characterized by cardiomyopathy, arrhythmias, and megavisceras like megaesophagus and megacolon. It constitutes a disabling condition, responsible for significant morbidity and mortality among relatively young patients since primo-infection which mostly occurs during childhood in endemic areas is generally symptomless. Whereas the loss of autonomic innervation of involved organs (i.e., the gastrointestinal tract and the myocardium) was found to underlie clinical manifestations decades ago (176), very little is known about mechanisms leading to this sympathetic and parasympathetic impairment. Auto-immune phenomena secondary to chronic inflammation have been proposed in this regard, but definitive evidence is lacking (177). To the best of my knowledge, the existence of inflammation-related neural plasticity in affected organs during chronic Chagas disease has not been investigated so far but would be worth testing.



Sympathetic Plasticity as a Whole: Potential Clinical and Immunological Significance

The clinical and experimental evidence reviewed here points out to a neural plasticity phenomenon in inflamed non-lymphoid tissues with a particular focus on changes involving sympathetic nerve fibers, the branch of the ANS that is thought to be the main regulator of the activity of the IS (8–11). ACh-immunomodulatory action has also been shown (178, 179), depending on the integrity of the SNS pathway, as well as an immunomodulatory action of the sensory fibers through different neuropeptides (180, 181). Most authors reporting innervation changes in SLOs and non-lymphoid tissues during an inflammatory/immunological response interpreted these findings as pathological and non-specific phenomena (1). On the contrary, there are firm reasons to believe they correspond to a specific neural plasticity adaptive mechanism -leading to a decreased sympathetic activity during such a situation-, likely mediated by neurotrophins and semaphorins acting on their receptors.

Regarding the clinical consequences of decreased sympathetic activity during inflammation, it is worth remembering that SNS modulate nearly all physiological functions, i.e., cardiovascular, gastrointestinal, respiratory, endocrine, sexual, and temperature regulation, transmitting signals from the central nervous system (CNS) and favoring the homeostatic adaptation to different situations (7). Then, as commented in the present work, an autonomic dysfunction would become clinically evident in many organs and tissues during inflammation, partially accounting for symptom generation and clinical manifestations. This would be particularly true in situations in which compensatory programs counterbalancing the impact of an autonomic blockade during the inflammatory/immunological response were insufficient or had failed to evolve (Figure 1). As above stated, this may apply to chronic inflammatory diseases, hypersensitivity reactions (maladaptive immune reactions per se), or protracted immune responses failing to eradicate pathogens (i.e., prolonged septicemia). On the other hand, compensatory mechanisms against sympathetic blockade may involve the release of catecholamines by the adrenal medulla -as proposed for shock- or perhaps peptides/amines release by cells from the diffuse neuroendocrine system, present in different organs, since these compounds parallel in some cases ANS actions (182). Provided this hypothesis is true, sympathetic dysfunction may be at the basis of pathophysiological processes in different inflammatory conditions, opening new research horizons and future directions for novel therapeutic approaches.

As to the immunological significance of the proposed sympathetic neural plasticity mechanism, it may be addressed to change the way by which the NS modulates the IS in its diverse functional-associated activation states. Then, it is necessary to underscore issues about the influence of SNS on IS, both in SLOs and in non-lymphoid organs, along with evidence indicating how the immune response develops in the absence of sympathetic nerves. Importantly, the immune processes that occur in the peripheral non-lymphoid tissues and the SLOs are diverse. In general, DCs recognize, capture and process a given antigen in peripheral tissues and then mature and migrate to SLOs where priming takes place. Subsequently, activated adaptive immune cells are recruited into tissues where the antigen is expressed. Cells of innate immunity are also recruited to the target tissue to eliminate non-self-antigens (183). The SNS has been shown to influence most of these processes (8–11), modulating the different phases of the immune response. But what happens if the sympathetic nerve fibers are not there? Does this process still develop in the same way?

First, as regards to priming in SLOs in absence of sympathetic fibers, to the best of my knowledge, there are no ad hoc experiments. Nevertheless, some evidence concerning this was reported in a study employing superantigens, which usually induce a strong proliferative response followed by clonal deletion of a substantial portion of defined VβT cells, with the remaining cells displaying in vitro anergy (184, 185). Del Rey and Besedovsky observed that sympathetic denervation prior to the superantigen staphylococcal enterotoxin B (SEB) challenge resulted in decreased SEB-induced T cell proliferation and IL-2 production while hindering the specific deletion of splenic CD4Vβ8 cells seen in intact animals (186, 187). In the same sense, mice lacking dopamine β-hydroxylase (and hence unable to produce NA or Adr but capable of dopamine production) have normal numbers of blood leukocytes, as well as normal T and B cell development and in vitro function. However, when challenged in vivo with Listeria monocytogenes or Mycobacterium tuberculosis, they are more susceptible to infection displaying an impaired T cell function, and Th1 cytokine production (188). Similarly, in a murine tuberculosis model, sympathetic denervation with 6-hydroxydopamine (6-OHDA) at the time of mouse infection led to a three-fold higher pulmonary bacillary load at different time-points post-infection. Treated mice also showed a significant increase in the lung parenchyma affected by pneumonia, along with a significant decrease of pro-inflammatory cytokines IFN-γ, TNF-α, IL-12, and IL-17. The same trend of results was observed when administering α/β adrenergic antagonists from day one of infection (189). Likewise, injection of 6-OHDA into rat lateral ventricles–leading to a significant reduction of brain and splenic catecholamine contents–is known to result in a decreased lymphocyte proliferation from spleen and peripheral blood samples, as well as a reduced splenic IL-2 and IFN-γ production and IL-2 mRNA expression (190). Coincidently, mice injected intrastriatally with 6-OHDA have impaired resistance to L. monocytogenes along with a reduced immune response to keyhole limpet hemocyanin (191). Rat studies also revealed an age-associated decline in sympathetic innervation in the SLOs accompanied by a significant reduction in IL-2 and IFN-γ production, and T cell proliferation (192). Moreover, peripheral sympathectomy induced by 6-OHDA has been shown to significantly increase CD4+Foxp3+ Treg compartment within SLOs in mice, inhibiting the induction of experimental autoimmune encephalomyelitis (193, 194).

On the other hand, it is well-known that whereas preganglionic sympathetic neurons lie in the intermediate zone of the thoracolumbar spinal cord, sympathetic premotor neurons, and sympathetic neurons antecedent to them, are located in the brain stem, hypothalamus, and telencephalon. Thus, CNS injury affecting those centers may lead to significant changes in SLOs' sympathetic activity, probably influencing the immune response. Remarkably, patients with CNS damage are known to present a secondary immunodeficiency—CNS injury-induced immunodepression—(195–200), characterized by an impaired T- and NK-cell function, both in the acute and chronic phases of the CNS injury. High levels of circulating catecholamines—most likely from adrenal origin—, along with increased plasma corticosteroids levels are observed in the acute phase of CNS injury, as a part of an acute stress response (195–201). Since the immunosuppressive effect of NA is widely accepted (8–11), most authors linked CNS injury-induced immunodepression to an alleged increased SNS activity. However, direct evidence concerning SNS innervation state and activity in lymphoid organs after CNS injury is lacking; for which such immunosuppressive state may be due instead to a loss of noradrenergic nerve fibers integrity within the spleen. In the same sense, decreased cell-mediated immune functions were related to chronic stress and major depressive disorder (202). In both situations, changes in corticosteroid and catecholamines plasma levels along with splenic histological alterations were found (203, 204), setting the basis for future studies addressing whether such alterations are accompanied by modifications in the splenic noradrenergic fibers activity and structure.

Secondly, concerning the point on how inflammation in non-lymphoid organs develops in the absence of sympathetic innervation, studies in this setting also revealed a reduced recruitment of immune cells to target sites. In patients who developed autoimmune pathologies following a hemiplegia-associated CNS injury, there were unilateral cases of RA (205), scleroderma skin changes (206), psoriatic arthritis (207), and asymmetric rheumatoid vasculitis (208), with unique or predominant involvement of the neurologically non-compromised side. In the same line, a patient developing RA after human immunodeficiency virus-1 infection and hemiplegia experienced a complete clinical remission only in the paralytic limbs (209). Since all these patients with stroke and autoimmune disorders not only presented a deficient motor and sensory innervation but also an autonomic one, it was early thought that these surprising phenomena were due to sympathetic dysfunction. As a matter of fact, in the early ‘50 sympathectomy was used in the treatment of RA with satisfactory results (210). In the same line, patients with stroke showed a significant correlation of side asymmetries between delayed-type hypersensitivity responses and axon reflex vasodilation, a cutaneous test used to assess sympathetic activity (211).

Experimentally, a couple of studies in rat models of RA showed that the prior destruction of the sympathetic innervation by injection of 6-OHDA drastically reduced the joint inflammation compared to untreated controls (212, 213). Nevertheless, it is worth noting that in these models not only joints but also SLOs were sympathetically denervated, for which such reduced joint inflammation may be due to a lack of sympathetic action both on priming and migration of inflammatory cells to joints. More recently, Stangenberg et al. (214) designed an elegant model of experimental arthritis in which a group of mice was unilaterally paralyzed by transecting the sciatic and femoral nerves from one hindlimb. These animals developed asymmetrical arthritis, with highly attenuated inflammation of the denervated paw. To explain results, they studied the transcriptome of endothelial cells (ECs) of denervated hind paws to find that the expression of several genes coding for proteins involved in controlling vascular permeability, rolling, adhesion, and transmigration of immune cells was altered, either negatively or positively. This evidence may be taken to imply that vascular innervation may provide signals to ECs that regulate the transmigration of immune cells. While this denervation-related protective effect could not be associated with a single nerve quality in the above-mentioned work (i.e., with the sympathetic, parasympathetic, or sensory nerves), it is worth reminding that most if not all vessels only possess sympathetic innervation. Hence, the presence of sympathetic fibers seems to be essential for immune cells to infiltrate peripheral tissues.

When addressing the potential immunological significance of decreased noradrenergic activity during an ongoing immune response, Besedovsky and del Rey stated that it represents “a way of releasing immune cells from the inhibitory effects of NA” (215). This is in line with the immunosuppressive effect of NA, mainly by acting on β-ARs, the most accepted action of the ANS on immune cells (8–11). Although this may be true, evidence discussed in this section indicates that prior presence of noradrenergic fibers is necessary for the effector immune response to start normally, both in the SLOs as in non-lymphoid peripheral tissues, with increased sympathetic activity at the very onset of such response likely exerting a pro-inflammatory effect (11, 216–219). These apparently opposed actions may depend on a different neurotransmitter concentration, distinct types of receptor stimulation, the existence of cotransmitters acting concomitantly, the timing of neurotransmitters release, the different receptor expression pattern and the type and activation state of the immune cells (11, 220), among other factors probably acting in vivo. While discussing these issues is beyond the scope of the present work, provided this neural plasticity program does actually occur once the IS is fully activated, it may also represent a sort of “extrinsic” neural-regulated mechanism of peripheral immune tolerance, encompassing cell-mediated innate and adaptive immune responses, probably attempting to limit their extent and magnitude. Hypothetically, within SLOs where priming occurs, once the IS is already activated against a specific antigen, this mechanism would prevent new antigenic challenges from leading to further and successive immune activations, potentially detrimental. In this way, during an ongoing immune response against a given antigen, the IS would remain in a kind of “relative refractory state” for other antigens. On the other hand, in non-lymphoid organs and tissues during active inflammation, the proposed mechanism would preclude a massive recruitment of immune cells to the target site, once cells needed to clear the antigen are already there, and hence hindering more tissue damage. Under such evolutionary pressure, this neural plasticity mechanism might have evolved.

Additional findings favoring the present hypothesis come from the field of neuroscience. The emergence of the placenta allowed viviparity in most mammals, affording survival advantages, like a more complex fetal development and protection. Nevertheless, since the fetus represents a semi-allogeneic graft expressing paternally inherited alloantigens, the establishment of local mechanisms ensuring tolerance by the maternal innate and adaptive IS are essential. In this way, several overlapping mechanisms protect the fetus from the maternal IS (221–224). As known for several decades, during pregnancy the uterus undergoes an extensive axonal degeneration of sympathetic fibers followed by regeneration after delivery (225). This remarkable neural plasticity process is mediated by a range of molecules produced by the myometrium under estrogen's influence, including neurotrophins and pro-neurotrophins acting on Trk receptors and p75NTR, and proteins of the semaphorins family (226–233). The significance of this phenomenon is presently unknown. However, when considering the complex relationship between the IS and the SNS, and the viviparity need of an immune-privileged uterus, this neural plasticity process may emerge as an additional mechanism of peripheral immune tolerance allowing pregnancy.

Another important issue to consider is the effect that changes in tissue innervation may have on DCs, which link the innate and the adaptive immune responses and migrate from peripheral tissues to SLOs. Several years ago, Maestroni showed that DCs expressed functional ARs, with receptor stimulation being able to affect their migration, cytokine production, Th1 and Th17 polarization capacities, and antigen uptake (234–240). Other groups showed that DCs also express functional dopamine receptors through which dopamine—the precursor of NA in sympathetic terminals—, may also modify DCs-mediated Th2 differentiation, CD4+ T cell activation, and Th17 differentiation (241, 242). Nevertheless, while the SNS exerts a marked influence on multiple DCs functions [for review (243)], the same neurotransmitter can mediate different and apparently opposed effects depending on the receptor interactions. Perhaps in vitro experiments and the use of agonists/antagonists of adrenergic or dopaminergic receptors may not faithfully reproduce what happens in vivo. On the other hand, sympathetic fibers also release cotransmitters like ATP and neuropeptide Y (244) that probably may affect DCs functions, as suggested for peptidergic nerve fibers (245), and hence relevant considering that sensory innervation seems to be increased in inflamed non-lymphoid tissues (147–149, 151). Taken together, there seems to be no conclusive experimental evidence as to the meaning of an immune response to an antigen presented by DCs coming from a peripheral tissue lacking sympathetic innervation or having other possible changes such as increased sensory innervation. Whatever the case, if the retraction of the sympathetic terminals does really represent an extrinsic mechanism of peripheral immune tolerance, DCs migrating from tissues with reduced sympathetic innervation may convey tolerance.

Although much work is needed to corroborate or not the experimental consequences of this hypothesis, it could have a critical impact on fundamental clinical settings wherein peripheral immune tolerance mechanisms are put into place, like transplantation, cancer, and autoimmune pathology, as well as in mucosal immune tolerance (246–248). Accordingly, it seems crucial to study the sympathetic innervation state in these circumstances, both in SLOs and in non-lymphoid target tissues.
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The nervous system exerts a profound influence on the function of the immune system (IS), mainly through the sympathetic arm of the autonomic nervous system. In fact, the sympathetic nervous system richly innervates secondary lymphoid organs (SLOs) such as the spleen and lymph nodes. For decades, different research groups working in the field have consistently reported changes in the sympathetic innervation of the SLOs during the activation of the IS, which are characterized by a decreased noradrenergic activity and retraction of these fibers. Most of these groups interpreted these changes as a pathological phenomenon, referred to as “damage” or “injury” of the noradrenergic fibers. Some of them postulated that this “injury” was probably due to toxic effects of released endogenous mediators. Others, working on animal models of chronic stimulation of the IS, linked it to the very chronic nature of processes. Unlike these views, this first part of the present work reviews evidence which supports the hypothesis of a specific adaptive mechanism of neural plasticity from sympathetic fibers innervating SLOs, encompassing structural and functional changes of noradrenergic nerves. This plasticity mechanism would involve segmental retraction and degeneration of these fibers during the activation of the IS with subsequent regeneration once the steady state is recovered. The candidate molecules likely to mediate this phenomenon are also here introduced. The second part will extend this view as to the potential changes in sympathetic innervation likely to occur in inflamed non-lymphoid peripheral tissues and its possible immunological implications.
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INTRODUCTION

The nervous (NS) and immune (IS) systems have aroused increasing interest in biomedical research during the last 50 years accompanied by important advances in the understanding of their functioning. Since the 1970s many research groups have attempted to understand the complex relationship between both systems and how the NS modulates the immune response, considering that the IS works in a physiological framework instead of being a self-regulated system. The two major pathways involved in such neuroendocrine-immune interactions are the hypothalamic-pituitary-adrenal (HPA) axis and the autonomic nervous system (ANS), mainly the sympathetic nervous system -SNS- [reviewed in (1, 2)]. However, the proper mechanisms mediating this crosstalk are only partly understood. The present review will provide some clues compatible with the existence of a still hypothetical neural plasticity mechanism arising during the development of an immune response in secondary lymphoid organs (SLOs), probably influential in immunological terms.


Sympathetic Innervation of SLOs

In 1984 Felten et al. (3) made a detailed description of the sympathetic innervation of mouse lymph nodes by means of fluorescent histochemistry. Noradrenergic fibers enter the hilus and distribute either into a subcapsular nerve plexus or travel via blood vessels through the medullary cords. These fibers go along with small vessels into the parenchyma of paracortical region (the T zone, where the antigenic presentation takes place) and cortical region (the B zone), surrounding the lymphoid follicles. Individual lymph nodes receive their sympathetic input from postganglionic neurons depending on the region where this lymphoid organ is located (4).

After these initial studies, noradrenergic innervation in the rat spleen was identified by the same group by using immunohistochemistry for tyrosine-β-hydroxylase -TβH- (the rate-limiting enzyme of catecholamine biosynthesis and specific marker for sympathetic fibers) and electron microscopy (5–7). Noradrenergic fibers enter the spleen around the splenic artery, travel with the vasculature in plexuses, and continue along the trabeculae in trabecular plexuses. Fibers from both the vascular and trabecular plexuses go into the white pulp and continue along the central artery and its branches. Noradrenergic varicosities radiate from these plexuses into the T zone, that is, the periarterial lymphatic sheath (PALS). The B zone is also innervated, and the red pulp contains scattered fibers, primarily associated with the plexuses along trabeculae and surrounding tissues. The well-characterized co-transmission phenomenon of sympathetic fibers, assures the release of neuropeptide Y (NPY) and adenosine triphosphate (ATP) together with adrenaline and noradrenaline (NA) by the sympathetic terminals and varicosities (8), for which NPY positive fibers can also be identified in the rat spleen (9). In addition, the prevertebral sympathetic ganglia associated with the celiac-mesenteric plexus were found to provide the major sympathetic input to the spleen (10). A similar noradrenergic innervation pattern has recently been demonstrated in the human spleen (11).

NA released from the sympathetic nerves mediate its effects by primarily interacting with the α- and β-adrenergic receptors (12, 13) expressed on immune cells (4). Furthermore, immune cells also express functional purinergic (14–16) and NPY-Y receptors (17, 18), allowing ATP and NPY to respectively interact with them. A non-synaptic neurotransmission has been suggested at this level, so the released neurotransmitters may act in a paracrine fashion (19), with no synaptic neuro-immune communication being demonstrated so far (20).



Changes in Noradrenergic Innervation of SLOs During the Immune Response

Upon activation, the IS elicits a rapid and selective increase in splenic sympathetic activity in the early phase of the immune response (21–24). Conversely, many studies seem to indicate that once the IS becomes fully activated, such sympathetic activity significantly decreases in SLOs. Pioneering work from Besedovsky and del Rey's group (25, 26) described a very important decrease in NA content in lymphoid organs like the spleen and lymph nodes during the IS activation. They initially showed that 3 days after challenging rats with a harmless antigen such as sheep red blood cells -the timepoint when the IS begins to get fully activated- there was a substantial decline of NA in SLOs. Following that, it was observed that specific-pathogen-free rats, which usually have contact with environmental antigens and therefore possess a stimulated IS, had lower concentrations of NA within their spleens, compared to germ-free rats from the same strain. Importantly, this decrease in NA was observed regardless of the results were expressed as NA content per gram tissue or per total spleen. There were no changes in NA content from non-lymphoid organs.

Expanding these studies (27), the same group also reported a positive correlation between the magnitude of the immune response and the decrease of splenic NA. Investigations on whether the development of sympathetic innervation in the spleen was affected by lymphoid cells (28), revealed no difference in NA content in the spleen from newborn athymic nude mice and normal thymus-bearing littermates, but demonstrated higher NA levels in 7-, 11-, and 21-day old athymic mice. Remarkably, the reconstitution of newborn nude mice by thymus transplantation or thymocyte injection resulted in splenic NA levels comparable to those seen in normal mice. Fluorescence histochemistry for the visualization of splenic sympathetic fibers showed a higher number of fluorescent fibers and enhanced fluorescence intensity within the spleens from 21-day old athymic mice, compared to normal counterparts or thymus-grafted mice.

Following these demonstrations, other studies consistently observed a decreased sympathetic activity in different animal models, both during acute and chronic immune responses. For instance, decreased levels of NA were observed in the spleens of mice challenged with staphylococcal enterotoxin B superantigen (29). In the same way, MRL-lpr/lpr male and female mice -lacking functional Fas expression and prone to develop lymphoproliferative autoimmune diseases- presented decreased levels of splenic NA prior to the onset of splenomegaly (30–32). Decreased levels of splenic NA were also observed in acute Trypanosoma cruzi-infected mice (33), in a murine AIDS model induced by the LP-BM5 mixture of murine retroviruses (34), and in Lewis rats with adjuvant-induced arthritis (35). More recently, a marked loss of sympathetic noradrenergic nerves in patients who died from sepsis has also been shown (11). In fact, spleens from half of septic patients lacked noradrenergic fibers whereas presence of these nerves from the septic group was significantly reduced as compared to control samples obtained from patients with no inflammatory diseases.

Some of these studies also assessed the presence of noradrenergic fibers, by fluorescence histochemistry for catecholamines (28, 30), immunohistochemistry for TβH (11, 32–34) or both (35). In all cases, there was a consistently marked decrease in sympathetic fibers in the non-vascular areas within the spleen during the IS activation. In some studies fibers were only present around vascular structures whereas in other samples only very rare positive fibers were found. Interestingly, one of these studies (34) assessed total nerve fibers density through immunohistochemistry for protein gene product 9.5 (PGP 9.5), a constitutive protein found in the cytoplasm of all central and peripheral neurons, whose presence is independent of neural activity. The PGP 9.5 staining pattern resulted to be very similar to the TβH one, that is, a much less PGP 9.5 staining in spleens from mice in the acute phase of the viral infection, compared to control spleens. Also, PGP 9.5 positive nerve fibers were rarely found once the IS was already activated.

Most researchers regarded this decreased sympathetic activity as a pathological process, referred to as an “injury,” “damage,” or even “destruction” of sympathetic fibers within the spleen during immune activation. In this sense, different hypotheses were postulated concerning possible toxic effects of the high levels of NA released at the very onset of the response, prior to full activation of the IS, or oxidative stress caused by the immune response itself. The use of models of chronic inflammation led other research groups to propose that the phenomenon was due to the chronicity of the process. In this regard, Besedovsky and del Rey interpreted this observation, from the very beginning, as a part of a physiological mechanism, by which the “decrease in noradrenergic activity late during the immune response” was “a way of releasing immune cells from the inhibitory effects of NA, favoring the take-off of the adaptive response” (36).

Based on currently available evidence, the existence of an adaptive mechanism of neural plasticity involving sympathetic terminals retraction during IS activation within SLOs can be envisioned (Figure 1). In fact, activated immune cells can produce different molecules likely to mediate axonal retraction and/or segmental axonal degeneration of sympathetic fibers innervating SLOs. On the other hand, in an inflammatory milieu, cytokines can also stimulate the production of these same molecules by other non-immune cells. Within this hypothetical neural plasticity adaptive mechanism that may modify the way by which the NS modulate the IS functioning, two major compounds are quite likely to play a role, semaphorins and neurotrophins (see Box 1 and Table 1).
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FIGURE 1. Proposed adaptive mechanism of neural plasticity from STs innervating secondary lymphoid organs such as the spleen. The activation of the IS may be accompanied by retraction and axonal degeneration of STs (red arrows). The activated immune cells are able to produce semaphorins and pro-neurotrophins/neurotrophins, binding to their receptors -plexins/neuropilins and Trk/p75NTR, respectively- probably expressed on STs. In particular, p75NTR may be re-expressed in a pro-inflammatory milieu. The action of these molecules may lead to an inhibition of STs integrin-mediated adhesion to ECM and depolymerization of their actin cytoskeleton, thus favoring their retraction and axonal degeneration (dotted line). In addition, semaphorins and neurotrophins/pro-neurotrophins may be produced by other non-lymphoid cell types as well (i.e., stromal cells), under cytokine influence. A direct action of cytokines as playing a role on STs retraction cannot be disregarded. Once the immune response ceases, the IS returns to the steady state and STs may regenerate, recovering the usual splenic innervation pattern (blue arrows). Neural and immunological phenomena are summarized on the left and right sides, respectively. STs, sympathetic terminals; IS, immune system; Trk, tropomyosin-related kinase; p75NTR, p75 neurotrophin receptor; ECM, extracellular matrix.




Box 1. Semaphorins and their receptors

Semaphorins are a family of soluble, transmembrane or cell-anchored proteins that contain a common “sema” domain of about 400 amino acids [reviewed in (37–39)]. They were initially described as guiding molecules during the development of the NS, with capacity to attract or repel axonal growth cones so that they could reach the appropriate targets. They have been grouped into 8 classes based on their structural characteristics. Semaphorins of class 1 and 2 belong to invertebrates, those of class 3–7 to vertebrates and those of class 8 are coded by viruses. There are also subclasses that are designated with letters (for example, Sema3A or Sema4D) and currently there are more than 30 different types of semaphorins. Class 1, 4–6 semaphorins are transmembrane proteins, class 7 members are glycosylphosphatidylinositol-linked, while class 2, 3 and viral semaphorins are soluble proteins. Class 4, 5, and 7 semaphorins can be cleaved and released extracellularly.

Semaphorins bind receptors expressed in neurons called plexins. Plexins are grouped into four classes called A–D. Four types of plexin A, three types of plexin B, one plexin C, and one plexin D have been described. There are also two types of plexins in invertebrates. In contrast to the remaining classes, class 3 semaphorins require a co-receptor binding to signal through class A plexins (40). These co-receptors are transmembrane proteins called neuropilins. They have a short intracellular domain devoid of intrinsic catalytic activity and functioning as a ligand-binding partner in co-receptor complexes for both plexins and vascular endothelial growth factor receptors.

Beyond their role in the development of the NS (37–39, 41), these proteins continued to be expressed in the adult brain, where they are linked to processes such as the modulation of synaptic activity in the hippocampus (42). As well as participating in the modulation of intrinsic NS functions, two elegant studies (43, 44) demonstrated that the 65KDa isoform of Semaphorin 3A (produced by endothelial cells of the medial eminence of the hypothalamus) and Semaphorin 7A produced by tanycytes (in both cases under steroid stimuli) can act on Neuropilin-1 or on Plexin C1. This is followed by an attraction or retraction, respectively, of the nerve terminals of the gonadotropin releasing hormone neurons, thus favoring the release of the neurohormone toward the anterior pituitary in different phases of the ovarian cycle.

Remarkably, it has also been shown that these proteins play a role in processes unrelated to axon guidance or to synaptic plasticity, such as organogenesis, vascularization, angiogenesis, neuronal apoptosis and tumor progression (45, 46). Finally, it has been demonstrated that both semaphorins and plexins are expressed in immune cells, where they interact and exert influences on functions as diverse and critical as cell-to-cell contact, modulation of immunological synapses, regulation of immune cell activation (by serving as costimulatory molecules), proliferation, differentiation, cell migration or production of cytokines [(47, 48), reviewed in (49–51)]. For instance, a transmembrane semaphorin, 4D Semaphorin, is weakly expressed on T cells, B cells and antigen presenting cells such as dendritic cells (DCs). Its expression increases radically after activation with different immunological stimuli and in these circumstances, 4D Semaphorin suffers a proteolytic cleavage resulting a soluble form of it. 6D Semaphorin is present in T cells, B cells and NK cells, whereas 7D Semaphorin is found in activated T cells and in double positive thymocytes. Sema4A is expressed on antigen-presenting cells and Sema4C is upregulated on follicular T helper cells (52, 53). Regarding plexins, Plexin-A1 is highly expressed by mature DCs, while Plexin-A4 is located in T cells, DCs, and macrophages. Plexin-B1 is expressed on activated T cells and follicular dendritic cells. As to Plexin-B2, its expression was found in macrophages, DCs, and plasmacytoid dendritic cells, being also highly expressed by germinal center B cells (53). Plexin-D1 is present in CD4+ CD8+ double positive thymocytes (49, 51).

Current data on soluble semaphorins, which can be released into the extracellular medium and exert their action in the vicinity without any cell-to-cell contact, is perhaps even more intriguing for the purposes of this viewpoint. For instance, 3A Semaphorin is produced by activated T cells and one of its functions would be to inhibit the proliferation of T cells themselves and the production of cytokines (54). The same study shows that CD4+ T cells express higher levels of 3A Semaphorin than CD8+ T cells. Expression of 3A Semaphorin has also been observed in human blood peripheral monocytes, further increasing when monocytes are differentiated with macrophage colony-stimulating factor under conditions that promote a macrophage M2 phenotype (alternatively activated macrophages). DCs also express 3A Semaphorin and their maturation induced by both TNF-α and IL-1β or by CD40L significantly increases the expression of Sema3A mRNA (55). More recently, T-cell precursors in the thymus of humans were also found to express another soluble semaphorin, 3F Semaphorin (56).

Neurotrophins and their receptors

Since the discovery of nerve growth factor (NGF) by Rita Levi Montalcini (57), great advances have been made in the field of neurotrophins. These molecules, defined primarily as neural survival stimulants during development in sympathetic neurons, constitute a group of soluble proteins produced by many different cell types. They are called NGF, brain derived neurotrophin factor (BDNF), neurotrophin 3 (NT-3) and neurotrophin 4 (NT-4) [reviewed in (58–61)], acting on transmembrane receptors expressed primarily on neural cells: the tropomyosin-related kinase (Trk) receptors and p75 neurotrophin receptor (p75NTR). NGF binds preferably to TrkA, BDNF and NT-4 to TrkB and NT-3 to TrkC. All neurotrophins can interact with p75NTR. The interactions of neurotrophins with Trk receptors are of high affinity, whereas the binding of neurotrophins to p75NTR has a very low affinity. However, the binding of NGF to TrkA and that of BDNF to TrkB are of low affinity. Furthermore, p75NTR can act as a co-receptor by increasing the affinity of neurotrophins for Trk receptors.

The signaling systems of these receptors, mainly those of the p75NTR, are very complex and some controversies exist in this regard (62–65). Acting on Trk receptors, the neurotrophins promote cell survival and growth, mostly by stimulating the activation of PI-3 kinase-AKT and Ras-ERK pathways. On the other hand, p75NTR, a member of the tumor necrosis factor (TNF) receptor superfamily, lacks intrinsic catalytic activity and signals through a series of interactions with different proteins through its intracellular juxtamembrane and death domains. This receptor contributes to cell survival or to neurite outgrowth (by activating or regulating the NF-κB pathway and Rho activity, respectively), as well as cell migration. Nevertheless, when Trk receptors activation is reduced or absent, high levels of p75NTR expression can mediate axonal degeneration or induce apoptosis through increased ceramide production and activation of c-Jun N-terminal kinase, caspases, and p53 (66–68).

Since the binding affinity of neurotrophins to p75NTR is very low compared to their affinity for Trk receptors, the view that neurotrophins were just cell survival promotors prevailed for a long time. However, it had been proven that during development NGF and BDNF exerted functionally antagonistic actions on sympathetic neuron growth and target innervation, acting via TrkA or p75NTR to promote or inhibit growth, respectively (69). Even so, the high-affinity bona fide ligands of p75NTR that may mediate cell death remained largely elusive. Finally, in 2001 Lee et al. (70), showed that pro-NGF was a high-affinity ligand for p75NTR. It was also demonstrated that pro-NGF induces p75NTR-dependent apoptosis in cultured sympathetic neurons with minimal activation of TrkA-mediated differentiation or survival. Like many other proteins, neurotrophins are synthesized as proforms that are further cleaved intracellularly by furin or other proconvertases to release their mature form. Pro-neurotrophins had always been considered biologically inactive precursors until the work by Lee et al. (70) showed that neurotrophins may be released as pro-neurotrophins into the extracellular medium and then undergo extracellular cleavage by extracellular proteases such as serine protease plasmin and selective matrix metalloproteinases. Thus, the biological action of neurotrophins is regulated by proteolytic cleavage, with proforms preferentially activating p75NTR to mediate apoptosis or axonal degeneration and mature forms conversely promoting survival, axonal and dendritic growth, via Trk receptors (71).

Neurotrophins and pro-neurotrophins not only act during development but also in the adult brain, for instance, mediating synaptic plasticity. Within the hippocampus, mature BDNF facilitates long-term potentiation through TrkB, whereas long-term depression is facilitated by pro-BDNF through p75NTR activation (72–74). At the peripheral level the application of pro-BDNF induces a dramatic decrease in synaptic efficacy in the neuro-muscular plaque followed by a retraction of the presynaptic terminals, this effect being mediated by p75NTR (75). This lend support to the view that post-synaptic secretion of pro-BDNF may stabilize or cause retraction of the presynaptic terminal depending on the proteolytic conversion of this molecule to its mature form, or not.

On the other hand, vascular endothelial cells are able to synthesize BDNF (76), whereas platelets store and release it upon activation, predominately through proteinase-activated receptor-1 stimulation by thrombin, and plasmin, among other mediators (77, 78). Hemostasis and the IS are linked in different physiological and pathological conditions, mainly via the complement system. Then, some authors have proposed that these interactions are particularly relevant in adaptive and maladaptive neural plasticity within the central nervous system, at the level of the neurovascular unit (the blood-brain barrier on the one side, and neurons, glia, and extracellular matrix on the other side). Such interactions are thought to be quite influential in the development of different conditions, like Alzheimer's disease, neuro-inflammation, stroke, neoplastic, and psychiatric disorders (79–81).

Beyond these considerations, it is important to highlight the well-recognized expression of neurotrophins in different inflammatory milieu and unstimulated immune cells, further increasing upon their activation (82–95). This will constitute a central issue as to the view proposed in the present work.





Table 1. Summary of different types of semaphorins and neurotrophins, along with their receptors, actions and presence in immune cells.
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On the Potential Role of Semaphorins and Neurotrophins

There is reason to believe that semaphorins and their receptors may be involved in potential changes in the innervation of SLOs, i.e., in the spleen, during activation of the IS leading to a retraction in sympathetic fibers. Plexin A3 and Plexin A4 (receptors for 3A and 3F Semaphorins) are expressed in sympathetic fibers together with Neuropilin-1 and Neuropilin-2, which collectively are essential for the migration of sympathetic neurons during the development of the ANS (105–107). In vitro experiments showed that both Sema3A and Sema3F can repel dissociated neurons from wild-type sympathetic superior cervical ganglia (108). Apparently, Plexin-A3 would be preferentially used in Sema3F/Neuropilin-2 signaling while Plexin-A4 primarily signals downstream of Sema3A/Neuropilin-1. Production of Semaphorin 3A during activation of the IS (54) opens the possibility that this molecule could interact with its canonical receptors Plexin A4 and Neuropilin 1, conceivable expressed in the sympathetic fibers innervating the SLOs, and hence mediating their retraction. On the other hand, in an inflammatory milieu, semaphorins may not only be produced by the immune cells themselves but by other cell types under the influence of cytokines, as reported in other experimental settings (109). Moreover, it cannot be excluded that cytokines induce the expression of other types of plexins or neuropilins on the sympathetic fibers on which other types of semaphorins may act. Alternatively, semaphorins produced during an activation of the IS may bind receptors different from the canonical ones on sympathetic nerves, like the soluble form of 4D semaphorin interacting with CD72 (110).

The proper mechanism by which semaphorins exert their effects has not been fully clarified. It was first described that by binding to plexins (using neuropilins as co-receptors for type 3 semaphorins), semaphorins induce a dramatic depolymerization of the actin cytoskeleton, which normally forms lamellipodia and filipodia (111, 112). A depolymerization of the fascin-associated actin bundles may afford the substrate for actomyosin contractions, thus mediating retraction. In addition, plexin activation leads to a fast disassembling of integrin-based focal adhesive structures, preventing cell adhesion to components of the extracellular matrix (113). Thus, the neurite's entire structure collapses and retracts. The integrity of the actin cytoskeleton is not only essential for the axonal growth cone, but also indispensable at the synaptic terminal level for the maintenance and regulation of vesicles pools, their attachment to the active zone and their exocytosis, thus allowing neurotransmitters release (114). Hence, it may be speculated that semaphorins effects on sympathetic terminals within SLOs not only led to their retraction and collapse but may also elicit a rapid interruption of the release of different neurotransmitters.

Finally, the semaphorins and plexins/neuropilins system can mediate both the retraction and the attraction of nerves. It has already been mentioned the case of 3A and 7A Semaphorins acting on Neuropilin-1 or on Plexin C1 from hypothalamic gonadotropin releasing hormone neurons (43, 44). Moreover, the repulsion elicited by 3D Semaphorin on growth cones of cultured Xenopus spinal neurons can be transformed into attraction upon pharmacological activation of the guanosine 3′, 5′-monophosphate (cGMP) and adenosine 3′, 5′-monophosphate (cAMP) signaling pathways (115). In the same way, studies in Caenorhabditis elegans with lowered levels of specific RAC GTPases revealed a conversion of cell movement responses to Semaphorin-1 and Plexin-1 from attraction to repulsion (116). In another interesting study, it was shown that Sema5A displays both attractive and inhibitory guidance activities on the development of fasciculus retroflexus, a diencephalon fiber tract from rat brains (117). Apparently, the type-1 thrombospondin repeats domain of this semaphorin can mediate regulatory functional interactions with different components of the extracellular matrix determining how Sema5A affects neuronal growth cones. On the other hand, in the zebrafish brain Sema3D seems to conduct axons from the nucleus of the medial longitudinal fasciculus by repulsion, acting through receptors containing Neuropilin-1A (118). Unlike this, the same semaphorin seems to attract telencephalic neurons that form the anterior commissure via receptors containing Neuropilin-1A and Neuropilin-2B. Thus, axons may respond differentially to a single semaphorin, depending on their neuropilin composition. Hence, several signals involving semaphorin and plexin/neuropilin interactions may regulate actin polymerization and depolymerization causing attraction (cytoskeletal growth) or repulsion (cytoskeletal collapse), respectively. In this scenario, it may be assumed that once the immune response is terminated, different signals may concur to mediate sympathetic fibers attraction, thus favoring the reconstitution of the innervation pattern from the steady state. These may include changes in the cytokine environment, changes in the type of semaphorins produced by the immune cells themselves or by other cells under the influence of cytokines, or changes in the type of receptors expressed on sympathetic nerves.

However, regardless of their repelling or attracting action on nerve fibers, semaphorins would not be mediating the physical “disappearance” of sympathetic nerves by axonal degeneration which seems to occur within SLOs during an IS activation (11, 28, 30, 32–35). Therefore, other molecules may be acting concomitantly (Figure 1).

In this regard, neurotrophins and pro-neurotrophins and their receptors are likely to mediate a transient and segmental axonal degeneration of sympathetic nerves -followed by regeneration once the IS returns to a resting state. Importantly, the expression of neurotrophins in lymphocytes and other immune cells in basal conditions, along with a remarkable increase in their production after their activation is well-recognized. In 1999, activated human T cells, B cells and monocytes were shown to secrete bioactive BDNF in vitro (82). The same group demonstrated that in T cell lines specific for myelin autoantigens, such as myelin basic protein or myelin oligodendrocyte glycoprotein, BDNF production increased upon antigen stimulation. Moreover, BDNF immunoreactivity was also identified in inflammatory infiltrates in brain from patients with acute disseminated encephalitis and multiple sclerosis. By the same time, another group observed that human immune cells also produced NT-3 mRNA, secreted BDNF, and expressed their specific receptors TrkB and TrkC (83). The Th1 cytokine IL-2 stimulated the expression of TrkB mRNA but not of TrkC, whereas the Th2 cytokine IL-4 enhanced NT-3 but not BDNF mRNA expression. Following that, it was shown that rat T cells expressed NGF, BDNF, NT-3, and NT-4/5 and that the secretion of neurotrophins by T cells was significantly increased by antigen activation (84). By then the dual role of neurotrophins and pro-neurotrophins acting on Trk receptors and p75NTR facilitating antagonistic processes was unknown (70, 71), therefore there was no interest in assessing whether immune cells released mature forms of neurotrophins or pro-neurotrophins. Moreover, since neurotrophins were thought to stimulate only neuronal survival and most of these experiments were conducted in animal models of central nervous system (CNS) inflammatory diseases, inflammatory infiltrates in conditions like multiple sclerosis were supposed to exert a “neuroprotective” role (119, 120).

The relationship between neurotrophins and immune-mediated phenomena was initially envisioned by Aloe et al. (85) and Bracci-Laudiero et al. (86) who reported elevated levels of NGF in the synovial fluid of patients with chronic arthritis and in sera from patients with systemic lupus erythematosus (SLE), in the latter case positively correlated with disease severity. More recently, it was also demonstrated that circulating levels of NGF and BDNF are increased in SLE patients, with severe lupus flares showing augmented NT-3 levels (87). Other studies also demonstrate increased values of neurotrophins in the cerebrospinal fluid of children with viral meningoencephalitis (88), in plasma from rheumatoid arthritis patients (89) as well as in many other inflammatory and autoimmune states [reviewed in (90)], including the bronchoalveolar lavage fluid of patients with pulmonary sarcoidosis (91). In this study, immunohistochemistry revealed the expression of NGF, BDNF and NT-3 in sarcoid granulomas. Again, no characterization on whether it corresponded to pro-forms or the mature ones was attempted.

Further work led to envisage different immunological functions for neurotrophins. Apparently, they would act primarily in autocrine loops on immune cells by virtue of the expression of both neurotrophins and Trk receptors on these cells. In this sense, B lymphocytes have been shown to produce and release both the mature form of BDNF and pro-BDNF to the extracellular medium that may modulate apoptosis on the same B cells (92). On the other hand, neurotrophin signaling has also been shown to regulate immune cell proliferation and cytokine secretion, via the p75NTR and TrkA receptors (93–95).

Independently of the type of neurotrophins produced and released by immune cells during activation, analyzing the expression of their receptors in neural cells in an inflammatory context is critical to support the above-stated neural plasticity hypothesis. As regards p75NTR, this receptor is widely expressed in the developing NS, including sympathetic neurons, while most cells no longer express it at adult stages. Surprisingly, many different types of injury and cellular stressors are potent inducers of p75NTR re-expression in neuronal and glial cells [reviewed in (121)]. For instance, p75NTR is up-regulated in rat dorsal root ganglion neurons after peripheral nerve transection (96), in corticospinal neurons after axotomy in mice (97), in rat retina following ischemic injury (98), in ischemic stroke in rat striatal interneurons (99), in hippocampal neurons during rodent seizures (100), in spinal cord motor neurons in murine and human amyotrophic lateral sclerosis (101), as well as in glial cells in multiple sclerosis plaques (102) and in basal forebrain neurons of patients with Alzheimer's disease (103). Interestingly, inflammatory cytokines such as IL-1β and TNF-α have been shown to up-regulate p75NTR in neurons and glial cells of the CNS (104). In this study IL-1β induced p75NTR expression via p38 MAPK in hippocampal neurons, and via p38 MAPK and NF-kB in astrocytes, whereas TNF-α induced p75NTR expression via NF-kB both in hippocampal neurons and in astrocytes. Hence, a pro-inflammatory cytokine milieu, common to some of the pathological conditions reproduced in these models of neural injury, may regulate the re-expression of p75NTR on neural cells. Whether sympathetic fibers innervating SLOs react by up-regulating p75NTR upon cytokine signals during an immune response remains and intriguing possibility.

It is worth noting that, p75NTR mediated axonal degeneration should not always be regarded as a pathological process, but as a physiological mechanism, in some cases. In vitro models of sympathetic axon competition revealed how winning axons release BDNF, further interacting with p75NTR on losing axons to promote their degeneration. This mechanism is essential for the normal development of neuronal circuits (122, 123). Moreover, axonal degeneration takes place in the intact rodent adult brain via a p75NTR and myelin-dependent mechanism (124), thus precluding septal cholinergic axons (where the expression of p75NTR is maintained in adult life), from an abnormal growth onto myelinated tracts, in the corpus callosum. In the same vein, transient loss of sympathetic nerves in SLOs should not be necessarily regarded as harmful but as part of a neural plasticity adaptive mechanism (Figure 1).

Accordingly, the pro-inflammatory cytokine environment present during the IS activation may lead to the re-expression of p75NTR in the sympathetic nerves innervating the SLOs, with neurotrophins produced by lymphocytes mediating a segmental and transient physiological axonal degeneration of those fibers, and hence explaining some of the former observations (11, 28, 30, 32–35). On the other hand, released cytokines may also induce the expression of neurotrophins in other non-immune cell types, further contributing to this mechanism (Figure 1). For instance, IL-1β, IFN-γ, and IL-4 were found to regulate NGF and BDNF expression in human culture bronchial smooth muscle cells (125) whereas NGF was significantly increased in keratinocytes during different skin inflammatory diseases, with TNF-α probably mediating this effect (126–129). As seen with semaphorins eliciting both attraction and retraction of nerve fibers, neurotrophins may promote antagonistic effects being able to mediate either degeneration or axonal growth. In this way the restoration of the innervation pattern of SLOs once the immune response is over, may be explained by modifications in different signals (i.e., changes in the cytokine environment leading to possible alterations in the expression of Trk receptors and p75NTR in sympathetic nerves, changes in the production of neurotrophins and pro-neurotrophins, or changes in factors favoring their intracellular or extracellular cleavage).



Sensitive and Parasympathetic Innervation of SLOs

Concerning sensory spleen innervation, the presence and distribution of positive fibers for substance P -SP-, one of the main neurotransmitters of sensitive fibers, was described in rats (130). In this study, SP positive nerve fibers entered the spleen with the splenic artery in the hilar region, arborized along the venous sinuses, and extended from these larger plexuses into trabeculae and the surrounding red pulp. In the white pulp, SP positive nerve fibers were found in the marginal zone, and in the outer regions of the PALS among T lymphocytes. SP positive nerve fibers were observed in association with the splenic capsule, the central arteries of the white pulp, or the follicles. However, retrograde tracing studies were unable to find the neuronal cell bodies of such fibers in dorsal root ganglia or nodose ganglia in the rat (10). So, no definitive evidence was found for the sensory input to the spleen and according to the more influential authors in this issue, sensory neuropeptide-positive fibers identified in the spleen would not be involved in providing sensory feedback from this immune organ (4).

Although there are only a few studies on this subject, one report did obtain neuroanatomical evidence in the sense that lymph nodes may receive a sensory afferent supply (131) because retrograde tracing studies in the tracheobronchial lymph nodes of guinea pigs identified neurons in cervical dorsal root ganglia. According to some authors this may have a functional sense, since unlike the spleen, lymph nodes play fundamental roles in local immune responses of the organism (4). On the other hand, careful search of the literature revealed no studies as to possible changes in the sensitive innervation of lymph nodes, and density, quantity or distribution of SP positive fibers within the spleen during an immune activation.

In relation to cholinergic fibers, neuroanatomical evidence for a parasympathetic input to the lymph nodes or to the spleen is lacking (4, 132, 133). Nevertheless, a particular subset of splenic memory T cells has been shown to produce acetylcholine (ACh), able to elicit anti-inflammatory responses via α7 nicotinic ACh receptors on macrophages (134). Apparently, vagal nerve stimulation may result in splenic sympathetic release of NA, stimulating β2-adrenergic receptors on cholinergic T cells and thus provoking ACh release (134, 135).




AN INTEGRATIVE VIEW

The adaptive branch of the IS has the impressive capacity to produce a specific response against a given non-self-antigen upon its encounter. This response involves antigen recognition, the activation and clonal expansion of specific lymphocytes, followed by the production of cytokines or other molecular mediators, the synthesis of specific antibodies, and migration of immune cells to specific sites; collectively implying a huge energetic and metabolic cost. Provided the response eliminates the triggering insult, the entire storm ceases and the system recovers its steady state.

As stated, many observations from the last four decades have shown that, after an initial increase in sympathetic activity at the very onset of the immune response (21–24), a significant decrease of noradrenergic transmission within the SLOs occurs once the IS becomes activated (11, 25–35). Expanding the view of a physiological mechanism (36), it can be now hypothesized that such phenomena reflect the existence of an adaptive neural plasticity program of the sympathetic fibers innervating SLOs. Thus, retraction and segmental and transient axonal degeneration would occur during an ongoing immune response, with further regeneration once the response achieves its goal and the system returns to a resting state (Figure 1).

Axonal degeneration does occur in a physiological manner, as it was found in certain areas of the brain during development and adult life (122–124). P75NTR up-regulation was also induced by IL-1β and TNF-α, two of the major pro-inflammatory cytokines released during immune activation (104). Moreover, in different neural stress/injury situations and inflammatory scenarios, a re-expression of p75NTR was observed in diverse types of neurons and glial cells (96–103). Considering current knowledge about the p75NTR-mediated effects, many neuroscientists have wondered why the system would respond to neural injury by up-regulating a receptor capable to mediate axonal degeneration and even neuronal apoptosis. While seeming initially unsound, Ibáñez et al. (121) suggested that injury and inflammation induction of p75NTR in cells that expressed the receptor earlier in development may mirror the existence of neural plasticity programs in those situations that to some extend recapitulate a developmental mechanism. Whether sympathetic nerves innervating SLOs react by up-regulating p75NTR during an activation of the IS remains to be established. If so, the existence of a neural plasticity program working in this context would be strengthened.

Although neurotransmitters of the ANS released from the axonal terminals and varicosities are thought to act on the immune cells in a paracrine fashion [non-synaptic neurotransmission (19)], it can be speculated that the neuro-immune interface within the SLOs constitutes a sort of synapse. Therefore, the immune post-synaptic component may generate positive and negative signals that further modify, retrogradely, the structure and function of the pre-synaptic component. The existence of such post-synaptic signals has long been described, like those from the neuro-muscular plaque (136–138).

It is now clear that the NS possesses a remarkable and unexpected plasticity, allowing to modulate critical physiological functions. As above-mentioned, steroid-stimulated endothelial cells from the hypothalamic medial eminence and tanycytes produce and release different semaphorins. These molecules cause attraction or retraction of the nerve terminals of the gonadotropin releasing hormone neurons, regulating the release of the neurohormone toward the anterior pituitary in different phases of the ovarian cycle (43, 44). Another impressive example of neural plasticity, of currently unknown significance, occurs in the uterus, in which sympathetic axons degenerate or regenerate depending on whether estrogen levels rise or decline, respectively (139–147). This phenomenon was found to be mediated by different molecules produced by the myometrium under estrogen's influence, including neurotrophins and pro-neurotrophins acting on Trk receptors and p75NTR, as well as semaphorins.

The above-mentioned evidence suggests that semaphorins and neurotrophins or pro-neurotrophins, and their respective receptors, are quite likely candidates to mediate this hypothetical neural plasticity phenomenon of sympathetic fibers innervating SLOs. These molecules, essential during the development of the NS, continue to be expressed in adult life, fulfilling fundamental and very different functions. For instance, the expression of transmembrane and soluble semaphorins and neurotrophins by activated immune cells and in different inflammatory settings was widely documented (47–56, 82–95), as did their production by non-immune cell types under the influence of cytokines in an inflammatory milieu (109, 125–129). As stated, by acting on their receptors expressed in axons, they can mediate both the collapse, retraction and degeneration of neural processes as well as their attraction and regeneration (70, 71, 115–118). Changes either in the type of molecules produced by immune cells or other cell types or in the receptor expressed in the neural processes on which they act, along with modifications in the local cytokine environment may explain such antagonistic actions. Far from exerting their actions separately, neurotrophins and semaphorins were shown to activate cellular pathways that can interact downstream (148–150). Accordingly, neurotrophins may be able, in some cases, to quickly modulate the response of a given axon to semaphorins, so that the final response would be dynamic, relying on the interaction of cytoplasmic signals elicited concurrently by both types of molecules.

The possible participation of molecules other than semaphorins and neurotrophins in this mechanism cannot be excluded. There is evidence for inflammatory cytokines to exert both positive and negative direct regulatory roles in neurogenesis, neural stem cell proliferation, fate specification, young neuron migration and neuronal maturation (151) as well as synaptic plasticity (152). On the other hand, as happened with semaphorins, netrin-1, a protein formerly described as an axon guidance molecule (153), seems to be involved in multiple physiological and pathological conditions, such as organogenesis (154), angiogenesis (155), tumorigenesis (156), and inflammation (157, 158). Netrin-1 is a bifunctional axonal guidance cue, capable of attracting or repelling developing axons via activation of different receptors (159). Interestingly, it has been shown that netrin-1 is essential for the development of arterial sympathetic innervation in mice. Netrin-1 is produced by arterial smooth muscle cells and arterial innervation required its interaction with one of its receptors on sympathetic growth cones (160). A participation of this molecule in the proposed mechanism is therefore possible.

Also, the existence of signals from de CNS contributing to this hypothetical mechanism should be considered. Very early, it was observed that the immune response elicits the activation of different areas of the CNS, such as the hypothalamus (161). In these circumstances the activation of the HPA and gonadal axes is a well-known physiological response (162, 163). Moreover, the activation of other centers within the cortico-limbic region is involved in the so-called sickness behavior (164). Hence, as different areas of the CNS become activated during an ongoing immune response, central responses may be elaborated in turn, thus affecting autonomic activity in the periphery and probably contributing to the decreased sympathetic activity during immune activation.

Much research is needed to properly demonstrate the existence of this putative neural plasticity mechanism and the processes accounting for it. Even when the intimate machinery mediating changes in sympathetic innervation in SLOs were unveiled, too many questions would remain unanswered. Evidence for changes in lymph nodes innervation is less abundant than that for the spleen. This may be due to the technical advantages of this latter organ and to the characteristics of the animal models used in these studies. Since the lymph nodes apparently do possess sensory innervation, it would also be interesting to know what happens to SP positive fibers during an immune activation.

Another essential question is whether changes in the sympathetic, sensitive and/or parasympathetic innervation within peripheral non-lymphoid tissues accompany the development of an inflammatory process, together with the recruitment of activated immune cells at the site of phlogosis. If molecules proposed to mediate changes in local innervation -semaphorins and neurotrophins- are released by activated immune cells or other cytokine-stimulated cell types, this may be the case. If so, the emerging question deals with the potential clinical consequences of this, considering the ANS regulates many biological functions.

Perhaps the most intriguing matter is what would be the physiological and immunological goal of this hypothetical neural plasticity mechanism. Considering the accumulated evidence on the broad relationship between the NS and the IS (1, 2), this neural plasticity mechanism may ensure a differential neural modulation of the IS in its diverse functional-associated activation states. It was stated that decreased noradrenergic activity during an ongoing immune response is “a way of releasing immune cells from the inhibitory effects of NA” for a proper adaptive response to be developed (36). This interpretation is in line with the β-adrenergic-receptor-mediated immunosuppressive effects of NA on such cells, particularly on Th1-type responses (1, 2, 165–167); the most consistent view on the immunomodulating effect of the ANS. Even if this turns out to be true, current evidence also supports a proinflammatory role of the SNS. In fact, SNS signaling has also been shown to play an important role in the induction of proinflammatory cytokines (168, 169), as well as in contributing to proliferation and mobilization of myeloid lineage immune cells in the first steps of inflammation [reviewed in (170)]. Moreover, two different groups have reported that peripheral sympathectomy in mice led to a significant increase in CD4+Foxp3+ Treg compartment in SLOs (171, 172). Consequently, the physiological meaning of this neural plasticity mechanism may be even more complex. Some of these issues will be better addressed in the second part of this work.
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Brucella abortus stimulates an inflammatory immune response that stimulates the endocrine system, inducing the secretion of dehydroepiandrosterone (DHEA) and cortisol. In humans, the active disease is generally present as osteoarticular brucellosis. In previous studies we showed that B. abortus infection of synoviocytes creates a proinflammatory microenvironment. We proposed to determine the role of cortisol and DHEA on synoviocytes and infiltrating monocytes during B. abortus infection. Cortisol inhibited IL-6, IL-8, MCP-1, and MMP-2 secretion induced by B. abortus infection in synovial fibroblast. Cortisol-mediated MMP-2 inhibition during B. abortus infection was reversed by IL-6. DHEA inhibited B. abortus-induced RANKL up-regulation in synovial fibroblast through estrogen receptor (ER). B. abortus infection did not modulate glucocorticoid receptor (GR) expression. Cell responses to cortisol also depended on its intracellular bioavailability, according to the activity of the isoenzymes 11β-hydroxysteroid dehydrogenase (HSD) type-1 and 11β-HSD2 (which are involved in cortisone-cortisol interconversion). B. abortus infection did not modify 11β-HSD1 expression and GRα/β ratio in the presence or absence of adrenal steroids. Supernatants from B. abortus-infected monocytes induced 11β-HSD1 in synovial cells. Administration of cortisone was capable of inhibiting the secretion of RANKL by synoviocytes mimicking cortisol's effect. These results go along with previous observations that highlighted the ability of synovial tissue to secrete active steroids, making it an intracrine tissue. This is the first study that contributes to the knowledge of the consequence of adrenal steroids on synoviocytes in the context of a bacterial infection.

Keywords: DHEA, cortisol, Brucella, synovial fibroblast (FLS), RANKL


INTRODUCTION

Brucellosis is an infection caused by bacteria of the genus Brucella. This is one of the infectious diseases transmissible between animals and humans. Brucella osteoarthritis is one of the most common features of human brucellosis. The most frequent joint involvements are spondylitis, arthritis, and osteomyelitis (1, 2). The acute and the chronic forms of human brucellosis present joint involvement. Clinical characteristics include joint pain, which increased local warmth, tenderness, and limitation of movement. In brucellar arthritis, cartilage loss, and bone erosion affecting different joints may eventually lead to permanent joint dysfunction (3, 4). In about 50% of the cases of osteoarciular brucellosis, bacteria are isolated from synovial fluid samples. In the affected joint, the synovial membrane may present a lymphomononuclear infiltrate in the chronic phase of the disease, but usually this takes place in the acute setting (5, 6).

Synovial damage caused by Brucella infection involves different immune mechanisms. We have demonstrated that Brucella infects and survives within human synoviocytes, and this infection elicits a proinflammatory microenvironment with the secretion of interleukin (IL)-6 and the chemokines IL-8; chemoattractant of neutrophils and monocyte chemoattractant protein 1 (MCP-1); chemoattractant of monocytes; and the secretion of matrix metalloproteases (MMPs) and RANKL—with concomitant osteoclastogenesis (7, 8).

During Brucella infection different cytokines generated, including those produced in the local osteoarticular site, exerted a direct effect on immune or bone cells and also influenced indirectly these cells through their capacity to influence several neuroendocrine mechanisms, including the stimulation of the hypothalamus-pituitary-adrenal axis (HPA) (9). A cross-regulation between adrenal steroids (glucocorticoids and dehydroepiandrosterone [DHEA]) and the immune response modulation (10) has been established. The effects of DHEA are frequently opposed by the adrenal steroid cortisol (11). Further, in the course of immune response, hormones are endogenously released. The type of immune response that humans develop against Brucella infection is influenced by glucocorticoids and DHEA. Accordingly, it has been demonstrated that in patients with acute brucellosis, cortisol levels were more elevated than those of healthy individuals (12, 13). In addition, we have previously demonstrated that steroid hormones are implicated in the modulation of osteoblast differentiation and macrophage response during B. abortus infection (13, 14). In synoviocytes, the link between inflammation and the endocrine system at local level may be due to the presence of functional receptors for glucocorticoids, androgens, and estrogens.

The potential mechanism that is involved in synoviocytes and bone damage during Brucella infection has been partially deciphered (7, 8). Considering our previous results which demonstrate an inappropriate secretion of steroid hormones in patients with acute brucellosis (12, 13), the aim of this work was to determine if this hormonal dysregulation is implicated in the development and evolution of osteoarticular disease.

To this end we investigated the consequence of cortisol and DHEA on synoviocyte responses during B. abortus infection.



METHODS


Bacterial Culture

Brucella abortus S2308 was grown overnight in 10 ml of tryptic soy broth (Merck, Buenos Aires, Argentina) with constant agitation at 37°C. To prepare the bacteria inocula, we performed the procedure previously described (14). All live Brucella manipulations were carried out in biosafety level 3 facilities located at the at the Instituto de Investigaciones Biomédicas en Retrovirus y SIDA (INBIRS).



Cell Culture

The immortalized human FLS cell line SW982 was obtained from the ATCC (Rockville, MD). The SW982 cell line was cultured in an α-Minimum Essential Medium (α-MEM) (Gibco) supplemented with 2 mM L-glutamine, 10% heat-inactivated fetal bovine serum (FBS) (Gibco), 100 U/ml penicillin, and 100 μg/ml streptomycin. The human monocytic cell line THP-1 was cultured in RPMI 1640 medium (Gibco) supplemented with 2 mM L-glutamine, 10% heat inactivated FBS, 100 U/ml penicillin, and 100 μg/ml. The cultures were maintained in a 5% CO2 atmosphere at 37°C.



Cellular Infection

SW982 at a concentration of 3 × 105 cells/well (for cytokine determination by ELISA) and at 5 × 104 cells/well (for intracellular survival assay) were seeded in 24-well plates, and at 5.2 × 105 cells/well (for mRNA extraction) it was seeded in 6-well plates. It was infected at different multiplicities of infection (MOI) in the presence or absence of DHEA (1 × 10−8 M) and cortisol (1 × 10−6 M) and incubated for 1 h at 37°C in a 5% CO2 atmosphere. Cells were extensively washed with DMEM-F12 to remove extracellular bacteria and were incubated in medium supplemented with 100 μg/ml of gentamicin and 50 μg/ml of streptomycin to kill extracellular bacteria in the presence or absence of DHEA and cortisol at the indicated concentrations. SW982 cells and culture supernatants were harvested at 24 h to obtain whole cell extracts and determine cytokines, chemokine production, matrix metalloproteinase (MMP) secretion, and mRNA extractions. To determine Brucella intracellular survival, cells were lysed with a sterile solution of 0.1% (vol/vol) Triton X-100 in H2O. To enumerate CFU, lysates from serial dilutions were plated on tryptic soy agar plates.

THP-1 cells were seeded at 5 × 105 cells/well in 24-well plates and infected at MOI 100 for 1 h, then washed with RPMI and incubated during 24 h with medium supplemented with antibiotics as was described above.

Neutralization experiments were performed with anti-TNF receptor (anti-TNFRc, BD biosciences) at a concentration of 20 μg/ml. Synoviocytes were preincubated with the anti-TNFRc neutralizing antibody (20 mg/ml) or its corresponding isotype controls for 1 h at 37°C, and then stimulated with supernatants from B. abortus-infected monocytes.

Fulvestrant treatment was performed by using a concentration of 10 μM of Fulvestrant (Sigma).



Measurement of Cytokine Concentrations

Secretion of IL-6, TNF-α, IL-1β, IL-10, IL-8, and monocyte chemotactic protein 1 (MCP-1) was quantified by enzyme-linked immunosorbent assay (ELISA; BD Biosciences, San Jose, CA) and RANKL was quantified by ELISA (R&D systems) in culture supernatants.



Zymography

The method of Hibbs et al. with modifications was used to determine gelatinase activity (7, 15). The reversion of the inhibitory effect of cortisol on MMP production was carried out in the presence of human recombinant IL-6 at a concentration of 20 ng/ml (rhIL-6, R&D Systems).



mRNA Preparation and Quantitative PCR

RNA was extracted using the Quick-RNA MiniPrepKit (Zymo Research) and 1 μg of RNA was subjected to reverse transcription using Improm-II Reverse Transcriptase (Promega). PCR analysis was performed with a Mx3000P real-time PCR detection system (Stratagene) using SYBR Green as fluorescent DNA binding dye. The primer sets used for amplification were: CycA sense: 5′- GCATACGGGTCCTGGCATCTTG−3′, antisense: 5′- TGCCATCCAACCACTCAGTCTTG−3′; 11β-HSD1 sense 5′- ATGATATTCACCATGTGCGCA−3′ antisense 5′- ATAGGCAGCAACCATTGGATAAG-3′; 11β-HSD2 sense 5′- TCGCGCGGTGCTCATCAC−3′antisense 5′- GTACGCAGCTCGATGGCACC−3′; GRα sense 5′- GAAGGAAACTCCAGCCAGAAC−3′ antisense 5′- GATGATTTCAGCTAACATCTCG−3′; GRβ sense 5′- GAAGGAAACTCCAGCCAGAAC−3'antisense 5′- TGAGCGCCAAGATTGTTGG−3′; DKK1 sense 5′- TCCCCTGTGATTGCAGTAAA-3′antisense 5′- TCCAAGAGATCCTTGCGTTC-3′.

The amplification cycle for GRα and GRβ was 95°C for 15 s, 65°C for 30 s and 72°C for 60 s while for 11β-HSD1 and DKK1 it was 95°C for 15 s, 62,5°C for 30 s and 72°C for 60 s. The fold change (relative expression) in gene expression was calculated using the relative quantitation method (2−ΔΔCt). Relative expression levels were normalized against CycA.



Statistical Analysis

Statistical analysis was performed with one-way analysis of variance, followed by the post-hoc Tukey test, using GraphPad Prism 5.0 software. The data are represented as means ± standard error of the mean (SEM).




RESULTS


Cortisol and DHEA Modulate B. abortus Intracellular Replication in Synovial Cells

We have previously demonstrated that primary human synovial fibroblast and SW982 cell line support B. abortus invasion and replication (7, 8). Taking into account that adrenal steroids do not only alter the function of host cells but can also affect the intracellular replication of bacteria (13, 16, 17), we aimed to determine if these hormones could modify B. abortus replication in synovial fibroblast. The capacity of B. abortus to replicate in synovial fibroblast was significantly increased by cortisol with respect to untreated controls. In contrast, DHEA treatment had no effect. However, during the administration of cortisol and DHEA in conjunction, no differences were observed in intracellular bacterial survival with respect to untreated cells, indicating that DHEA avoided the effect of cortisol These differences were significant at 24, 48, and 72 h post-infection (Figures 1A,B). Taken together, these results indicate the intracellular replication of Brucella was increased by cortisol treatment whereas DHEA treatment avoided this effect.
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FIGURE 1. Adrenal steroids modulate B. abortus intracellular replication, cytokines, and chemokine secretion by synoviocytes. (A) After infection at different multiplicities of infection (MOI, 100 to 1000) in the presence or absence of cortisol (1 × 10−6 M), dehydroepiandrosterone (DHEA) (1 × 10−8 M), or cortisol plus DHEA (1 × 10−6 and 1 × 10−8 M, respectively); cells were incubated with antibiotics to kill extracellular bacteria. Cell lysates obtained at 24 h post-infection were plated onto agar to determine intracellular colony forming units (CFU). At 2, 6, 24, and 48 h post-infection at MOI 1000, synovial cells treated or not with cortisol, DHEA, and Cortisol-DHEA were plated on agar to determine intracellular CFU (B). After 24 h post-infection IL-6, MCP-1 and IL-8 were measured in culture supernatants by ELISA (C–E). MMP-2 production by B. abortus infected synoviocytes at MOI of 1000 was measured by gelatin zymography (F). Reversion of the inhibitory effect of cortisol on MMP-2 secretion by recombinant IL-6 (rhIL-6, 20 ng/ml) (G). Data are given as the mean ± SEM from at least three individual experiments. *P < 0.1; **P < 0.01; and ***P < 0.001 vs. untreated cells. NI, non-infected.




Cortisol Inhibits IL-6, IL-8, and MCP-1 Induced by B. abortus Infection in Synovial Fibroblast

B. abortus-infected synovial fibroblasts secrete the proinflammatory cytokine IL-6, chemokines, and MMP-2, but not the anti-inflammatory cytokine IL-10 (data not shown). In the migration of innate inflammatory cells, chemokines, and MMPs participated (18) in the concomitant tissue damage. Adrenal steroids can modulate the expression of cytokines, chemokines and MMPs in several cell types. When synovial fibroblasts were infected with B. abortus in the presence of cortisol, these cells secreted significantly lower quantities of IL-6, IL-8, MCP-1, and MMP-2 in respect to untreated cells. DHEA treatment could not avoid the effect of cortisol on IL-6, IL-8, and MCP-1 expression but could partially avoid the inhibitory effect of cortisol on MMP-2 expression, as was demonstrated when infection experiments were performed in the presence of both cortisol and DHEA (Figures 1B–E). Our results show that cortisol reduces the expression of secreted mediators induced by B. abortus infection in synoviocytes and DHEA could only partially avoid the effect in MMP-2 expression.



IL-6 Avoids the Effect of Cortisol Inhibition of MMP-2 Secretion Induced by B. abortus Infection in Synovial Fibroblast

Proinflammatory cytokines have been previously implicated in MMP induction in different cell types (19–24). The role of IL-6 in the downmodulation of MMP-2 induced by cortisol in B. abortus-infected synovial fibroblast was determined by adding recombinant human IL-6 exogenously at the time of treatment. IL-6 was able to avoid the inhibitory effect on MMP-2 secretion induced by cortisol in B. abortus-infected synovial fibroblasts (Figure 1F). This indicates that cortisol downmodulated MMP-2 secretion in a mechanism that at least involved the dampening of IL-6 production.



DHEA Inhibits B. abortus-Induced RANKL Up-Regulation in Synovial Fibroblast Through Estrogen Receptor (ER)

RANKL is the master regulator of bone metabolism involved in osteoclast differentiation (cell type implicated in bone resorption) in physiological conditions. In pathological conditions, the increase of RANKL expression could induce an exacerbation of bone resorption. We have previously demonstrated that B. abortus infection induced an increase of RANKL expression in synoviocytes. Then, experiments were conducted to determine if adrenal steroids could modulate RANKL expression during B. abortus infection in synoviocytes. To this end, infection experiments were performed in the presence of cortisol and DHEA. Cortisol treatment significantly reduced the secretion of RANKL with respect to untreated cells. In addition, DHEA treatment could also partially inhibit RANKL secretion induced by B. abortus infection (Figure 2A). These results indicate that adrenal hormones reduced the expression of RANKL induced by B. abortus infection in synoviocytes.
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FIGURE 2. DHEA inhibits RANKL induced by B. abortus infection and culture supernatants from B. abortus-infected monocytes via estrogen receptor (ER). Synoviocytes were infected at different MOI or stimulated with 1/2 dilution of culture supernatants from B. abortus infected or uninfected THP-1 cells, in the presence or not of cortisol (1 × 10−6 M), dehydroepiandrosterone (DHEA) (1 × 10−8 M), and in the presence or not of the ER inhibitor, fulvestrant (Fulvest, 10 μM). RANKL was measured by ELISA in culture supernatants from B. abortus-infected synoviocytes (A) or in culture supernatants from synoviocytes stimulated with culture supernatants from B. abortus infected THP-1 cells (culture supernatants THP-1, infected) or culture supernatants from uninfected THP-1 cells (culture supernatants THP-1, uninfected) (B). IL-6, TNF-α, IL-1β, and IL-10 levels were determined in culture supernatants from B. abortus-infected THP-1 cells (C). Data are given as the mean ± SEM from at least three individual experiments. *P < 0.1 and ***P < 0.001 vs. untreated cells. #P < 0.05 and ##P < 0.01 vs. DHEA treated cells. NI, non-infected.


Infiltrating monocytes could be infected by B. abortus and then secrete proinflammatory cytokines and a low amount of IL-10 in response to this infection (Figure 2C) (25–27). This in turn could modulate synovial fibroblast responses (7, 27). Thus, we aimed to determine if supernatants from B. abortus-infected monocytes could modulate RANKL expression and if this response could be modified by the presence of adrenal steroids. Our results indicate that supernatants from B. abortus-infected monocytes induce RANKL expression by synoviocytes. When stimulation experiments were performed in the presence of cortisol, the expression of RANKL was completely abrogated. DHEA was able to reduce the levels of the expression of RANKL induced by supernatants from B. abortus-infected monocytes (Figure 2B). These results indicate that RANKL expression induced by supernatants from B. abortus-infected monocytes was inhibited by cortisol and DHEA treatment.

Most of the action of DHEA is mediated through ER (28). Then, experiments were conducted to evaluate the role of ER in the inhibition of the effect of B. abortus infection or supernatants from B. abortus-infected monocytes on RANKL expression in synoviocytes. To this end, fulvestran-mediated ER inhibition was employed to investigate the role of ER in regulating the DHEA effect on RANKL expression in synoviocytes infected with B. abortus or stimulated with conditioned medium. Fulvestrant was able to avoid the effect of DHEA in the inhibition of RANKL in B. abortus-infected synoviocytes or when stimulated with supernatants from B. abortus-infected synoviocytes (Figures 2A,B). Therefore, these results indicate that DHEA modulates the secretion of RANKL by synoviocytes mainly through ER.




B. ABORTUS INFECTION INDUCES DICKKOPF-1 (DKK1) EXPRESSION IN SYNOVIOCYTES

A main factor involved in the regulation of bone biology is DKK-1, and it is deemed a contributing factor in bone resorption (29). Since DKK-1 is produced by synoviocytes, experiments were conducted to determine if B. abortus infection could induce DKK-1 expression and the ability of adrenal steroids to modulate this response. B. abortus infection induced DKK-1 expression with respect to uninfected cells (Figure 3A). Cortisol and DHEA had no effect on the expression of DKK-1 in B. abortus-infected cells at least at 24 h (Figure 3A). It has been previously shown that inflammatory mediators can induce the expression of DKK-1. B. abortus-infected macrophages secrete proinflammatory cytokines (25–27). Thus, we decided to investigate if supernatants from B. abortus-infected monocytes could induce DKK-1 expression by synoviocytes. Supernatants from B. abortus-infected monocytes failed to induce DKK-1 expression as was determined at 24 h post-stimulation. Cortisol and DHEA had no effect on this response (Figure 3B). Taken together, our results indicated that B. abortus-infected synoviocytes express DKK-1 that could contribute to bone damage and B. abortus- infected monocytes did not contribute to DKK-1 expression at the mentioned time of stimulation. In addition, in these conditions, cortisol and DHEA did not participate in the modulation of DKK-1.
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FIGURE 3. Effect of B. abortus infection and culture supernatants from B. abortus-infected monocytes on dickkopf-1 (DKK1) expression in synoviocytes. DKK1 expression was determined by RT-qPCR in synoviocytes infected by B. abortus at a MOI of 1000 or stimulated with 1/2 dilution of culture supernatants from B. abortus-infected or uninfected THP-1 cells, in the presence or not of cortisol (1 × 10−6 M) and dehydroepiandrosterone (DHEA) (1 × 10−8 M) for 24 h. Data are given as the mean ± SEM from at least three individual experiments. *P < 0.1 vs. untreated infected cells. NI, non-infected.



B. abortus Infection Does Not Modulate Cortisol Intracellular Bioavailability in Synovial Fibroblasts

The capacity of cells to respond to cortisol depends not only on levels of circulating cortisol, but it is also dependent on GR expression and its intracellular bioavailability. This depends on the activity of the isoenzymes 11β-hydroxysteroid- dehydrogenase type 1 (11β-HSD1) and type 2 (11β-HSD2) that catalyze the interconversion of inactive cortisol (cortisone) to active cortisol and vice versa, respectively. Thus, experiments were conducted to establish if B. abortus infection could modulate the two GR receptor isoforms, termed GRα and GRβ; as well as 11β-HSD1 and 11β-HSD2 expression and to establish if this phenomenon could be modulated by adrenal steroid treatment during the infection. B. abortus infection did not induce the expression of GRα, GRβ, and 11β-HSD1, with respect to uninfected cells (Figure 4). In addition, adrenal steroids were unable to modulate the expression of GRα, GRβ, and 11β-HSD1 during B. abortus infection. In concordance of previous reports, 11β-HSD2 was not detectable in synovial fibroblast (30). These results indicated that B. abortus infection did not modulate GR and 11β-HSD1 in synoviocytes.


[image: Figure 4]
FIGURE 4. Adrenal steroids do not modulate glucocorticoid receptor (GR) and 11β-hydroxysteroid dehydrogenase (HSD)-1 during B. abortus infection. 11β-HSD1, GRα, and GRβ expression were determined by RT-qPCR in B. abortus-infected synoviocytes at MOI of 1000 in the presence or not of cortisol (1 × 10−6 M) and dehydroepiandrosterone (DHEA) (1 × 10−8 M) for 24 h. 11β-HSD1 (A), GRα (B), GRβ (C), GRα/β ratio (D). Data are given as means ± SEM from at least three individual experiments. NI, non-infected.




Adrenal Steroids Modulate 11β-HSD1, GRα, and GRβ Expression in B. abortus-Infected Monocytes

Brucella-infected synovial fibroblasts have the ability to secrete MCP-1, a key cytokine involved in monocyte migration, and monocytes could be attracted to the site of infection and contribute to modulate synovial responses. Experiments were then performed to determine if B. abortus infection could modulate 11β-HSD1, 11β-HSD2, GRα, and GRβ expression in THP-1 monocytes. B. abortus infection did not induce 11β-HSD1 expression in monocytes (Figure 5A). Infection experiments in the presence of cortisol or DHEA indicated that both steroids were able to reduce 11β-HSD1 expression. In accordance with previous results by others, the type 2 enzyme, 11β-HSD2, which converts cortisol to cortisone, was not detectable in monocytes (31).
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FIGURE 5. Effect of adrenal steroids on glucocorticoid receptor (GR) and 11β-hydroxysteroid dehydrogenase (HSD)-1 expression in B. abortus-infected monocytes. 11β-HSD1, GRα, and GRβ expression were determined by RT-qPCR in B. abortus-infected THP-1 cells at MOI of 100 in the presence or not of cortisol (1 × 10−6 M), dehydroepiandrosterone (DHEA) (1 × 10−8 M) for 24 h. 11β-HSD1 (A), GRα (B), GRβ (C), GRα/β ratio (D). Data are given as the mean ± SEM from at least three individual experiments. *P < 0.1; **P < 0.01; and ***P < 0.001 vs. untreated cells: #P < 0.1; and ##P < 0.01 vs. untreated infected cells. NI, non-infected.


B. abortus infection was also able to induce GRα and GRβ expression in monocytes. When infection experiments were performed in the presence of adrenal steroids, our results indicate that cortisol had no significant effect on GRα and GRβ expression. In contrast, DHEA was able to reduce GRα and GRβ up to basal levels (Figures 5B,C). When we analyze the GRα/β ratio, our results demonstrate that B. abortus infection induced a reduction of GRα/β ratio, the treatment with cortisol had no effect, and the infection experiments in the presence of DHEA increased the GRα/β ratio up to basal levels present in uninfected cells (Figure 5D).

Together, our results indicate that B. abortus infection did not increase the ability of the cells to respond to cortisol since it did not significantly increase 11β-HSD1 expression or the GRα/β ratio.



Supernatants From B. abortus-Infected Monocytes Modulate GR and 11β-HSD1 Expression in Synoviocytes

As was mentioned before, infiltrating monocytes could be infected by B. abortus and secrete proinflammatory cytokines in response to this infection that could modulate synovial fibroblasts responses. Thus, we aimed to determine if supernatants from B. abortus-infected monocytes could modulate GRα, GRβ, and 11β-HSD1 expression in synovial fibroblasts.

Supernatants from B. abortus-infected monocytes induced an increase of 11β-HSD1 with respect to cells stimulated with supernatants from uninfected monocytes. Cortisol significantly increased the induction in 11β-HSD1 mRNA transcription induced by supernatants from B. abortus-infected monocytes; in contrast, DHEA had no effect (Figure 6A). When we analyzed the modulation of supernatants from B. abortus-infected monocytes on the expression of GR in synoviocytes, our results indicate that supernatants from B. abortus-infected monocytes did not modulate GRα expression in synovial fibroblasts (Figure 6B). In addition, when stimulation with B. abortus-infected monocytes was performed in the presence of cortisol and DHEA, our results indicated that cortisol and DHEA had no effect. When we analyzed the expression of GRβ, supernatants from B. abortus-infected monocytes induced GRβ expression (Figure 6C). The presence of cortisol was able to inhibit the stimulatory effect of supernatants from B. abortus-infected monocytes on GRβ expression. In contrast, the presence of DHEA had no effect. It is well-known that GRβ lacks the capacity to bind glucocorticoids, and it seems to act as an inhibitor of GRα-mediated transcriptional activation through the formation of GRα/GRβ heterodimers (32). In this context, stimulation with supernatants from B. abortus-infected monocytes did not have a significant effect on GRα/β ratio, and the treatment with cortisol or DHEA had no effect (Figure 6D).


[image: Figure 6]
FIGURE 6. Adrenal steroids modulate 11β-hydroxysteroid dehydrogenase (HSD)-1 and glucocorticoid receptor (GR) in synoviocytes stimulated with culture supernatants from B. abortus-infected monocytes. 11β-HSD1, GRα, and GRβ expression were determined by RT-qPCR in synoviocytes stimulated with 1/2 dilution of culture supernatants from B. abortus infected or uninfected THP-1 cells, in the presence or not of cortisol (1 × 10−6 M) and dehydroepiandrosterone (DHEA) (1 × 10−8 M) for 24 h. 11β-HSD1 (A), GRα (B), GRβ (C), GRα/β ratio (D). Data are given as means ± SEM from at least three individual experiments. **P < 0.01, and ***P < 0.001 vs. absence of cortisol. #P < 0.1; and ##P < 0.01 vs. non-infected culture supernatant THP-1.




Supernatants From B. abortus-Infected Monocytes Induce 11β-HSD1 Expression Through TNF-α

TNF-α is abundant in sites of osteoarticular inflammation (33). At the local level it has been described that TNF-α modulates 11β-HSD1 in order to convert cortisone in their active form cortisol (34).

Then, we asked if the increment of 11β-HSD1 transcription observed in synoviocytes treated with supernatants from B. abortus-infected monocytes was mediated by TNF-α. To this end, stimulation of synoviocytes with supernatants from B. abortus-infected monocytes was performed in the presence of an anti-TNFRc-blocking antibody. TNFRc-blocking antibody significantly inhibits the expression of 11β-HSD1, whereas an isotype control had no effect (Figure 7A). These results indicated that TNF-α secreted by B. abortus-infected monocytes could be involved in the induction of 11β-HSD1.
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FIGURE 7. Supernatants from B. abortus-infected monocytes induce 11β-hydroxysteroid dehydrogenase (HSD)-1 expression in a mechanism that is dependent on the presence of TNF-α. Synoviocytes were stimulated with 1/2 dilution of culture supernatants from B. abortus infected or uninfected THP-1 cells in the presence or not of cortisol (1 × 10−6 M), or cortisone (1 × 10−6 M) in the presence or not of anti-TNF receptor neutralizing antibody (anti-TNFRc) at a concentration of 20 μg/ml for 24 h; and 11β-HSD1 expression was determined by RT-qPCR (A,B). RANKL was determined in culture supernatants by ELISA (C). Data are given as means ± SEM from at least three individual experiments. *P < 0.1, vs. anti-TNFRc. ***P < 0.001 vs. cortisol and cortisone treatment. #P < 0.1 vs. non-infected culture supernatant THP-1. NI, non-infected.




Cortisone Fails to Enhance 11β-HSD1 but Inhibits RANKL Induced by Supernatants From B. abortus-Infected Monocytes

We demonstrated that supernatants from B. abortus-infected monocytes induce 11β-HSD1 expression, and this expression is increased when stimulation was performed in the presence of cortisol. Thus, we decided to determine the effect of added cortisone instead of cortisol with culture supernatants from B. abortus-infected monocytes on 11β-HSD1 expression in synoviocytes. To this end, stimulation experiments were performed by added culture supernatants from B. abortus-infected monocytes, and after 24 h of stimulation they were treated with cortisone or cortisol as a control. After 24 h, cells were harvested to determine the expression of 11β-HSD1. Addition of cortisone to cells stimulated with culture supernatants from B. abortus-infected monocytes had no effect on 11β-HSD1 expression with respect to cells stimulated with supernatants from B. abortus-infected monocytes alone (Figure 7B). However, cortisone inhibits RANKL secretion induced by supernatants from B. abortus-infected monocytes (Figure 7C). These results indicate that although supernatants from B. abortus-infected monocytes were able to induce 11β-HSD1, cortisone was unable to enhance the expression of 11β-HSD1 but mimicked the effect of cortisol on the modulation of RANKL expression.




DISCUSSION

The immune system does not respond in isolation. The immune system along with the endocrine axis and the neural system act together to fight diseases. Adrenal glands secrete cortisol, a glucocorticoid hormone that plays a role in the stress response, and DHEA that has frequently opposing actions to cortisol (35).

Although the role of adrenal steroids on synovial cells has been previously studied, the impact in the context of bacterial infection has not been elucidated until now. In this context, in brucellosis, it has been previously shown that this infection elicits an imbalance in the cortisol/DHEA ratio that could impact the immune response (12, 13). Our results indicated that in synoviocytes, cortisol treatment increased B. abortus intracellular proliferation. This phenomenon was avoided when both cortisol and DHEA were administrated in conjunction. This increase in bacterial load has been previously described during intracellular infection of other bacteria—Salmonella typhimurium, Mycobacterium tuberculosis, and inclusive B. abortus (13, 14, 16, 17). However, the mechanisms involved in the increase of intracellular growth were not completely elucidated. While some hormones induce and increase in bacteria virulence factor expression in Mycoplasma hyopneumoniae, Vibrio parahaemolyticus, and Candida albicans (36–38), cortisol was unable to induce an increase of virulence factors in Salmonella typhymurium (16).

Accordingly, with its opposite effect with respect to cortisol, DHEA treatment avoided the effect of cortisol, as was revealed in cells treated with cortisol and DHEA in conjunction. On the other hand, cortisol was able to promote B. abortus infection not only through its intracellular replication but also by the inhibition of the immune response and cell function in synoviocytes (39). In agreement with other observations, cortisol suppressed proinflammatory mediator secretion by B. abortus-infected synoviocytes, and DHEA was able to partially avoid this effect at least for MMP-2. These results again support the antagonist effect of DHEA (11). The role of proinflammatory cytokines on MMP induction has been extensively reported in osteoarticular diseases (19–24). B. abortus infection induces IL-6 but not TNF-α and IL-1β production by synovial cells. Since rhIL-6 was able to reverse the inhibitory effect of cortisol on MMP-2 secretion in B. abortus-infected synovial cells, it suggests that IL-6 could be involved in such induction.

In osteoarthritis, osteoclast formation is enhanced by proinflammatory cytokines from infiltrating immune cells but also synoviocytes enhance osteoclast formation via expression of RANKL (40). During osteoarticular brucellosis, the expression of RANKL could be increased by B. abortus infection and by the proinflammatory environment created by B. abortus-infected monocytes. In this context, DHEA was able to inhibit RANKL expression. The role of DHEA in the modulation of RANKL expression was described in the context of inflammatory non-infectious osteoarticular disease (41, 42). In addition, DHEA mediated this effect through ER receptor as evidenced when infections and the treatment with supernatants from B. abortus-infected monocytes were performed in the presence of fulvestrant. The ability of DHEA and its metabolites to signal through androgen receptor (AR) and ER has been previously described (43, 44). However, since the addition of ER antagonist, fulvestrant, completely avoids the effect of DHEA on RANKL expression, we could affirm that the main signaling of DHEA during B. abortus infection in sinoviocytes is via ER.

The presence of functional ER in synoviocytes might link the endocrine system and inflammation at the local level (45). The ability of DHEA to regulate RANKL through ER has been demonstrated previously at least in osteoblast cells (44). This indicated that ER could play a role in the modulation of osteoclastogénesis through the modulation of the key molecule implicated in osteoclastogenesis, RANKL in B. abortus-infected synoviocytes.

DKK-1 is the master regulator of bone remodeling in osteoarticular inflammatory disease (46). DKK-1 expression inhibits osteoblast differentiation and increases osteoclastogenesis with concomitant bone resorption. B. abortus induces the increase of DKK-1 expression in synoviocytes; this is in concordance with the bone resorption observed in patients with osteoarticular brucellosis. However, supernatants from B. abortus-infected monocytes were unable to induce DKK-1 expression. This could be explained, at least in part, by the role of TNF-α, IL-6, and IL-1β present in culture supernatants from B. abortus-infected monocytes on DKK-1 expression. While TNF-α suppresses bone formation by inducing DKK-1, IL-6, and IL-1β have been reported as inhibitors of DKK-1 expression (47, 48). Then, the cytokines combined in the culture supernatants from B. abortus-infected monocytes were unable to induce DKK-1 expression.

The effect of cortisol in synovial cells does not dependent on an increase of their bioavailability, as was demonstrated by the non-modification of 11β-HSD1 and GRα/β ratio in response to B. abortus infection in the presence or absence of adrenal steroids. A similar situation was found for B. abortus-infected monocytes in which B. abortus infection had no effect on 11β-HSD1 but cortisol and DHEA treatment inhibited its expression in the context of the infection. In addition, B. abortus infection in the presence or not of cortisol inhibited GRα/β ratio and DHEA could avoid this effect. In synoviocytes and monocytes, the absence of detectable expression of 11β-HSD2 deserves to be discussed since this enzyme is involved in the conversion of cortisol in its inactive form, cortisone. The absence of negligible levels of 11β-HSD2 in human monocytes, macrophages and dendritic cells has been reported (31, 49). In synovial cells, a high expression of 11β-HSD1 has been demonstrated, mainly in synovial fibroblast, whereas 11β-HSD2 is primarily restricted to synovial macrophages (30). Taking into account that we evaluated the effect of B. abortus infection in synovial fibroblast, our findings are in line with previous results.

Although the ability of monocytes to induce proinflammatory cytokines in response to B. abortus infection has been widely demonstrated (25, 27), supernatants from B. abortus-infected monocytes appear to have some anti-inflammatory effect, as was revealed by the induction of 11β-HSD1 in synovial cells. Despite this, cortisone does not seem to increase the expression of 11β-HSD1 as it does cortisol. However, the administration of cortisone is capable of inhibiting the secretion of RANKL by synoviocytes mimicking the cortisol effect. This indicates the importance of the increase of 11β-HSD1 in the utilization of cortisone. This is in accordance with previous observations that highlight the ability of synovial tissue to make active steroids, and this tissue has been considered an intracrine tissue (45). The increase of 11β-HSD1 expression induced by cortisol in synoviocytes treated with culture supernatants from B. abortus-infected monocytes also deserves to be discussed. The interactions between proinflammatory cytokines and glucocorticoids are often antagonistic. However, in some cases it can be additive or synergistic (50–52); even this synergistic effect of glucocorticoids on the production of 11β-HSD1 in the presence of proinflammatory cytokines was previously described in synovial fibroblasts (53). Our experiments in synovial cells treated with culture supernatants from B. abortus-infected monocytes in the presence of a neutralizing antibody anti-TNFRc significantly reduced 11β-HSD1; however, the remaining expression of 11β-HSD1 indicates that the contribution of other proinflammatory cytokines cannot be ruled out (Figure 8).


[image: Figure 8]
FIGURE 8. Scheme summarized the results for the mechanisms involved in the modulation of synoviocytes by adrenal steroids during B. abortus infection. (1) Infection with B. abortus induces the secretion of RANKL, IL-6, MCP-1, IL-8, DKK-1, and MMP-2. (2) When cortisol is present, the intracellular CFU is increased with respect to untreated cells. (3) DHEA and cortisol avoid the increase of RANKL induced by B. abortus infection. The action of DHEA is mediated through the ER. (4) B. abortus infection induces the secretion of IL-6, TNF-α, and IL-10 by monocytes. (5) Supernatants from B. abortus-infected monocytes induce 11β-HSD1 in a mechanism that is dependent on TNFRc. (6) In addition, supernatants from B. abortus-infected monocytes induce RANKL, cortisol, and cortisone avoid this effect.


Finally, this is the first study that contributes to the knowledge of the effect of adrenal steroids on synoviocytes in the context of a bacterial infection. Our findings reveal that DHEA could modulate some synoviocytes function. Considering that and taking into account the modulation exerted by DHEA on other cell types in bone damage (13, 14), we can conclude that antibiotic therapy with supplementation with DHEA or its derivates could be a potential new treatment in order to reduce the bone damage during osteoarticular brucellosis.
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Microglia are critical in neuroinflammation. M1/M2 polarization transitions of microglial phenotypes determine the states of neuroinflammation and are regulated by multiple pathways, including miRNAs and other epigenetic regulations. This study investigated the polarization transitions of microglia induced by high glucose and glucose fluctuations, and the role of miR-146a in regulating M1/M2 polarization transitions of microglia. BV-2 cells were cultured with 25 mmol/L glucose, 75 mmol/L glucose, and 25 mmol/L−75 mmol/L glucose fluctuation for 48 h. BV-2 cells overexpressing miR-146a were generated using a lentiviral vector. Quantitative real-time polymerase chain reaction (qRT-PCR) was used to measure mRNA expression of miR-146a, CD11b, iNOS, Arg-1, IRAK1, TRAF6, and NF-κB. Immunofluorescence was used to measure CD11b expression. Western blot was used to measure protein expression of CD11b, iNOS, and Arg-1. Compared with those in the 25 mmol/L glucose control group, expression of CD11b, iNOS, TNF-α, and IL-6 in the 75 mmol/L glucose or glucose fluctuation groups of cultured BV-2 cells were significantly increased, while Arg-1 and IL-10 was significantly decreased. These effects were reversed by overexpression of miR-146a. Furthermore, expression of IRAK1, TRAF6, and NF-κB was significantly increased in the high glucose and glucose fluctuation groups; this was reduced after miR-146a overexpression. In sum, high glucose and glucose fluctuations induced polarization transitions from M1 to M2 phenotype in BV-2 cells. Overexpression of miR-146a might protect BV-2 cells from high glucose and glucose fluctuation associated with M1/M2 polarization transitions by downregulating the expression of IRAK1, TRAF6, and NF-κB.

Keywords: microglia, polarization transitions, miR-146a, neuroinflammation, glucose fluctuation


INTRODUCTION

Diabetic encephalopathy (DE) is a chronic complication of diabetes mellitus (DM), which can cause cognitive decline, dementia, and mental disorders, which significantly affects the quality of life of diabetic patients (1). Since the concept of DE was proposed by Nieleson in 1965, our understanding of DE has deepened. Its pathogenesis involves various aspects, including neuroinflammation (2, 3), blood-brain barrier (BBB) (2), vascular factors (4), insulin resistance, insulin deficiency (5, 6), and oxidative stress (3, 6). However, controversy in the literature remains. Neuroinflammation plays an important role in the pathogenesis of DE (7). Neuroinflammation is a complex innate immune response of the central nervous system that inhibits infection; removes pathogens, cell debris, and misfolded proteins; and plays an important role in nerve repair and evolution (8, 9). However, the persistence or excessive activation of neuroinflammation can lead to various neurological diseases.

Microglia are critical nervous system-specific immune cells involved in the response to neuroinflammation. Microglial polarization states comprise M1 and M2 phenotypes. M1 polarized microglia have pro-inflammatory effects and phagocytic functions (10), mainly secreting pro-inflammatory factors such as inducible nitric oxide synthase (iNOS), tumor necrosis factor (TNF)-α, interleukin (IL)-6, and nitric oxide (NO) to further aggravate neuronal damage. M2 polarized microglia inhibit inflammatory responses, regulate neuroinflammation (7), nourish nerves, and promote nerve repair (8, 11), with overexpression of arginase-1 (Arg-1), IL-10, IL-4, and transforming growth factor (TGF)-β. Polarization transitions to M1 phenotype induced by high glucose and glucose fluctuations have been observed in microglia both in vivo and in vitro. The expression of iNOS in the hippocampus of diabetic mice was significantly increased by inflammatory factors induced by high glucose (11). Compared with that in the control group, the expression of iNOS in microglia was upregulated after glucose fluctuations. The expression of iNOS also significantly increased after high glucose induction (12). Activation of nuclear factor (NF)-κB and signal transducer and activator of transcription 1 (STAT1) may regulate M1 polarization of microglia, whereas STAT6 and STAT3 activation may regulate M2 polarization (13). Nevertheless, it remains unclear how hyperglycemia and glucose fluctuations regulate polarization transitions of microglia.

In recent years, studies have reported that miRNAs are involved in the regulation of microglia polarization. miR-29b and miR-125a induce polarization transitions to M1 phenotype by inhibiting the expression of TNF-α-inducible protein 3 (TNFAIP3) downstream of the NF-κB signaling pathway (14). miR-146a plays an important role in the regulation of inflammatory responses (15). Previous studies confirmed that miR-146a directly regulates IRAK1 and TRAF6, thereby regulating the pro-inflammatory factor NF-κB and expression of inflammatory factors (16).

The present study therefore aimed to evaluate the role of miR-146a on high glucose and glucose fluctuation-associated polarization transitions of microglia. We hypothesized that miR-146a was involved in the regulation of polarization transitions of microglia induced by hyperglycemia and glucose fluctuations.



MATERIALS AND METHODS


Cell Culture

BV-2 cells were obtained from Chinese Academy of Sciences (CAS) Kunming Cell Bank (Kunming, China) and cultured in 25 mmol/L glucose Dulbecco's Modified Eagle Medium (DMEM) (Gibco, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, USA) and 1% penicillin-streptomycin (Hyclone, USA). Cells were maintained in a humidified atmosphere containing 5% CO2 at 37°C.

For glucose fluctuation BV-2 group culture, after cell attachment, the cell culture medium was replaced with 25 or 75 mmol/L glucose in DMEM every 6 h and cultured for 48 h. High glucose was the last fluctuation.

Stably transfected BV-2 cells overexpressing miR-146a were generated using the overexpression plasmid vector GV369 (Addgene). miR-146a was amplified using the following primers: forward primer, 5′-GAGGATCCCCGGGTACCGGTACAGGGCTGGCAGGATCTG-3; reverse primer, 5′- CACACATTCCACAGGCTAGCCCCACTCTCTCCACTCTTCAAG-3 (Shanghai Gene Company, Shanghai, China). The amplified sequences were inserted into GV369 by a recombinant method (Genechem Company, Shanghai, China) according to the manufacturer's instructions. The resultant plasmid was then transfected into 293T cells to construct a lentivirus overexpressing miR-146a.

BV-2 at 3 × 104/well (six well plates) were seeded and cultured for 12 h. A volume of 2 mL enhanced infection solution containing Lv-mmu-miR-146a (Genechem Company, Shanghai, China) with the corresponding viral load and control virus expressing spontaneous green fluorescent protein (GFP) with puromycin acetyltransferase was incubated with cells. The load of viral particles was quantified and normalized before the addiction to the cells. At 12 h after infection, the medium was replaced with conventional culture medium. After 72 h, GFP expression was observed under a fluorescence microscope (Leica, Germany). Complete medium containing 2 μg/mL puromycin (Sigma, Aldrich, USA) was used to screen virus-infected cells, and 1 g/mL was used for further screening. Quantitative real-time polymerase chain reaction (qRT-PCR) was used to assess relative expression levels of miR-146a in the Lv-mmu-miR-146a infection group.



Immunofluorescence Staining of CD11b

Cells grown on glass coverslips were fixed with 4% paraformaldehyde, 0.1% Triton X-100, permeabilized, blocked with 1% bovine serum albumin (BSA), and incubated with anti-CD11b antibody (rat monoclonal antibody; Abcam, USA; 1: 500) at 4°C overnight. After washes with 1 × phosphate-buffered saline (PBS), cells were incubated with the corresponding secondary antibody conjugated with Alexa Fluor® 647 (donkey polyclonal secondary antibody to rat IgG, H&L; Abcam, USA; 1:100) in the dark for 1 h and analyzed using an inverted fluorescence microscope (Leica, Germany). 4′,6-diamidino-2-phenylindole (DAPI) was used to label cell nuclei. To assess BV-2 cell activation. ImageJ was used to calculate the expression of CD11b fluorescence intensity per scaffold. At least five slides were examined per treatment group for each experiment. A comparison of the fluorescence intensity of CD11b between the indicated groups was performed.



Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted with TRIzol (RNAiso Plus) (Takara, Japan). RNA was reversed transcribed into cDNA using the twostep method with PrimeScript™ RT reagent Kit with gDNA Eraser (Takara, Japan). Genomic DNA of miRNA was removed using Recombinant DNase I (RNase-free) (Takara, Japan). miRNA was reversed transcribed into cDNA using the Mir-X® miRNA FirstStrand Synthesis and SYBR® qRT-PCR (Takara, Japan). mRNA qRT-PCR was performed with the TB Green™ Premix Ex Taq™ (Tli RNaseH Plus) (Takara, Japan). miRNA qRT-PCR was performed with Mir-X™ miRNA FirstStrand Synthesis and SYBR® qRT-PCR (Takara, Japan). The primers used are shown in Table 1.


Table 1. Primers of qRT-PCR.
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Western Blot

Total cell proteins were extracted and equal amounts of protein (20 μg/sample) were separated by 10% SDS-PAGE and transferred onto PVDF membranes (Millipore, USA). After blocking with 5% skim milk at room temperature for 2 h, the membranes were incubated with primary antibodies targeting β-actin (mouse monoclonal antibody; Bioworld Technology, USA; 1:10,000), Cd11b (rabbit polyclonal antibody; Abcam, USA; 1:2,000), iNOS (rabbit polyclonal antibody; Abcam, USA; 1:600), and Arg-1 (rabbit polyclonal antibody; Abcam, USA; 1:1,000) overnight at 4°C. Then, membranes were incubated with secondary antibodies (anti-rabbit or anti-mouse IgG/HRP; CST; 1:5,000) for 2 h with shaking. After enhanced chemiluminescence (ECL) (Merck Millipore, Germany) reaction, protein bands were revealed on a Gel Imaging System (Syngene, USA). Gray values were analyzed with Image Lab software (Bio-Rad, USA) using β-actin as a loading control.



Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of TNF-α, IL-6, and IL-10 in cell culture supernatants were evaluated with an ELISA kit (ABclonal, China), according to the manufacturer's instructions.



Statistical Analysis

SPSS 22.0 software (SPSS, USA) was used for data analysis. Data are expressed as mean ± standard deviation (SD). Group pairs were compared by t-tests. Normally distributed data were analyzed 292 using one-way analysis of variance (ANOVA), and non-normal 293 distributions were analyzed with the Kruskal–Wallis H-test. Statistical differences were 297 considered as significant if the P < 0.05.




RESULTS


Effects of High Glucose and Glucose Fluctuation on miR-146a Expression in BV-2 Cells

Compared with that in the 25 mmol/L glucose group, the expression of miR-146a in the 75 mmol/L glucose group and glucose fluctuation group was significantly decreased (0.69 ± 0.107 vs. 1.00 ± 0.037, **p = 0.001 and 0.74 ± 0.208 vs. 1.00 ± 0.037, **p = 0.003, respectively) (Figure 1).
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FIGURE 1. Effects of high glucose and glucose fluctuations on miR-146a levels in BV-2 cells. Expression levels of miR-146a, **p < 0.01 75 mmol/L Glc vs. control, **p < 0.01 Glc fluctuation vs. control.




miR-146a Overexpression in BV-2 Cells

Green fluorescent protein was expressed by more than 80% of BV-2 cells 72 h after transfection with miR-146a lentivirus and control virus (Figure 2A). After stable transfection and puromycin screening, miR-146a levels in the Lv-mmu-miR-146a group were significantly higher than those of the control group (3.63 ± 0.208 vs. 1.00 ± 0.086, ***p < 0.001) (Figure 2B). These findings indicated that miR-146a overexpressing lentiviruses were successfully transfected into BV-2.
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FIGURE 2. GFP expression and miR-146a expression levels after lentiviral infection in BV-2. (A) GFP expression after BV-2 transfection with over-expression of miR-146a lentivirus and control virus. (B) miR-146a expression levels before and after BV-2 transfection with over-expression of miR-146a lentivirus, ***p < 0.001 Lv-mmu-miR-146a group vs. control.




Effects of miR-146a Overexpression on M1/M2 Polarization Transitions


Microglial Activation Marker CD11b

Immunofluorescence analysis (Figure 3) indicated that the expression of the M1 phenotype polarization marker, CD11b, was significantly increased in the 75 mmol/L glucose (15.75 ± 3.98 vs. 6.47 ± 0.996, ###p < 0.001) and fluctuation group (11.5 ± 1.952 vs. 6.47 ± 0.996, ##p = 0.008) compared to that in the control group. The expression of CD11b was significantly decreased in the 75 mmol/L glucose+Lv-mmu-miR-146a group compared with that in the 75 mmol/L glucose group (6.74 ± 0.916 vs. 15.75 ± 3.98, ***p < 0.001). Similar results were observed in the glucose fluctuation+Lv-mmu-miR-146a group when compared with the glucose fluctuation group (6.76 ± 1.487 vs. 11.50 ± 1.952, ***p < 0.001).
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FIGURE 3. Immunofluorescence for CD11b in BV-2 cells overexpressing miR-146a induced by high glucose and glucose fluctuations for 48 h. (A) Immunofluorescence was used to measure the expression of CD11b protein in BV-2 cells overexpressing miR-146a induced by high glucose and glucose fluctuation. (B) Comparison of CD11b protein immunofluorescence intensity. ###p < 0.001, 75 mmol/L Glc vs. control; ##p < 0.01, Glc fluctuation group vs. control. ***p < 0.001, 75 mmol/L Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group, Glc fluctuation+Lv-mmu-miR-146a group vs. Glc fluctuation group.


BV-2 cells were cultured in 25 mmol/L glucose, 75 mmol/L glucose, or glucose fluctuation groups for 24 h, and qRT-PCR was used to measure the expression of CD11b (Figure 4A). Compared with that in the 25 mmol/L glucose group, the expression of CD11b mRNA was significantly increased in the 75 mmol/L glucose group (2.13 ± 0.269 vs. 1.00 ± 0.093, ###p < 0.001) and glucose fluctuation group (1.57 ± 0.141 vs. 1.00 ± 0.093, ##p = 0.002). The expression of CD11b mRNA was significantly decreased in the 75 mmol/L glucose+Lv-mmu-miR-146a group compared with that in the 75 mmol/L glucose group (1.16 ± 0.074 vs. 2.13 ± 0.2691, ***p < 0.001). Similar results were observed in the glucose fluctuation+Lv-mmu-miR-146a group when compared with the glucose fluctuation group (1.015 ± 0.266 vs. 1.57 ± 0.141, **p = 0.002).
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FIGURE 4. Effects of miR-146a on polarization transitions in BV-2 cells induced by high glucose and glucose fluctuation. (A) CD11b mRNA expression levels. ***p < 0.001, 75 mmol/L Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group; **p < 0.01, Glc fluctuation+Lv-mmu-miR-146a group vs. Glc fluctuation group; ###p < 0.001, 75 mmol/L Glc vs. control; ##p < 0.01, Glc fluctuation group vs. control. (B) Western blot for CD11b, iNOS, and Arg-1 protein detection. (C) Expression levels of CD11b protein. ***p < 0.001, 75 mmol/L Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group; **p < 0.01, Glc fluctuation+Lv-mmu-miR-146a group vs. Glc fluctuation group; ##p < 0.01, 75 mmol/L Glc vs. control; ##p < 0.01 Glc fluctuation group vs. control. (D) iNOS mRNA expression levels. ***p < 0.001, 75 mmol/L Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group; *p < 0.05 Glc fluctuation+Lv-mmu-miR-146a group vs. Glc fluctuation group, ###p < 0.001, 75 mmol/L Glc vs. control, #p < 0.05, Glc fluctuation group vs. control. (E) Expression levels of iNOS protein. *p < 0.05 75 mmol/L Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group; *p < 0.05, Glc fluctuation+Lv-mmu-miR-146a group vs. Glc fluctuation group; ###p < 0.001, 75 mmol/L Glc vs. control; ##p < 0.01 Glc fluctuation group vs. control. (F) Arg-1 mRNA expression levels. *p < 0.05 75 mmol/L, Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group; ***p < 0.001 Glc fluctuation+Lv-mmu-miR-146a group vs. Glc fluctuation group; ###p < 0.001, 75 mmol/L Glc vs. control; ###p < 0.001, Glc fluctuation group vs. control. (G) Expression levels of Arg-1 protein. *p < 0.05, 75 mmol/L Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group; **p < 0.01, Glc fluctuation+Lv-mmu-miR-146a group vs. Glc fluctuation group; #p < 0.05, 75 mmol/L Glc vs. control; #p < 0.05, Glc fluctuation group vs. control.


Western blot (Figures 4B,C) revealed that the expression of CD11b protein was significantly increased in the 75 mmol/L glucose (2.13 ± 0.422 vs. 1.00 ± 0.110, ##p = 0.007) and fluctuation group (1.80 ± 0.360 vs. 1.00 ± 0.110, ##p = 0.003) compared with that in the control group. The expression of CD11b protein was significantly decreased in the 75 mmol/L glucose+Lv-mmu-miR-146a group compared with that in the 75 mmol/L glucose group (1.01 ± 0.102 vs. 2.13 ± 0.422, ***p < 0.001). Similar results were observed in the glucose fluctuation+Lv-mmu-miR-146a group when compared with the glucose fluctuation group (0.899 ± 0.077 vs. 1.80 ± 0.360, ***p < 0.001).



M1 Phenotype Polarization Marker iNOS

BV-2 cells were cultured in 25 mmol/L glucose, 75 mmol/L glucose, or glucose fluctuation groups for 24 h, and qRT-PCR was used to detect the expression of iNOS (Figure 4D). Compared with that in the 25 mmol/L glucose group, the expression of iNOS mRNA was significantly increased in the 75 mmol/L glucose group (2.45 ± 0.071 vs. 1.00 ± 0.030, ###p < 0.001) and glucose fluctuation group (1.35 ± 0.173 vs. 1.00 ± 0.030, #p = 0.02). The expression of iNOS mRNA was significantly decreased in the 75 mmol/L glucose+Lv-mmu-miR-146a group compared with that in the 75 mmol/L glucose group (1.36 ± 0.188 vs. 2.45 ± 0.071, ***p < 0.001). Similar results were observed in the glucose fluctuation+Lv-mmu-miR-146a group when compared with the glucose fluctuation group (0.98 ± 0.072 vs. 1.35 ± 0.173, *p = 0.014).

Western blot results (Figures 4B,E) revealed that the expression of iNOS protein was significantly increased in the 75 mmol/L glucose (2.07 ± 0.449 vs. 1.00 ± 0.055, #p = 0.028) and fluctuation group (1.96 ± 0.104 vs. 1.00 ± 0.055, #p = 0.03) compared with that in the control group. The expression of iNOS protein was significantly decreased in the 75 mmol/L glucose+Lv-mmu-miR-146a group compared with that in the 75 mmol/L glucose group (1.53 ± 0.257 vs. 2.07 ± 0.449, ***p < 0.001). Similar results were observed in the glucose fluctuation+Lv-mmu-miR-146a group when compared with the glucose fluctuation group (1.43 ± 0. 239 vs. 1.96 ± 0.104, **p = 0.001).



M2 Phenotype Polarization Marker Arg-1

BV-2 cells were cultured in 25 mmol/L glucose, 75 mmol/L glucose, or glucose fluctuation groups for 24 h, and qRT-PCR was used to measure the expression of Arg-1 (Figure 4F). Compared to that in the 25 mmol/L glucose group, the expression of Arg-1 mRNA was significantly decreased in the 75 mmol/L glucose group (0.38 ± 0.005 vs. 1.00 ± 0. 095, ###p < 0.001) and glucose fluctuation group (0.56 ± 0.055 vs. 1.00 ± 0.095, ###p < 0.001). The expression of Arg-1 mRNA was significantly increased in the 75 mmol/L glucose+Lv-mmu-miR-146a group compared with that in the 75 mmol/L glucose group (0.57 ± 0.112 vs. 0.38 ± 0.005, *p = 0.018). Similar results were observed in the glucose fluctuation+Lv-mmu-miR-146a group when compared with the glucose fluctuation group (0.91 ± 0.131 vs. 0.56 ± 0.055, ***p < 0.001).

Western blot results (Figures 4B,G) revealed that the expression of Arg-1 protein was significantly decreased in the 75 mmol/L glucose (0.41 ± 0.150 vs. 1.00 ± 0.269, #p = 0.016) and fluctuation group (0.52 ± 0.170 vs. 1.00 ± 0.269, #p = 0.042) compared with that in the control group. The expression of Arg-1 protein was significantly increased in the 75 mmol/L glucose+Lv-mmu-miR-146a group compared with that in the 75 mmol/L glucose group (0.96 ± 0.274 vs. 0.41 ± 0.150, *p = 0.023). Similar results were observed in the glucose fluctuation+Lv-mmu-miR-146a group compared with that in the glucose fluctuation group (1.17 ± 0.373 vs. 0.52 ± 0.170, **p = 0.009).



Inflammation Cytokines


TNF-α

BV-2 cells were cultured in 25 mmol/L glucose, 75 mmol/L glucose, or glucose fluctuation groups for 24 h, and qRT-PCR was used to measure the expression of TNF-α (Figure 5A). Compared to that in the 25 mmol/L glucose group, the expression of TNF-α mRNA was significantly increased in the 75 mmol/L glucose (1.23 ± 0.056 vs. 1.0 ± 0.134, #p = 0.022). There was no significant difference between the fluctuation group and control group(1.11 ± 0.02 vs. 1.0 ± 0.134, p = 0.161). The expression of TNF-α mRNA was significantly decreased in the 75 mmol/L glucose+Lv-mmu-miR-146a group compared to the 75 mmol/L glucose group (1.0 ± 0.051 vs. 1.23 ± 0.056, *p = 0.017). No significant difference between the glucose fluctuation+Lv-mmu-miR-146a group and the glucose fluctuation group (1.00 ± 0.172 vs. 1.11 ± 0.020, p = 0.368) was observed.
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FIGURE 5. Effects of miR-146a on inflammatory cytokines expression in BV-2 cells induced by high glucose and glucose fluctuation. (A) TNF-α mRNA expression levels. #p < 0.05, 75 mmol/L Glc vs. control; *p < 0.05, 75 mmol/L Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group. (B) ELISA results of TNF-α. #p < 0.05, 75 mmol/L Glc vs. control; **p < 0.01, 75 mmol/L Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group; Glc fluctuation+Lv-mmu-miR-146a group vs. Glc fluctuation group. (C) IL-6 mRNA expression levels. ##p < 0.01, 75 mmol/L Glc vs. control; ***p < 0.001, 75 mmol/L Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group; ***p < 0.001, Glc fluctuation+Lv-mmu-miR-146a group vs. Glc fluctuation group. (D) ELISA results of IL-6. ##p < 0.01, 75 mmol/L Glc vs. control; *p < 0.05, 75 mmol/L Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group; **p < 0.01, Glc fluctuation+Lv-mmu-miR-146a group vs. Glc fluctuation group. (E) IL-10 mRNA expression levels. ###p < 0.001, 75 mmol/L Glc vs. control; ###p < 0.001, Glc fluctuation vs. control; ***p < 0.001, 75 mmol/L Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group. ***p < 0.001, Glc fluctuation+Lv-mmu-miR-146a group vs. Glc fluctuation group. (F) ELISA results of IL-10. ##p < 0.01, 75 mmol/L Glc vs. control; *p < 0.05, 75 mmol/L Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group; *p < 0.05, Glc fluctuation+Lv-mmu-miR-146a group vs. Glc fluctuation group.


ELISA (Figure 5B) results showed that compared to that in the 25 mmol/L glucose group, the expression of TNF-α protein was significantly increased in the 75 mmol/L glucose (993.11 ± 5.06 vs. 828.09 ± 20.953, #p = 0.02). No significant difference between the fluctuation group and control groups (919.70 ± 5.025 vs. 828.09 ± 20.953, p = 0.071) was observed. The expression of TNF-α protein was significantly decreased in the 75 mmol/L glucose+Lv-mmu-miR-146a group compared to the 75 mmol/L glucose group (857.74 ± 13.91 vs. 993.11 ± 5.06, **p = 0.009), and significantly decreased in the glucose fluctuation+Lv-mmu-miR-146a group compared to the glucose fluctuation group (871.03 ± 4.649 vs. 919.7 ± 5.025, **p = 0.003).



IL-6

BV-2 cells were cultured in 25 mmol/L glucose, 75 mmol/L glucose, or glucose fluctuation groups for 24 h, and qRT-PCR was used to measure the expression of IL-6 (Figure 5C). Compared to that in the 25 mmol/L glucose group, the expression of IL-6 mRNA was significantly increased in the 75 mmol/L glucose (1.27 ± 0.072 vs. 1.0 ± 0.114, ##p = 0.009). The expression of IL-6 mRNA was significantly decreased in the 75 mmol/L glucose+Lv-mmu-miR-146a group compared to the 75 mmol/L glucose group (0.21 ± 0.052 vs. 1.27 ± 0.072, *p < 0.001), and similarly significantly decreased in the glucose fluctuation+Lv-mmu-miR-146a group compared to the glucose fluctuation group (0.30 ± 0.047 vs. 1.02 ± 0.064, ***P < 0.001).

ELISA (Figure 5D) results showed that compared to that in the 25 mmol/L glucose group, the expression of IL-6 protein was significantly increased in the 75 mmol/L glucose (12.830 ± 0.125 vs. 11.36 ± 0.032, ##p = 0.008 compared with control groups. No significant difference was observed between the fluctuation group and control groups (111.79 ± 0.483 vs. 11.36 ± 0.032, p = 0.826). The expression of IL-6 protein was significantly decreased in the 75 mmol/L glucose+Lv-mmu-miR-146a group compared to the 75 mmol/L glucose group (5.84 ± 0.828 vs. 12.830 ± 0.125, *p = 0.02), and similarly significantly decreased in the glucose fluctuation+Lv-mmu-miR-146a group compared with the glucose fluctuation group (6.17 ± 0.343 vs 11.79 ± 0.483, **p = 0.001).



IL-10

BV-2 cells were cultured in 25 mmol/L glucose, 75 mmol/L glucose, or glucose fluctuation groups for 24 h, and qRT-PCR was used to measure the expression of IL-10 (Figure 5E). Compared to that in the 25 mmol/L glucose group, the expression of IL-10 mRNA was significantly decreased in the 75 mmol/L glucose (0.434 ± 0.017 vs. 1.0 ± 0.045, ###p < 0.001)and in the fluctuation group (0.63 ± 0.089 vs. 1.0 ± 0.045, ###p < 0.001).The expression of IL-10 mRNA was significantly increased in the 75 mmol/L glucose+Lv-mmu-miR-146a group compared with the 75 mmol/L glucose group(1.52 ± 0.042 vs. 0.434 ± 0.017, ***p < 0.001), and similarly significantly increased in the glucose fluctuation+Lv-mmu-miR-146a group compared with the glucose fluctuation group (1.32 ± 0.078 vs. 0.63 ± 0.089, ***p < 0.001).

ELISA (Figure 5F) results showed that compared to that in the 25 mmol/L glucose group, the expression of IL-10 protein was significantly decreased in the 75 mmol/L glucose (4.53 ± 0.276 vs. 8.55 ± 0.296, ##p = 0.001). No significant difference was observed between the fluctuation group and control groups (5.56 ± 1.788 vs. 8.55 ± 0.296, p = 0.083). The expression of IL-10 protein was significantly increased in the 75 mmol/L glucose Lv-mmu-miR-146a group compared with the 75 mmol/L glucose group(10.0 ± 0.915 vs. 4.53 ± 0.276, *p = 0.01), and similarly significantly increased in the glucose fluctuation Lv-mmu-miR-146a group compared with the glucose fluctuation group (12.21 ± 1.046 vs. 5.56 ± 0.788, *p = 0.011).




miR-146a Regulation of Polarization Transitions via IRAK1/TRAF6/NF-κB Signaling

The expression of IRAK1 mRNA (Figure 6A) was significantly increased in the 75 mmol/L glucose (1.82 ± 0.151 vs. 1.0 ± 0.079, ###p < 0.001) compared with that in the control group. No significant difference between the fluctuation group and control group was observed (1.23 ± 0.05 vs. 1.0 ± 0.079, p = 0.067). The expression of IRAK1 mRNA was significantly decreased in the 75 mmol/L glucose+Lv-mmu-miR-146a group compared with that in the 75 mmol/L glucose group (1.3 ± 0.247 vs. 1.82 ± 0.151, **p = 0.03). No significant difference between the glucose fluctuation+Lv-mmu-miR-146a group and glucose fluctuation group was observed (0.94 ± 0.275 vs. 1.23 ± 0.05, p = 0.14).
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FIGURE 6. miR-146a regulation of polarization transitions via the IRAK1/TRAF6/NF-κB signaling pathway. (A) IRAK1 mRNA expression levels. ###p < 0.001, 75 mmol/L Glc vs. control; **p < 0.01, 75 mmol/L Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group. (B) TRAF6 mRNA expression levels. ###p < 0.001, 75 mmol/L Glc vs. control, Glc fluctuation group vs. control; ***p < 0.001, 75 mmol/L Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group, Glc fluctuation+Lv-mmu-miR-146a group vs. Glc fluctuation group. (C) NF-κB mRNA expression levels. ###p < 0.001, 75 mmol/L Glc vs. control, Glc fluctuation group vs. control; ***p < 0.001, 75 mmol/L Glc+Lv-mmu-miR-146a group vs. 75 mmol/L Glc group, Glc fluctuation+Lv-mmu-miR-146a group vs. Glc fluctuation group.


The expression of TRAF6 mRNA (Figure 6B) was significantly increased in the 75 mmol/L glucose (2.98 ± 0.199 vs. 1.0 ± 0.071, ###p < 0.001) and fluctuation group (1.59 ± 0.137 vs. 1.0 ± 0.071, ###p < 0.001) compared with that in the control group. The expression of TRAF6 mRNA was significantly decreased in the 75 mmol/L glucose+Lv-mmu-miR-146a group compared with that in the 75 mmol/L glucose group (1.24 ± 0.048 vs. 2.98 ± 0.199, ***p < 0.001), as well as in the glucose fluctuation+Lv-mmu-miR-146a group compared with that in the glucose fluctuation group (1.02 ± 0.207 vs. 1.59 ± 0.137, ***p < 0.001).

The expression of NF-κB mRNA (Figure 6C) was significantly increased in the 75 mmol/L glucose (2.39 ± 0.083 vs. 1.0 ± 0.088, ###p < 0.001) and fluctuation group (1.8 ± 0.07 vs. 1.0 ± 0.088, ###p < 0.001) compared with that in the control group. The expression of NF-κB mRNA was significantly decreased in the 75 mmol/L glucose+Lv-mmu-miR-146a group compared with that in the 75 mmol/L glucose group (0.6 ± 0.287 vs. 2.39 ± 0.083, ***p < 0.001), as well as in the glucose fluctuation+Lv-mmu-miR-146a group compared with that in the glucose fluctuation group (1.03 ± 0.036 vs. 1.8 ± 0.07, ***p < 0.001).



DISCUSSION

This study demonstrated that high glucose and glucose fluctuations induced polarization transitions to M1 phenotype in BV-2 cells. M1 phenotype parameters including CD11b and iNOS were significantly increased while the expression of M2 phenotype polarizing parameter Arg-1 was significantly decreased. These effects were reversed by overexpression of miR-146a. Furthermore, IRAK1, TRAF6, and NF-κB expression was significantly increased in the high glucose group and glucose fluctuation group. Similarly, these effects were reduced after miR-146a overexpression.

Neuroinflammation is a double-edged sword. Neuroinflammation plays an important role in suppressing infection, removing pathogens, clearing cell debris and misfolded proteins in the nervous system, and nerve repair. However, persistent neuroinflammation induces damage to the nervous system. The role of neuroinflammation depends primarily on the polarization transitions of M1/M2 phenotypes of microglia. Microglia are critical cells that mediate neuroinflammation and have different effects according to polarization phenotype. The M1-polarized phenotype secretes inflammatory cytokines and damages nerve cells, while the M2-polarized phenotype exerts protective effects on nerve cells. Most microglia in the central nervous system are in a relative “quiescent state.” Upon changes to the surrounding environment, microglia are activated, which induces M1/M2 polarization transitions. An in vitro study suggested that hyperglycemia induced polarization transitions to M1 polarization in microglia (17). In the cortex of diabetic mice, M1 phenotype polarization of microglia was increased, whereas M2 phenotype polarization of microglia was decreased. Similarly, microglia in the hypothalamus of streptozotocin-induced diabetic rats demonstrated M1 phenotype polarization transition (18). The deleterious effects of glucose fluctuations on diabetic macroangiopathy has been reported (19, 20). However, few studies on the effects of diabetic encephalopathy have been performed. An in vitro study indicated that glucose fluctuations significantly activated microglia (12). Nevertheless, more studies are required to confirm these findings.

In this study, we use 25 mmol/L glucose DMEM for BV-2 cell culture. We found that 25 mmol/L glucose didn't impact the level of miR-146a, while in the high glucose group, miR-146a expression was reduced. However, Chen et al. demonstrated that 25 mmol/L of glucose decreased the expression of miR-146a in human retinal microvascular endothelial cells (21).

We measured the microglial activation marker CD11b as well as M1 and M2 phenotype markers. We observed that both hyperglycemia and glucose fluctuations induced polarization transitions to M1 phenotype in microglia, leading to increased expression of pro-inflammatory factors including TNF-α and IL-6. Previous studies suggested that excessive M1 phenotype polarization induces inflammatory factor secretion in diabetic encephalopathy, leading to central nervous system damage in diabetes. The expression of iNOS was up-regulated in the hippocampus of diabetic mice and aggravated neuronal damage (22). Our study verified that high glucose and glucose fluctuations induced M1 phenotype polarization transitions in microglia in vitro, which is a possible mechanism underpinning diabetic encephalopathy.

Hyperglycemia and blood glucose fluctuations induce cell activation through multiple pathways (23). Of these, the TLR4/NF-κB signaling pathway is one of the main pathways involved. Dasu et al. reported that high glucose induced up-regulation of toll-like receptors (TLR; including TLR2 and TLR4) in human monocytic THP-1 cell lines and initiated intracellular myeloid differentiation factor 88 (MyD88)/IRAK-1/NF-κB signaling pathway, which induced inflammatory responses (24). In recent years, a growing number of studies has reported that epigenetic regulation is an important regulatory mechanism underscoring neuroinflammation, especially microRNAs (25–28). Different miRNAs are expressed depending on phenotype polarization of microglia; in turn, miRNA affect polarization transitions of microglia (29). For example, high expression of miR-155 in microglia induced M1 phenotype polarization and inhibited M2 phenotype polarization (30). miR-124 induced M2 phenotype polarization by targeting inhibition of M1 phenotype polarization to maintain the resting state of microglia and macrophages (31). miR-689, miR-124, and miR-155 are involved in M1 phenotype polarization. In contrast, miR-124, miR-711, and miR-145 are implicated in M2 phenotype polarization in lipopolysaccharide (LPS) or IL-4 stimulated primary mouse microglia based on miRNA expression profiling and bioinformatics analysis (29). To date, there have been no reports on miR-146a in the context of microglial phenotype polarization. Previous studies reported that miRNA-146a played an important role in the regulation of inflammation mainly through the NF-κB pathway. Taganov et al. reported that miR-146a regulated two key adapter molecules, TRAF-6 and IRAK1, which were downstream of the TLR signaling pathway, thereby regulating the activation of the pro-inflammatory factor NF-κB and negatively regulating the release of pro-inflammatory factors (16). Yang et al. reported that miRNA-146a negatively regulated mouse T-cell activation, and the regulatory mechanism also affected the expression of NF-κB by regulating the expression of TRAF-6 and IRAK1 (32). Studies have indicated that miR-146a inhibited M1 polarization and induced M2 polarization in mouse alveolar macrophages induced by LPS (33). Further, the M1 phenotype polarizing factors IL-6 and TNF-α were increased, while the M2 phenotype polarizing factor MGL-1 was decreased in alveolar macrophages by inhibiting the expression of miR-155 or miR-146a. miR-146a and miR-155 may be involved in the anti-inflammatory activity of macrophages and participate in the mechanisms underpinning M1 and M2 polarization transitions (34).

miR-146a induced M2 phenotype polarization and up-regulated tumor-associated macrophages expression to regulate breast cancer tumor growth (35). Our results showed that high glucose increased TNF-α and IL-6 expression while reduced IL-10 expression, which was reversed by overexpression of miR-146a. Similar results was observed in another study. Overexpression of miR-146a attenuated the inhibitory effects of NIFK-AS1 M2 phenotype polarization in macrophages, while the expression of IL-10 and Arg-1 were increased (36). Altered expression of miR-146a in the brains of patients with Alzheimer's disease (AD) underpinned inflammatory senile plaque lesions in AD brains (37, 38). miR-146a expression was decreased in DRG cells in hyperglycemia studies of diabetic peripheral neuropathy; cell survival rate was decreased, but this was attenuated by miR-146a mimics (39, 40). Rong et al. reported that the expression of miR-146a in plasma of patients with type 2 diabetes was significantly decreased (29). Our study revealed that the expression of miR-146a was significantly decreased in cell cultures by high glucose and glucose fluctuations, which partially verified that low levels of miR-146a expression were induced by hyperglycemia (41). Both in vitro and in vivo studies suggest that miR146a is involved in the regulation of neuroinflammation and plays an important role in various diseases such as diabetes and neurodegenerative diseases. Therefore, we speculated that miR-146a was involved in regulating the polarization transitions of microglia induced by high glucose and glucose fluctuations. Overexpression of miR-146a regulated polarization transitions induced by high glucose and glucose fluctuations promoting M1 to M2 phenotype polarization.

A negative feedback loop between miR-146a and NF-κB may be at play in this process. The expression of miR-146a was decreased in the hippocampus of diabetic rats, while increased expression of IRAK1, TRAF6, and NF-kB aggravated hippocampal inflammation and apoptosis (42). However, compared with that in the control group, the expression of miR-146a and NF-κB were increased, expression of TRAF6 was decreased, and expression of TNF-α, IL-6, and IL-1β were increased in the sciatic nerve of DM rats, indicating that loss of NF-κB/miR-146a in the negative feedback loop may underpin the pathogenesis of diabetic peripheral neuropathy (43). Further, miR-146a regulates the expression of target genes IRAK1, TRAF6, and NF-κB. Thus, the regulation may be involved in the NF-κB pathway. In this study, overexpression of miR-146a regulated M1/M2 polarization transitions by downregulating the expression of IRAK1, TRAF6, and NF-κB in microglia. This could be a regulatory mechanism in the response of microglial inflammation induced by high glucose and glucose fluctuation.

Central nervous system inflammation is a complex process involving various glial cells, macrophages, neuronal cells, and vascular endothelial cells. The results of this study were only observed in vitro, which precludes inferences on the neuroinflammatory effects of polarization transitions of microglia in diabetic encephalopathy. However, this study provides insight into the pathogenesis of diabetic encephalopathy. We observed that overexpression of miR-146a contributed to polarization transitions from M1 to M2 phenotype in microglia. Our results provide a potential strategy for the treatment of diabetic encephalopathy. Future studies should further investigate how miR-146a regulates polarization transitions in microglia induced by high glucose and glucose fluctuations.
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Exosomes, as a type of extracellular vesicle (EV), are lipid bilayer vesicles 20–100 nm in diameter that can cross the blood-brain barrier. Exosomes are important transport vesicles in the human body that participate in many conduction pathways and play an important physiological role. Because of their high biocompatibility and low immunogenicity and toxicity, exosomes have attracted increasing attention as an attractive drug delivery system. This article reviews the relevant studies that have shown that exosomes play an important role in protective mechanisms against ischemic brain injury.
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INTRODUCTION

For ischemic brain injury, pharmacological and non-pharmacological brain protection methods are commonly used in the clinic. Pharmacological methods include ion channel blockers, lipid peroxidation inhibitors, excitatory amino acid (EAA) antagonists, blood sugar reduction, barbiturates, and traditional Chinese medicine, whereas non-pharmacological methods include mild hypothermia treatment and acupuncture. Research has examined both ischemic postconditioning and ischemic preconditioning.

In recent years, an increasing number of studies have shown that exosomes can act on the central nervous system through crossing the blood-brain barrier due to their own properties and contents and protect brain tissues through various mechanisms; these findings suggest that exosomes from various sources can protect the brain through cerebral ischemic preconditioning and ameliorate nervous system diseases in the clinic. Exosomes are derived from the intracellular lysosome pathway. Intracellular lysosome particles invade and form multivesicular bodies (MVBs). Then, the extracellular membrane of these vesicles fuses with the cell membrane and secretes them to the extracellular matrix (Colombo et al., 2014). Exosomes, which are between 20 and 100 nm in diameter, are important transport vesicles that can cross the blood-brain barrier and participate in multiple signaling pathways. Exosomes play an important role in the normal physiological function of cells and the occurrence and development of diseases, but research on exosomes is relatively new. Exosomes have been found to mediate the occurrence and development of related diseases such as Alzheimer’s disease and Parkinson’s disease by participating in the production, secretion, aggregation and uptake of related “toxic” proteins, suggesting that exosomes may be an important marker for the early diagnosis of related diseases. This article reviews the latest progress of research on exosomes in the field of ischemic brain injury protection.



OVERVIEW OF EXOSOMES


Discovery of Exosomes

Pan and Johnstone (1983) studied the transformation of sheep reticulocytes to mature erythrocytes in vitro. Through ultracentrifugation, a small vesicle was isolated from the supernatant of sheep erythrocytes. Under electron microscopy, the vesicle was found to be composed of a lipid bilayer with a round or concave cup-like structure and was later named an exosome. For some time afterward, exosomes were considered carriers of waste transported by cells to the outside world. In Raposo et al. (1996) discovered that B lymphocyte-derived exosomes have multiple functions, including antigen presentation, T lymphocyte activation, and immune cell function regulation. Related functions of exosomes began to be discovered gradually. After further study, exosomes were found to be widely present in human blood, cerebrospinal fluid, saliva, urine and so on. In Valadi et al. (2007) discovered for the first time that exosomes contained both RNA and microRNA and confirmed that the RNA carried by exosomes had certain biological activities. With the gradual discovery of substances carried by exosomes, the important roles of proteins, lipids and RNA carried by exosomes in intercellular information exchange and genetic material transfer have increasingly become hot research subjects in the fields of disease occurrence, disease treatment and disease prevention.



Biogenesis and Composition of Exosomes

Extracellular vesicles (EVs) include exosomes with a diameter of 20–100 nm, microvesicles with a diameter of 20–1000 nm and apoptotic bodies with a diameter of 500–2000 nm. Exosomes originate from the endolysosome pathway, whereas microvesicles originate from the direct germination of cells, making the composition of microvesicles much simpler than that of exosomes. The exosome formation process mainly includes early endosomal formation by invagination of the cytoplasmic membrane and early endosomal formation by regulation of the endosomal sorting complex (ESCRT) to form multiple intraluminal vesicles (ILVs), which then constitute MVBs. MVBs mature and fuse with lysosomes for lysosome degradation or fuse with plasmalemma, releasing ILVs to the cell surface to form exosomes (Samanta et al., 2018).

The composition of exosomes has been examined by trypsin digestion, mass spectrometry, Western blot and fluorescence-activated cell sorting (FACS). Exosomes are lipid bilayer vesicles rich in cholesterol, ceramide, sphingomyelin and phospholipids with long saturated ester chains. Exosomes contain a variety of proteins: protein membrane transport fusion proteins (GTPases, annexins, flotillin), transmembrane proteins (CD9, CD63, CD81 and CD82), heat shock proteins (Hsp70, Hsp60, Hsp20, Hsp90) (Gupta and Knowlton, 2007; Zhang et al., 2012) and other proteins (Alix, TSG101), lipoproteins and phospholipases (Roucourt et al., 2015) involved in the formation of vesicles. In addition, exosomes contain many microRNAs, RNAs and other non-coding RNAs, which can be transferred between cells and then regulate the expression of related genes (Pegtel et al., 2010). Many scholars are now focusing on the RNA contained in exosomes and its corresponding regulatory role. An increasing number of scholars are examining the mechanisms of exosomes in mediating disease and tissue protection. The biogenesis and composition of exosomes as shown in Figure 1 (Shahabipour et al., 2017).
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FIGURE 1. The biogenesis and composition of exosomes. Exosomes originate as endocytic vesicles through invagination of the cell membrane, which results in the formation of early exosomes and, subsequently, late exosome called MVBs. MVBs contain ILV which are formed from budding of the endosomal membrane and are called exosomes. When MVBs fuse with the plasma membrane, they give rise to the release of exosomes into the extracellular space. (A) Endosomal proteins such as CD9, Alix, and TSG101 may be incorporated into exosomes during their assembly to facilitate this process. (B) AGO2 and GW182 are two important components of the RNA-induced silencing complex (RISC), which associate with MVBs so as to mediate miRNA sorting into exosomes. (C) Subsequent fusion of cell-derived exosomes with the plasma membrane through their CD9 (tetraspanin) interaction with surface glycoproteins on target cells gives rise to cytosolic delivery of the siRNA directly. This process is involved in the creation of temporary RNAi. (D) Exosomes originate from inward budding in the lumen of the MVB through which the cytoplasmic content from the cell of origin and also viral components, including mRNA and small non-coding RNA and viral glycoproteins are incorporated into the exosome, and then released as a selective cargo in viral-infected cells. These virus-modified exosomes display the original surface markers and cell membrane as the parent cells. (E) Bioengineered or virus-modified exosomes are designed to express a selective set of proteins and small, non-coding RNAs to target specific receptors. Exosomes then fuse with the endosomal membrane to release their non-coding RNAs into the cytoplasm so as to load siRNA into the RNAi (RISC) complex of the target cells in order to prevent mRNA translation into protein. Acronyms: RISC, RNA-induced silencing complex; RNAi, RNA interference; siRNA, small interference RNA; MVBs, multivesicular bodies.




Regulation of Exosome Secretion

Precise regulation of exosome secretion is important for various cell functions. The molecular mechanisms that directly regulate exosome secretion have been studied in recent year. Increasing numbers of studies have shown that some essential regulators of exosome biogenesis and secretion in diverse cell types (Hessvik et al., 2016; Wei et al., 2017). Endosomal sorting complexes required for transport proteins (e.g., HRS and Tsg101), tetraspanins (e.g., CD81 and CD9), lipids (e.g., ceramide) and Rab GTPases (e.g., Rab11, Rab27, and Rab35) have been identified to regulate exosome secretion and release (Hsu et al., 2010; Ostrowski et al., 2010; Colombo et al., 2013; Sims et al., 2018). However, the upstream platform for exosome regulators is not well understood. Song L. et al. (2019) revealed that KIBRA controls exosome secretion via inhibiting the proteasomal degradation of Rab27a. Given that Exosomes play a vital role in intercellular communication and numerous biological processes, the exact molecular mechanisms implicated in Exosomes secretion warrant further exploration.



Purification of Exosomes

Separation of exosomes is the first step in functioning as a carrier, and thus, appropriate separation is the key to maintenance of their physical, chemical, and biological functions. Given the substantial differences in exosome size and surface markers, the methods for separation of exosomes must have high specificity and high efficiency. The commonly used methods of separation include ultracentrifugation, ultrafiltration, precipitation, immunoaffinity procedures and microfluidics (Ayala-Mar et al., 2019).


Ultracentrifugation

An effective method for separation of exosomes is the key to the value of exosomes, and therefore, it is essential to reserve the physical, chemical, and biological functions, structure and content of the exosomes to the greatest extent. At present, the golden standard for separation of exosomes is ultracentrifugation (Li P. et al., 2017). By utilizing the differences in the sedimentation rates of components of different molecular weights in a homogeneous suspension and by increasing the centrifugal force gradually, this technique separates cells, cell debris, vesicles, and proteins of different molecular weights and thus purifies exosomes. Distinguishing exosomes, small vesicles and some proteins following ultracentriguation is difficult. Purification is usually achieved by sucrose density gradient centrifugation combined with ultracentrifugation (Gupta et al., 2018).



Ultrafiltration

Ultrafiltration allows EVs to pass or remain on a selective membrane based on their different sizes through application of different forces, thereby achieving the purpose of isolating the exosomes of a specific size.



Precipitation

Exosomes are precipitated by mixing the sample with a highly hydrophilic polymer to change the solubility or dispersibility of the exosomes. Polyethylene glycol (PEG) is commonly used for this process and has extensive applications, including the extraction of exosomes from serum, plasma, ascites, and urine.



Immunoaffinity Procedures

Immunoblotting based on immunoaffinity is an effective means for identifying the separated exosomes. In addition, immunoaffinity techniques can be used to selectively separate exosomes in complex liquid environments. Exosomes separated using this method have high quality and purity. At present, the magnetic beads are coated with monoclonal antibody microparticles and then specifically bound to the exosome surface proteins to achieve the separation.



Microfluidics

Microfluidic techniques, an emerging separation method, include immunoaffinity, screening, and porous structure capture (Liga et al., 2015). Because this method requires a much smaller volume of samples and reagents than other methods, these techniques can complete the processing of small samples in a short period of time and thus have been widely applied in biomedicine, analytical chemistry and other fields.



Relevance of Exosomes for Occurrence and Development of Diseases

Related studies have discovered that exosomes contain many miRNAs, mRNAs, and other non-coding RNAs, and therefore, as a new form of intercellular communication, these molecules play a very important role in the information transfer between cells (Salem and Fan, 2017). In recent years, the role of exosomes in the development of various diseases has been discovered gradually. For their biological effects, exosomes transfer information from the original cells to the recipient cells mainly through the information transfer between cells and simultaneously release the encoded information into the intercellular fluid or blood circulation, thereby inducing corresponding changes in the recipient cells. Therefore, the occurrence of many diseases is closely related to exosomes. In the course of diabetes development, a variety of miRNAs carried by exosomes, including miR-155 and miR-204, can facilitate the occurrence of diabetes by causing insulin resistance, reducing the sensitivity of the body to insulin, and activating mitochondrial apoptosis in β cells.

Among the exosome-mediated diseases related to the central nervous system, Alzheimer’s disease has been extensively studied. Dinkins et al. found that astrocyte-derived exosomes can aggravate cognitive dysfunction by enriching and blocking the degradation of Aβ42 as a component of the senile plaques of Alzheimer’s disease (Dinkins et al., 2016). Moreover, microglia can internalize and release Tau protein through exosomes. Exosomes can carry overphosphorylated Tau protein into peripheral cells, causing damage to the functions of cells when intracellular regulatory functions are dysfunctional.

Exosomes also play a vital role in the development of various blood-related diseases. In recent years, many studies have found that exosomes are closely linked to hypertension (Pironti et al., 2015), atherosclerosis (Moreno et al., 2013), cardiac hypertrophy and other diseases and can carry and transfer miR-21-3p, miR-133b and other miRNAs, playing an important role in the occurrence and development of the above cardiovascular diseases.



Advantages of Exosomes as a Natural Carrier System

As an important barrier to isolate plasma and cerebrospinal fluid, the blood-brain barrier plays a crucial role in preventing harmful substances from entering the brain and maintaining the basic stability of the brain environment. However, the restriction of the transport of macromolecule proteins by the blood-brain barrier makes entering the brain through the blood-brain barrier difficult for some macromolecule drugs that would be otherwise effective for the treatment of nervous system diseases, thereby limiting their clinical application. To enable these drugs to be used effectively in the clinic, an effective carrier system is needed to participate in the delivery of drugs.

Currently, carrier systems including liposomes and nanoparticles are widely used, but their high immunogenicity, low biocompatibility, short half-life and lack of specificity are limiting. As a natural carrier system, exosomes have a low immunogenicity, high biocompatibility, long half-life (Ha et al., 2016), and strong targeting ability (Lakhal and Wood, 2011). Exosomes can freely cross the blood-brain barrier (Zhuang et al., 2011) and maintain high activity during long-term storage, giving them major advantages as an ideal drug delivery system. A large number of studies have shown that exosomes can deliver different pharmacological molecules to target cells or tissues. These molecules can be further modified and reinserted into exosomes for different therapeutic applications (see Figure 2), opening up a new method for clinical drug delivery for central nervous system diseases (Samanta et al., 2018).


[image: image]

FIGURE 2. Exosomes play roles in drug delivery: exosomes isolated from different cell types are rich in miRNA, RNA and protein. These molecules can further modified and reinserted into the exosomes for different therapeutic applications.




Brain Tissue Protection and Treatment in Central Nervous System Diseases

A series of studies have shown that exosomes play a therapeutic role in ischemic diseases of the central nervous system, creating treatment options. Exosomes have a variety of sources (endothelial cells, adipose tissue-derived mesenchymal stem cells, astrocytes, etc.) and can protect against and repair ischemic central nervous system injury. A key characteristic of exosomes is their ability to penetrate the blood-brain barrier and release the associated RNA, protein, etc. into the central nervous system (Valadi et al., 2007) and then pass through it. There are many pathways that promote the growth and repair of blood vessels, inhibit the apoptosis of nerve cells, and promote the repair and regeneration of nerve cells. Long et al. (2017) found that the adult exudate of mesenchymal stem cells administered through the nasal spray administration route can be absorbed by neurons and microglia in the motor cortex, thereby alleviating neuronal inflammation, indicating that exosomes can penetrate the blood-brain barrier and play a therapeutic role in relevant regions of the brain. Among all the sources of exosomes, mesenchymal stem cell-derived exosomes have been extensively studied for their ability to promote the protection and repair of the central nervous system. The neuroprotective effect of mesenchymal stem cell-derived exosomes was found to be related to their dose and number of generations. The smaller the generation, the stronger neuroprotective effect of the exosomes is. Low-dose exosomes could inhibit neuronal injury through antiapoptotic effects and oxidation, while high-dose exosomes had the opposite effect on neurons (Venugopal et al., 2017).



Protective and Reparative Effects of Exosomes on Brain Tissue Injury

Relevant studies on the protection and repair of brain tissue mediated by exosomes have shown that exosomes can protect and repair neurons by (1) improving the microenvironment and regulating the corresponding immune function; (2) inhibiting neuronal apoptosis and mediating axon reconstruction and neurogenesis; (3) promoting vascular regeneration and remodeling; and (4) alleviating inflammation. Exosomes also play a role in the sexual response and immunosuppression. Dosage and route of administration of exosomes in animal experiments (see Table 1).


TABLE 1. Dosages and routes of administration of exosomes in animal experiments.
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Improving the Microenvironment and Regulating Immune-Mediated Tissue Protection and Repair

In acute brain injury, insufficient cerebral perfusion can lead to ischemic stroke. White et al. (2000) showed that during stroke, high levels of glutamate accumulate in cells, which opens voltage-dependent and glutamate-regulated calcium channels, resulting in a substantial calcium influx and activation and production of large quantities of nitric oxide synthase. Excessive consumption of superoxide dismutase (SOD) leads to an accumulation of free radicals in cells, causing cell apoptosis, DNA damage, and brain tissue damage. Wei et al. (2016) showed that in a glutamate-induced neuronal injury model, adipose-derived mesenchymal stem cell-derived exosomes can protect brain tissue from glutamate-induced neuronal injury by transporting and releasing cytokines such as insulin-like growth factor (IGF) and hepatocyte growth factor (HGF), which are potentially associated with activation of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway. In addition, Kalani et al. (2016) found that exosomes could reduce the infarct volume and degree of edema in the brain of ischemia-reperfusion mice by reducing the expression of the glutamate receptor N-methyl-D-aspartate receptor (NMDAR) in the central nervous system.

Neurons, as permanent cells, are difficult to repair after damage. Although neural stem cells provide hope for regeneration of neurons through self-differentiation, this process is very difficult due to the poor peripheral microenvironment of damaged tissues. Han et al. (2019) showed that intravenous injection of mesenchymal stem cell-derived exosomes into a intracerebral hemorrhage rat model improved the brain microenvironment through crossing the blood-brain barrier and promoting vascular remodeling and neurological function by regulating angiogenesis and neuron regeneration. These results indicated that mesenchymal stem cell-derived exosomes could enter the brain microenvironment and improve it to promote the repair of damaged neurons.



Promoting Vascular Regeneration and Reconstruction

The protective effect of exosomes is also reflected in their ability to promote the regeneration and reconstruction of blood vessels. Du et al. (2018) co-cultured mesenchymal stem cell-derived exosomes with high expression of microRNA-132-3p and bEnd.3 with mouse brain microvascular endothelial cells damaged by glucose and oxygen deprivation/reoxygenation (H/R). The mesenchymal stem cell-derived exosomes expressing high levels of microRNA-132-3p effectively improved the proliferation and migration function of H/R-induced damaged cerebrovascular endothelial cells and reduced Akt phosphorylation levels, thereby promoting blood vessel regeneration through the PI3K/Akt pathway. These observations indicated that exosomes can promote the regeneration of cerebrovascular endothelial cells by promoting the proliferation of cerebrovascular endothelial cells, providing a new method for stem cell therapy for the treatment of cerebrovascular injury.



Inhibiting Neuronal Apoptosis and Mediating Axon Remodeling and Neurogenesis

Shen et al. (2018) showed that the number of apoptotic and degenerative neurons in the rat brain was significantly reduced by transfecting exosomes with microRNA-133b and transfusing them back into the rat tail vein after intracerebral hemorrhage, indicating that microRNA-133b-containing exosomes had a protective effect on the brain tissue after intracerebral hemorrhage. Similarly, Li et al. (2018) found that neural stem cell (NSC)-derived exosomes could inhibit neuronal apoptosis and promote neuronal survival by studying the role of NSC-derived exosomes in a cobalt chloride (CoCl2)-induced hypoxia model. Furthermore, Xin et al. (2013) showed that exosomes can promote neuronal axon remodeling, neurogenesis and angiogenesis in stroke models. In addition, culturing neurons and glial cells in the presence of mesenchymal stem cell-derived exosomes expressing abundant microRNA-133b promoted neuronal cell growth, indicated by an increase in neuron neurites (Xin et al., 2012). Similarly, Zhang et al. (2017b) found that exosomes derived from mesenchymal stem cells promoted axon formation in nerve cells, which may be related to microRNA-17-92. Song Y. et al. (2019) observed mouse infarction and neuronal apoptosis 3 days after an ischemic attack induced by blocking the middle cerebral artery of the mouse, followed by immediate intravenous injection of M2 microglia-derived exosomes; M2 BV2-derived exosomes were shown to promote neuronal-mediated neuroprotection via miR-124 and through downregulation of miR-124 target proteins, which inhibited neurological deficits and neuronal apoptosis in the mouse model of stroke, thereby increasing the survival rate of neuronal cells.



Antagonizing Immunosuppression and the Inflammatory Response

Li Y. et al. (2017) showed that exosomes of dental pulp mesenchymal stem cells could inhibit the neuroinflammatory response induced by traumatic brain injury. Huang et al. (2018) also showed that under traumatic brain injury, an increase in microglial exosome miRNA-124-3p not only reduced the occurrence of the inflammatory response but also promoted the growth of axons. Similarly, Zhang et al. (2017c) found that neurological function was improved by extracting mesenchymal stem cell-derived exosomes and transfusing them back into a traumatic brain injury (TBI) animal model. The exosomes may act by promoting vascular remodeling and nerve regeneration and alleviating inflammatory reactions. In addition, Doeppner et al. (2015) found that mesenchymal stem cell-derived exosomes not only promoted cerebral vascular regeneration in mice with focal cerebral ischemia but also provided an appropriate external environment for brain remodeling by antagonizing the immunosuppressive response. This study indicated that exosomes from various sources have various mechanisms by which they provide protection of brain tissues after a trauma. Exosomes are able to protect and repair damaged tissues by antagonizing immune and inflammatory responses, promoting neuron regeneration and providing a suitable reconstructed external environment.



Protection of Brain Tissue Mediated by Secretion of Exosome in Ischemic Preconditioning

As research on the function of exosomes has been performed and our knowledge of their role has deepened, researchers’ views on exosomes have changed. At an early stage, exosomes were considered a medium for cells to discharge waste to the outside world. In recent years, the above studies showed that exosomes play an important role in the protection and repair of brain tissue after brain injury. The research not only suggests that exosomes can be used as a new therapeutic approach with great potential but also that exosomes play an important role in alleviating or even preventing brain tissue damage caused by ischemia and hypoxia. At present, non-pharmacological approaches such as mild hypothermia and ion channel blockers are mostly used to prevent ischemic brain damage in the clinic, as well as other pharmacological approaches such as ion channel blockers. In recent years, an increasing number of researchers have found that exosomes may play an important role in brain protection mediated by ischemic preconditioning.

Ischemic conditioning refers to a process involving short-term blockade and reperfusion of blood flow to activate various endogenous protective mechanisms and alleviate tissue damage. This method is widely used in various cardiovascular operations. However, because the protection of brain tissue using this process requires the separation of the brain tissue for blood flow blockage and reflux, the process has many advantages. In recent years, the concept of ischemic conditioning has been extended to remote ischemic conditioning (RIC), i.e., a short series of blood flow blockade and reperfusion in the distal limbs through cuff suppression, which has also been found to have protective effects on brain tissue after multiple cycles. Although ischemic preconditioning and RIC have great potential for development as effective, low-cost and simple methods, few researchers have studied the mechanism of ischemic preconditioning.

Xiao et al. (2017) studied the protective effect of RIC in acute cerebral ischemia. RIC on the limbs of experimental animals increased the content of exosomes in the blood, the morphology of which was similar to that of endothelial cell-derived exosomes. Further experiments showed that endothelial cell-derived exosomes could be induced by upregulation of transcription and translation through sugar deprivation/reoxygenation in the SH-SY5Y nerve cell line. In this process, the expression of Bcl-2 inhibits the expression of Bax, thus alleviating nerve cell apoptosis and achieving a protective effect. The mechanism of this process may be related to the Janus kinase 2 (JAK2)/signal transducer and activator of transcription-3 (STAT3) pathway (Cheng et al., 2014) and the PI3K/Akt pathway (Zhang et al., 2017a); the latter pathway has been extensively studied, and the former requires further testing.

In Xiao et al. (2017), the CD63, HSP70 and TSG101 expression levels in exosomes in the hippocampus of the RIP group did not increase, but the expression in plasma increased, indicating that RIP can promote the release of exosomes. This finding indicates that in light of the spatial distribution of exosomes in a model of acute cerebral ischemia, exosomes are extensively distributed in the blood circulation. Moreover, the brain protection mediated by remote ischemic preconditioning also indicates that exosomes are extensively distributed in the whole body through the blood circulation, and due to the size of the exosomes themselves and the specificity of their physical and chemical properties, these molecules can further mediate brain protection by passing through the BBB and releasing miRNAs and other substances. Furthermore, based on the elevated blood exosomes induced by remote ischemic preconditioning, these molecules are likely associated with the protection of other organs. The dependent interaction of exosomes in the damage of organism has been outlined above. In recent year, increasing numbers of studies have shown that in addition to the brain protection mediated by exosomes, exosomes can act on tissues such as the myocardium in a similar manner and mediate the corresponding tissue protective functions, indicating that the effect of exosomes is not specific to brain tissue. Given the diversity of these mechanisms, multiple organ protective mechanisms may be present simultaneously, and further exploration of these mechanisms is needed.



OUTLOOK

As a new therapeutic carrier, exosomes have attracted increasing attention because of their unique biological characteristics. Our understanding of exosomes has also changed from an excreta carrier in earlier years to a new therapeutic carrier with tremendous research potential in recent years, with an ability to mediate the repair process of multiple brain tissue injuries. Many studies have shown that exosomes can ameliorate ischemic and hypoxic brain tissue by improving the microenvironment, regulating the corresponding immune effects, inhibiting neuronal apoptosis, mediating axon reconstruction and neurogenesis, promoting vascular regeneration and remodeling, alleviating the inflammatory response and immune suppression, etc. Moreover, these repairing effects of exosomes also suggest that they can play a protective role in preventing ischemic brain necrosis by improving the resistance of brain tissue to acute ischemic injury. Through the study of animal models of acute ischemia, we see that RIC can produce exosomes and transfer them to brain tissue to play a protective role, not only indicating that exosomes can play a protective role in preventing ischemic brain necrosis but also showing tremendous research value in the study of their involvement in mediating brain protection. Research has also shown that exosomes, with their high biocompatibility, low immunogenicity and toxicity, can effectively participate in brain protection. In addition to traditional non-pharmacological approaches such as mild hypothermia and pharmacological approaches, exosomes can protect against cerebral ischemia injury. At the same time, the protective effect mediated by exosomes found in remote ischemic preconditioning experiments indicates that exosomes are related to the traditional ischemic preconditioning mechanism.

However, our knowledge of the protective effect of exosomes on brain tissue is limited; most experiments are limited to the protective effect of exosomes on the tissue itself, and the interaction between exosomes and signaling pathways is not discussed in detail. In addition to studies on the use of exosomes as an effective therapeutic approach, more research examining the specific mechanism of exosome-mediated brain tissue protection is needed.



AUTHOR CONTRIBUTIONS

WG and HT were the guarantor of integrity of the entire study. WG and WH contributed to study concepts. XK and WH contributed to manuscript preparation. XK and ZZ contributed to manuscript editing. HT helped to manuscript review.



FUNDING

This study was funded by the Natural Science Foundation of China (81774109 and 81973620), Natural Science Foundation of Zhejiang Provincial (Y19H310028), Zhejiang Public Welfare Technology Research Plan (GD20H290004), and Wenzhou Science and Technology project (ZY2019015 and Y20180496).



REFERENCES

Ayala-Mar, S., Donoso-Quezada, J., Gallo-Villanueva, R. C., Perez-Gonzalez, V. H., and Gonzalez-Valdez, J. (2019). Recent advances and challenges in the recovery and purification of cellular exosomes. Electrophoresis doi: 10.1002/elps.201800526 [Epub ahead of print].

Cheng, Z., Li, L., Mo, X., Zhang, L., Xie, Y., Guo, Q., et al. (2014). Non-invasive remote limb ischemic postconditioning protects rats against focal cerebral ischemia by upregulating STAT3 and reducing apoptosis. Int. J. Mol. Med. 34, 957–966. doi: 10.3892/ijmm.2014.1873

Colombo, M., Moita, C., van Niel, G., Kowal, J., Vigneron, J., Benaroch, P., et al. (2013). Analysis of ESCRT functions in exosome biogenesis, composition and secretion highlights the heterogeneity of extracellular vesicles. J. Cell Sci. 126, 5553–5565. doi: 10.1242/jcs.128868

Colombo, M., Raposo, G., and Thery, C. (2014). “Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles,” in Annual Review of Cell and Developmental Biology, Vol. 30, eds R. Schekman and R. Lehmann (California, CA: Annual Reviews), 255–289. doi: 10.1146/annurev-cellbio-101512-122326

Dinkins, M. B., Enasko, J., Hernandez, C., Wang, G., Kong, J., Helwa, I., et al. (2016). Neutral sphingomyelinase-2 deficiency ameliorates Alzheimer’s Disease pathology and improves cognition in the 5XFAD Mouse. J. Neurosci. 36, 8653–8667. doi: 10.1523/jneurosci.1429-16.2016

Doeppner, T. R., Herz, J., Goergens, A., Schlechter, J., Ludwig, A.-K., Radtke, S., et al. (2015). Extracellular vesicles improve post-stroke neuroregeneration and prevent postischemic immunosuppression. Stem Cells Transl. Med. 4, 1131–1143. doi: 10.5966/sctm.2015-2078

Du, D., Wang, Y., Xu, X., Zheng, J., Zhang, H., Kuang, X., et al. (2018). Improving effect of exosomes of mesenchymal stem cells with high expression of miR-132-3p on hypoxia/reoxygenation impaired brain microvascular endothelial cell function. Chin. J. Cerebrovasc. Dis. 15, 584–591.

Gupta, S., and Knowlton, A. A. (2007). HSP60 trafficking in adult cardiac myocytes: role of the exosomal pathway. Am. J. Physiol. Heart Circ. Physiol. 292, H3052–H3056. doi: 10.1152/ajpheart.01355.2006

Gupta, S., Rawat, S., Arora, V., Kottarath, S. K., Dinda, A. K., Vaishnav, P. K., et al. (2018). An improvised one-step sucrose cushion ultracentrifugation method for exosome isolation from culture supernatants of mesenchymal stem cells. Stem Cell Res. Ther. 9:180. doi: 10.1186/s13287-018-0923-920

Ha, D., Yang, N., and Nadithe, V. (2016). Exosomes as therapeutic drug carriers and delivery vehicles across biological membranes: current perspectives and future challenges. Acta Pharm. Sin. B 6, 287–296. doi: 10.1016/j.apsb.2016.02.001

Han, Y., Seyfried, D., Meng, Y., Yang, D., Schultz, L., Chopp, M., et al. (2019). Multipotent mesenchymal stromal cell-derived exosomes improve functional recovery after experimental intracerebral hemorrhage in the rat. J. Neurosurg. 131, 290–300. doi: 10.3171/2018.2.jns171475

Hessvik, N. P., verbye, A., Brech, A., Torgersen, M. L., Jakobsen, I. S., Sandvig, K., et al. (2016). PIKfyve inhibition increases exosome release and induces secretory autophagy. Cell. Mol. Life Sci. 73, 4717–4737. doi: 10.1007/s00018-016-2309-2308

Hsu, C., Morohashi, Y., Yoshimura, S. I., Manrique-Hoyos, N., Jung, S., Lauterbach, M. A., et al. (2010). Regulation of exosome secretion by Rab35 and its GTPase-activating proteins TBC1D10A-C. J. Cell Biol. 189, 223–232. doi: 10.1083/jcb.200911018

Huang, S., Ge, X., Yu, J., Han, Z., Yin, Z., Li, Y., et al. (2018). Increased miR-124-3p in microglial exosomes following traumatic brain injury inhibits neuronal inflammation and contributes to neurite outgrowth via their transfer into neurons. FASEB J. 32, 512–528. doi: 10.1096/fj.201700673R

Kalani, A., Chaturvedi, P., Kamat, P. K., Maldonado, C., Bauer, P., Joshuaa, I. G., et al. (2016). Curcumin-loaded embryonic stem cell exosomes restored neurovascular unit following ischemia-reperfusion injury. Int. J. Biochem. Cell Biol. 79, 360–369. doi: 10.1016/j.biocel.2016.09.002

Lakhal, S., and Wood, M. J. A. (2011). Exosome nanotechnology: an emerging paradigm shift in drug delivery exploitation of exosome nanovesicles for systemic in vivo delivery of RNAi heralds new horizons for drug delivery across biological barriers. Bioessays 33, 737–741. doi: 10.1002/bies.201100076

Li, B., Wei, H., Yang, Y., Ying, M., Hu, C., Lu, Y., et al. (2018). Neural stem cell-derived exosomes inhibit apoptosis of neurons induced by hypoxia neural cells. Chinese J. Pathophysiol. 34, 717–722, 728.

Li, P., Kaslan, M., Lee, S. H., Yao, J., and Gao, Z. (2017). Progress in exosome isolation techniques. Theranostics 7, 789–804. doi: 10.7150/thno.18133

Li, Y., Yang, Y.-Y., Ren, J.-L., Xu, F., Chen, F.-M., and Li, A. (2017). Exosomes secreted by stem cells from human exfoliated deciduous teeth contribute to functional recovery after traumatic brain injury by shifting microglia M1/M2 polarization in rats. Stem Cell Res. Ther. 8:198. doi: 10.1186/s13287-017-0648-645

Liga, A., Vliegenthart, A. D. B., Oosthuyzen, W., Dear, J. W., and Kersaudy-Kerhoas, M. (2015). Exosome isolation: a microfluidic road-map. Lab Chip 15, 2388–2394. doi: 10.1039/c5lc00240k

Long, Q., Upadhya, D., Hattiangady, B., Kim, D.-K., An, S. Y., Shuai, B., et al. (2017). Intranasal MSC-derived A1-exosomes ease inflammation, and prevent abnormal neurogenesis and memory dysfunction after status epilepticus. Proc. Natl. Acad. Sci. U.S.A. 114, E3536–E3545. doi: 10.1073/pnas.1703920114

Moreno, J. A., Sastre, C., Madrigal-Matute, J., Munoz-Garcia, B., Ortega, L., Burkly, L. C., et al. (2013). HMGB1 expression and secretion are increased Via TWEAK-Fn14 interaction in atherosclerotic plaques and cultured monocytes. Arterioscler. Thromb. Vasc. Biol. 33, 612–620. doi: 10.1161/atvbaha.112.300874

Ostrowski, M., Carmo, N. B., Krumeich, S., Fanget, I., Raposo, G., Savina, A., et al. (2010). Rab27a and Rab27b control different steps of the exosome secretion pathway. Nat. Cell Biol. 12, 19–30. doi: 10.1038/ncb2000

Pan, B. T., and Johnstone, R. M. (1983). Fate of the transferrin receptor during maturation of sheep reticulocytes invitro - selective externalization of the receptor. Cell 33, 967–977. doi: 10.1016/0092-8674(83)90040-90045

Pegtel, D. M., Cosmopoulos, K., Thorley-Lawson, D. A., van Eijndhoven, M. A. J., Hopmans, E. S., Lindenberg, J. L., et al. (2010). Functional delivery of viral miRNAs via exosomes. Proc. Natl. Acad. Sci. U.S.A. 107, 6328–6333. doi: 10.1073/pnas.0914843107

Pironti, G., Strachan, R. T., Abraham, D., Yu, S. M.-W., Chen, M., Chen, W., et al. (2015). Circulating exosomes induced by cardiac pressure overload contain functional Angiotensin II Type 1 receptors. Circulation 131, 2120–2130. doi: 10.1161/circulationaha.115.015687

Raposo, G., Nijman, H. W., Stoorvogel, W., Leijendekker, R., Harding, C. V., Melief, C. J. M., et al. (1996). B lymphocytes secrete antigen-presenting vesicles. J. Exp. Med. 183, 1161–1172. doi: 10.1084/jem.183.3.1161

Roucourt, B., Meeussen, S., Bao, J., Zimmermann, P., and David, G. (2015). Heparanase activates the syndecan-syntenin-ALIX exosome pathway. Cell Res. 25, 412–428. doi: 10.1038/cr.2015.29

Salem, E. S. B., and Fan, G.-C. (2017). “Pathological effects of exosomes in mediating diabetic cardiomyopathy,” in Exosomes in Cardiovascular Diseases: Biomarkers, Pathological and Therapeutic Effects, eds J. Xiao and S. Cretoiu (Berlin: Springer), 113–138. doi: 10.1007/978-981-10-4397-0_8

Samanta, S., Rajasingh, S., Drosos, N., Zhou, Z., Dawn, B., and Rajasingh, J. (2018). Exosomes: new molecular targets of diseases. Acta Pharmacol. Sin. 39, 501–513. doi: 10.1038/aps.2017.162

Shahabipour, F., Barati, N., Johnston, T. P., Derosa, G., Maffioli, P., and Sahebkar, A. (2017). Exosomes: nanoparticulate tools for RNA interference and drug delivery. J. Cell. Physiol. 232, 1660–1668. doi: 10.1002/jcp.25766

Shen, H., Yao, X., Li, H., Li, X., Zhang, T., Sun, Q., et al. (2018). Role of exosomes derived from miR-133b modified mscs in an experimental rat model of intracerebral hemorrhage. J. Mol. Neurosci. 64, 421–430. doi: 10.1007/s12031-018-1041-1042

Sims, B., Farrow, A. L., Williams, S. D., Bansal, A., Krendelchtchikov, A., and Matthews, Q. L. (2018). Tetraspanin blockage reduces exosome-mediated HIV-1 entry. Arch. Virol. 163, 1683–1689. doi: 10.1007/s00705-018-3737-3736

Song, L., Tang, S., Han, X. L., Jiang, Z. Y., Dong, L. L., Liu, C. C., et al. (2019). KIBRA controls exosome secretion via inhibiting the proteasomal degradation of Rab27a. Nat. Commun. 10:1639. doi: 10.1038/s41467-019-09720-x

Song, Y., Li, Z., He, T., Qu, M., Jiang, L., Li, W., et al. (2019). M2 microglia-derived exosomes protect the mouse brain from ischemia-reperfusion injury via exosomal miR-124. Theranostics 9, 2910–2923. doi: 10.7150/thno.30879

Valadi, H., Ekstrom, K., Bossios, A., Sjostrand, M., Lee, J. J., and Lotvall, J. O. (2007). Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 9, 654–659. doi: 10.1038/ncb1596

Venugopal, C., Shamir, C., Senthilkumar, S., Babu, J. V., Sonu, P. K., Nishtha, K. J., et al. (2017). Dosage and passage dependent neuroprotective effects of exosomes derived from rat bone marrow mesenchymal stem cells: an in vitro analysis. Curr. Gene Ther. 17, 379–390. doi: 10.2174/1566523218666180125091952

Wei, J. J., Chen, Y. F., Xue, C. L., Ma, B. T., Shen, Y. M., Guan, J., et al. (2016). Protection of nerve injury with Exosome extracted from mesenchymal stem cell. Zhongguo Yi Xue Ke Xue Yuan Xue Bao 38, 33–36. doi: 10.3881/j.issn.1000-503X.2016.01.006

Wei, Y., Wang, D., Jin, F., Bian, Z., Li, L., Liang, H., et al. (2017). Pyruvate kinase type M2 promotes tumour cell exosome release via phosphorylating synaptosome-associated protein 23. Nat. Commun. 8:14041. doi: 10.1038/ncomms14041

White, B. C., Sullivan, J. M., DeGracia, D. J., O’Neil, B. J., Neumar, R. W., Grossman, L. I., et al. (2000). Brain ischemia and reperfusion: molecular mechanisms of neuronal injury. J. Neurol. Sci. 179, 1–33. doi: 10.1016/s0022-510x(00)00386-385

Xiao, B., Chai, Y., Lv, S., Ye, M., Wu, M., Xie, L., et al. (2017). Endothelial cell-derived exosomes protect SH-SY5Y nerve cells against ischemia/reperfusion injury. Int. J. Mol. Med. 40, 1201–1209. doi: 10.3892/ijmm.2017.3106

Xin, H., Li, Y., Buller, B., Katakowski, M., Zhang, Y., Wang, X., et al. (2012). Exosome-mediated transfer of mir-133b from multipotent mesenchymal stromal cells to neural cells contributes to neurite outgrowth. Stem Cells 30, 1556–1564. doi: 10.1002/stem.1129

Xin, H., Li, Y., Cui, Y., Yang, J. J., Zhang, Z. G., and Chopp, M. (2013). Systemic administration of exosomes released from mesenchymal stromal cells promote functional recovery and neurovascular plasticity after stroke in rats. J. Cereb. Blood Flow Metab. 33, 1711–1715. doi: 10.1038/jcbfm.2013.152

Zhang, W., Wang, Y., and Bi, G. (2017a). Limb remote ischaemic postconditioning-induced elevation of fibulin-5 confers neuroprotection to rats with cerebral ischaemia/reperfusion injury: activation of the Akt pathway. Clin. Exp. Pharmacol. Physiol. 44, 656–663. doi: 10.1111/1440-1681.12742

Zhang, Y., Chopp, M., Liu, X. S., Katakowski, M., Wang, X., Tian, X., et al. (2017b). Exosomes derived from mesenchymal stromal cells promote axonal growth of cortical neurons. Mol. Neurobiol. 54, 2659–2673. doi: 10.1007/s12035-016-9851-9850

Zhang, Y., Chopp, M., Zhang, Z. G., Katakowski, M., Xin, H., Qu, C., et al. (2017c). Systemic administration of cell-free exosomes generated by human bone marrow derived mesenchymal stem cells cultured under 2D and 3D conditions improves functional recovery in rats after traumatic brain injury. Neurochem. Int. 111, 69–81. doi: 10.1016/j.neuint.2016.08.003

Zhang, X., Wang, X., Zhu, H., Kranias, E. G., Tang, Y., Peng, T., et al. (2012). Hsp20 functions as a novel Cardiokine in promoting angiogenesis via activation of VEGFR2. PLoS One 7:e32765. doi: 10.1371/journal.pone.0032765

Zhuang, X., Xiang, X., Grizzle, W., Sun, D., Zhang, S., Axtell, R. C., et al. (2011). Treatment of brain inflammatory diseases by delivering exosome encapsulated anti-inflammatory drugs from the nasal region to the brain. Mol. Ther. 19, 1769–1779. doi: 10.1038/mt.2011.164


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Kang, Zuo, Hong, Tang and Geng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	REVIEW
published: 13 December 2019
doi: 10.3389/fendo.2019.00864






[image: image2]

Genotype-Phenotype Relationships and Endocrine Findings in Prader-Willi Syndrome

Régis Afonso Costa†, Igor Ribeiro Ferreira†, Hiago Azevedo Cintra, Leonardo Henrique Ferreira Gomes and Letícia da Cunha Guida*


Laboratório de Alta Complexidade, Instituto Nacional da Saúde da Mulher, da Criança e Do Adolescente Fernandes Figueira, Fiocruz, Rio de Janeiro, Brazil

Edited by:
Ana Rosa Pérez, National Council for Scientific and Technical Research, Argentina

Reviewed by:
Christian P. Schaaf, Heidelberg University, Germany
 Dag H. Yasui, University of California, Davis, United States

*Correspondence: Letícia da Cunha Guida, leticia.guida@iff.fiocruz.br

†These authors have contributed equally to this work

Specialty section: This article was submitted to Neuroendocrine Science, a section of the journal Frontiers in Endocrinology

Received: 30 September 2019
 Accepted: 26 November 2019
 Published: 13 December 2019

Citation: Costa RA, Ferreira IR, Cintra HA, Gomes LHF and Guida LdC (2019) Genotype-Phenotype Relationships and Endocrine Findings in Prader-Willi Syndrome. Front. Endocrinol. 10:864. doi: 10.3389/fendo.2019.00864



Prader-Willi syndrome (PWS) is a complex imprinting disorder related to genomic errors that inactivate paternally-inherited genes on chromosome 15q11-q13 with severe implications on endocrine, cognitive and neurologic systems, metabolism, and behavior. The absence of expression of one or more genes at the PWS critical region contributes to different phenotypes. There are three molecular mechanisms of occurrence: paternal deletion of the 15q11-q13 region; maternal uniparental disomy 15; or imprinting defects. Although there is a clinical diagnostic consensus criteria, DNA methylation status must be confirmed through genetic testing. The endocrine system can be the most affected in PWS, and growth hormone replacement therapy provides improvement in growth, body composition, and behavioral and physical attributes. A key feature of the syndrome is the hypothalamic dysfunction that may be the basis of several endocrine symptoms. Clinical and molecular complexity in PWS enhances the importance of genetic diagnosis in therapeutic definition and genetic counseling. So far, no single gene mutation has been described to contribute to this genetic disorder or related to any exclusive symptoms. Here we proposed to review individually disrupted genes within the PWS critical region and their reported clinical phenotypes related to the syndrome. While genes such as MKRN3, MAGEL2, NDN, or SNORD115 do not address the full spectrum of PWS symptoms and are less likely to have causal implications in PWS major clinical signs, SNORD116 has emerged as a critical, and possibly, a determinant candidate in PWS, in the recent years. Besides that, the understanding of the biology of the PWS SNORD genes is fairly low at the present. These non-coding RNAs exhibit all the hallmarks of RNA methylation guides and can be incorporated into ribonucleoprotein complexes with possible hypothalamic and endocrine functions. Also, DNA conservation between SNORD sequences across placental mammals strongly suggests that they have a functional role as RNA entities on an evolutionary basis. The broad clinical spectrum observed in PWS and the absence of a clear genotype-phenotype specific correlation imply that the numerous genes involved in the syndrome have an additive deleterious effect on different phenotypes when deficiently expressed.
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INTRODUCTION

Prader-Willi syndrome (PWS; OMIM 176270) was first described in 1956 by Andrea Prader, Alexis Labhart and Heinrich Willi based on a study of nine children with a common clinical tetrad: short stature, intellectual disability, obesity, and small hands and feet (1, 2). The phenotypic analysis was expanded in the following years and decades, revealing the complexity of the syndrome, affecting endocrine, cognitive and neurologic systems, metabolism, and behavior. PWS was the first human disease to be related to genomic imprinting errors, and also the first one shown to be caused by uniparental disomy (3, 4). This rare genetic disorder has a prevalence of 1 in 10,000–30,000 live births, males and females are affected equally in all ethnic groups (5).

The PWS critical region on chromosome 15q11-q13 is monoallelically expressed by paternally inherited genes, exclusively. The absence of expression of one or more of these genes contributes to different phenotypes of PWS (6, 7) and there are three main mechanisms of occurrence: paternal deletion of the 15q11-q13 region; maternal uniparental disomy 15; or imprinting defects (8–10). On the other hand, in the same region, the loss of expression of the UBE3A gene (preferentially maternally expressed) drives to Angelman syndrome, with completely different clinical characteristics. By their common implicated region and mechanisms, both syndromes are considered sister imprinted disorders (11, 12).

Clinical manifestations vary with age, impacting multiple body systems (Table 1). Fetal size is usually within the normal range. Compared to unaffected siblings, birth weight and body mass index (BMI) are 15% lower on average. Prenatal hypotonia may cause decreased fetal movement, abnormal fetal position at delivery, and increased incidence of assisted delivery or cesarean section (14, 15).


Table 1. Clinical characteristics and the nutritional phases in PWS.
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Severe hypotonia is a clinical hallmark of PWS, leading to failure to thrive during infancy due to lethargy and poor suck. Other common neonatal findings are decreased movement and spontaneous arousal, weak cry, thick saliva, and poor reflexes (13, 16). Around 9 months of life, eating behavior starts to normalize, and the hypotonic status tends to improve, but mild-to-moderate hypotonia persists throughout life, with reduced muscle mass and tone (9, 17).

Physical and social milestones (as sitting, walking, first words, and reading) are delayed and can be achieved at about double the normal age (18). Most individuals have mild intellectual disability, learning difficulties, and poor academic performance. During early infancy, characteristic behavioral problems are common, such as stubbornness, manipulation, compulsiveness, self-injury, and difficulty with change in routine (5, 19, 20). Another common feature in the syndrome is sleep disruption, related to sleep apnea that impairs the quality and efficiency of sleep, frequently associated with excessive daytime sleepiness, and sedentary behavior with a higher predisposition to obesity (13, 21).

In later childhood, individuals with PWS will reach severe obesity unless food intake is strictly controlled by family and caretakers. The lack of satiety (hypothalamic origin) results in hyperphagia, with obsessive food seeking. In uncontrolled cases, obesity, and its complications are the major causes of morbidity and mortality: respiratory insufficiency, cardiovascular problems, metabolic syndrome, sleep apnea, and type 2 diabetes mellitus (22, 23). Mortality rates range between 1.25 and 3% per year (24, 25). Hyperphagia in PWS is still not fully understood and controlling appetite remains a challenge.

The endocrine system can be the most affected in PWS. Growth hormone (GH) deficiency is present in up to 74% of cases and is associated with short stature, small hands and feet, low motor strength, increased fat mass, and decreased movement and energy expenditure (26, 27). GH replacement therapy has shown positive effects not only on growth and body composition but also on development, behavior, and nocturnal respiratory abnormalities, although a careful respiratory follow up is mandatory during long-term GH administration (28–34). Hypogonadism affects both sexes and is manifested as hypogenitalism, incomplete pubertal development and infertility in most individuals (35). Hypogonadism is thought to have a hypothalamic origin, and subsequent insufficient secretion of pituitary gonadotropins and sexual hormones (testosterone or estrogen) (7, 36, 37). Other endocrine abnormalities include hypothyroidism (20–30%), central adrenal insufficiency (about 5%) and type 2 diabetes (up to 25%) due to obesity complications (24, 38–41).



MOLECULAR GENETICS AND DIAGNOSTIC

The hypothalamic dysfunction observed in PWS may be the basis of several symptoms (such as hypotonia, developmental delay or obesity) that overlaps features of other conditions on clinical grounds, like normal obesity and intellectual disability (42). Definitive diagnosis requires DNA testing. The PWS region spans ~6 Mb on the long arm of chromosome 15 (Figure 1). Within this region, at least 2.5 Mb comprises genes with differential expression depending on parental origin. This locus holds protein-coding genes and several non-coding RNAs, which are believed to be involved in the regulation of alternative splicing, mainly in the brain (10, 16).


[image: Figure 1]
FIGURE 1. Chromosome map of 15q11.2-q13.1 region. Symbols: ovals, protein-coding genes; rectangles, RNA genes; BP1, breakpoint 1; BP2, breakpoint 2; BP3, breakpoint 3; Type 1, BP1-BP3 deletion with ~6 Mb; Type 2, BP2-BP3 deletion with ~5.3 Mb; Cen, Centromere; Tel, Telomere; IC, Imprinting Center.


The bicistronic gene SNURF-SNRPN is central to the PWS region and crucial to understanding the methylation pattern in the syndrome. The CpG island at the 5′ end of SNURF-SNRPN (encompassing the promoter region, exon 1 and intron 1) is differentially imprinted according to parental origin: the unmethylated paternal allele is expressed while the methylated maternal allele is repressed (43). The PWS imprinting center (PWS-IC, Figure 1) involves the CpG island and exon 1 within the 4.3 Kb smallest region of overlap (44). Furthermore, SNURF-SNRPN expression produces a long transcript also including PWS-IC, Six snoRNA genes, IPW and UBE3A antisense (Figure 1), which is hypothesized to repress paternal UBE3A (45–48).

Most PWS patients (65–75%) present a 5–6 Mb deletion at 15q11-q13 from the paternal origin (16, 49). There are two proximal breakpoints and a common distal breakpoint (Figure 1), these regions are flanked by low copy repeat sequences that predispose to abnormal chromosomal pairing and uneven crossing-over, resulting in errors during meiosis (50, 51). Maternal Uniparental Disomy (mDUP) occurs when both chromosomes 15 are inherited from the mother and accounts for ~20–30% of cases, being associated with advanced maternal age (9, 15). Imprinting defects are caused by epimutations or microdeletions in the PWS-IC in 1–3% of PWS cases. These individuals have biparental allele inheritance, but a maternal-only DNA methylation pattern (11, 52).

Clinical and molecular complexity in PWS enhances the importance of genetic diagnosis in therapeutic definition and genetic counseling. Only DNA methylation analysis can consistently diagnose the syndrome in all three molecular classes (deletion, mUPD, and imprinting defects) and differentiate it from Angelman Syndrome (9, 52). The methylation analysis targets the 5′ CpG island of the SNURF-SNRPN locus and will correctly diagnose more than 99% of cases. Currently, there are three assays with this detection capacity: methylation-specific PCR (MS-PCR, the gold standard), methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA) and methylation-sensitive high-resolution melting (MS-HRM) (53–58).

After methylation status confirmation, defining the exact molecular mechanism behind the syndrome origin is important for genetic counseling. Sporadic deletion cases have <1% risk of recurrence, while rare cases of structural abnormalities involving chromosome 15 (such as translocations, ring formation, isochromosome or inversions) can be as high as 25–50% and fluorescence in situ hybridization (FISH) can address the deletion source (59–65). mUPD 15 is typically de novo (recurrence <1%), proband and parents should be investigated by small nucleotide polymorphisms (SNP) microarray for accurate counseling (66, 67). Most imprinting defects cases are classified as epimutations with no alteration in the DNA sequence and have <1% recurrence risk. However, 15% of individuals with imprinting defects present a paternally inherited microdeletion (7.5–100 kb) in the PWS-IC, in which cases the risk of recurrence is 50%. IC analysis by MS-MLPA or DNA sequencing will address the exact origin of this event (5, 44).



GENOTYPE-PHENOTYPE RELATIONSHIPS IN PRADER-WILLI SYNDROME

None of the PWS genetic errors are associated with exclusive symptoms. However, the most prevalent molecular classes (deletion and mUPD) show statistical differences in frequency or severity in some clinical characteristics. Patients with paternal deletion were more related to feeding problems, sleep disturbances, hypopigmentation and speech and language deficits (68). Individuals with the larger type 1 deletion (Figure 1) have been reported to have better academic performance and intellectual abilities, and more compulsiveness when compared to type 2 deletion patients (69, 70). Several other features are more common in mUPD individuals, such as post-term delivery, higher verbal IQ, psychosis and autism spectrum disorder (15, 69, 71–75). On the other hand, mUPD patients are less likely to have the typical PWS facial appearance or hypopigmentation (16). So far, no single gene mutation has been described to contribute to this genetic disorder. Here we proposed to review genes individually disrupted within the PWS critical region and their reported clinical phenotypes related to the syndrome.

The Makorin Ring Finger Protein 3 (MKRN3, ZNF127) gene encodes a zinc finger protein of the Makorin family and is paternally expressed ubiquitously in human adult tissues, with the highest level in testis, although its exact mechanism of action remains to be elucidated (76). This gene is associated with inhibition of puberty initiation, and loss of function mutations in MKRN3 are recognized as the main genetic cause of Central Precocious Puberty (77). This correlation has been described by distinct studies with different ethnic groups, affecting equally both sexes, with all mutations segregated in a paternal manner at MKRN3 (78–81). Experimental models with mice also support the correlation between mutations in Mkrn3 and puberty dysfunctions, suggesting it may play a role in the hypothalamic-pituitary-gonadal axis (77–79). Altogether, this makes MKRN3 a strong candidate gene for hypogonadism and infertility in PWS.

The physiological consequence of loss of expression of MAGE Family Member L2 (MAGEL2) has been related to phenotypic characteristics of PWS (82). Magel2-null mice exhibited endocrine dysfunction similar to PWS: neonatal growth retardation; excessive weight gain; increased adiposity after weaning; impaired hypothalamic regulation and changes in circadian rhythm (83, 84). Hyperphagia, commonly observed in individuals with PWS, is associated with a defect in the hypothalamic arcuate nucleus, which is the major action site of multiple complex interactions between neuropeptide Y (NPY), agouti-related peptide (AgRP), proopiomelanocortin (POMC), and leptin, regulating the food intake and body weight (85, 86). NPY/AgRP interaction stimulates food intake, whereas POMC reduces it. Loss of MAGEL2 expression disturbs leptin-mediated depolarization of POMC neurons, indicating that food intake is being less repressed and fat storage regulated by leptin is uncontrolled (87, 88). Additionally, loss of expression of Magel2 impairs reproductive function in mice. Magel2-null females showed extended and irregular estrous cycles, while males displayed decreased testosterone levels, and reduced pheromone detection, which has a direct relationship between the main olfactory epithelium and the hypothalamic GnRH neuronal system (89, 90). These results suggest that lack of expression of MAGEL2 contributes to the reproductive deficiencies observed in PWS and also highlights the role of normal circadian rhythm in maintaining fertility.

Therein, specific point mutations on the paternal allele of MAGEL2 were reported in 4 individuals with PWS spectrum phenotype: muscle hypotonia, weight gain, developmental delay, and hypogonadism. Although all clinical characteristics were consistent with PWS clinical diagnosis, methylation analysis on the promoter-exon 1 region of the SNURF-SNRPN gene showed normal allelic patterns (82). All four subjects were diagnosed with an autism spectrum disorder, intellectual disability, and different degrees of clinical and behavioral features of PWS. Although not a main characteristic, autism is present in 19% of individuals with PWS (71). These four individuals presented a normal methylation pattern, not compatible with PWS, despite similar clinical conditions, which was subsequently called Schaaf-Yang Syndrome (SYS) (91). Recent data of an international cohort of 78 patients with truncating MAGEL2 mutations emphasized that SYS overlaps with PWS on clinical grounds in the early stages of life but diverges with the advance of childhood and adolescence (92). PWS features such as hypopigmentation, facial appearance, small hands and feet, thick saliva, behavioral problems are not commonly seen in SYS. And above all distinct symptoms, SYS does not usually cause the high appetite and severe obesity observed in PWS, which can disassociate MAGEL2 and the hyperphagia condition.

The Necdin (NDN) gene encodes a DNA binding protein highly expressed in mature hypothalamic neurons (93). It has been postulated as a key regulator of GnRH levels both in vitro and in vivo, modulating essential intracellular processes for neurite and axonal outgrowth (94–96). Lack of NDN reduces GnRH gene expression, leads to decreased numbers of GnRH neurons, and decreased targeting of GnRH axons to the median eminence of the hypothalamus during development, which can contribute to hypogonadism and infertility in PWS. Also, Necdin paternal-deficient mice were associated with alterations in serotonin and respiratory systems, resulting in irregular breathing and sleep apneas, commonly observed in PWS. Another important evidence reported with Ndn-KO mice was sudden death due to respiratory disorders, which is the main side effect associated with GH therapy (97–99). NDN might be a genetic factor contributing to apneas and respiratory dysfunctions of PWS.

Interestingly, (100) described three patients with atypical deletions related to PWS. Patient 1 was deleted for MKRN3, MAGEL2, and NDN with no PWS major clinical criteria, except for obesity, developmental delay, and high pain threshold. Patients 2 and 3 had a deletion encompassing NPAP1, SNURF-SNRPN, and the SNORD genes, but did not reach MKRN3, MAGEL2, and NDN, and presented PWS major clinical signs (100). This report suggests that a paternal deficiency of MKRN3, MAGEL2, and NDN is not sufficient to generate the full PWS phenotype and postulates NPAP1, SNURF-SNRPN, and the SNORD genes (discussed ahead) to be the critical region for PWS. These results contradict other studies and exemplify the complexity to establish a genotype-phenotype relationship in PWS (78, 82, 83, 98, 99, 101, 102).

The Prader-Willi region encompasses a series of long non-coding RNAs (lncRNAs) which are characteristically more than 200 nucleotides long and can be involved in epigenetic modifications of DNA, and regulation of gene expression at transcriptional and post-transcriptional levels (103–105). The first lncRNA inside the PWS region is the Prader-Willi Region Non-Protein Coding RNA 1 (PWRN1), biallelically expressed in the testis and kidneys, and monoallelic expressed in the brain, in addition to being an alternative 5′ part of SNURF–SNRPN (106). Wawrzik et al. (107) hypothesized that the action of PWRN1 on the imprinting mechanism may be indirect through keeping the paternal allele in an open chromatin configuration, allowing access to transcription factors (107). The main limitation for further confirmation studies is the lack of gene orthology in mice (108–110).

The Nuclear Pore Associated Protein 1 (NPAP1), formerly known as Chromosome 15 Open Reading Frame 2 (C15orf2), is an intronless gene that is biallelically expressed in adult testis and monoallelically expressed in fetal brain, including the hypothalamus which is related to several endocrine features of PWS (106, 111). Moreover, this gene is associated with the Nuclear Pore Complex (NPC), in which the main function is to regulate macromolecular transport between the nucleus and the cytoplasm. NPCs also participates in several nuclear processes, such as gene regulation, mRNA biogenesis, and cell cycle control. Likewise PWRN1, due to the lack of orthology in mice the exact role of the NPAP1 gene in the development of PWS is not clear (112).

The Small Nuclear Ribonucleoprotein Polypeptide N (SNRPN) gene is located within the central region associated with PWS and has an important regulatory role over the imprinted genes located in chromosome 15 (113, 114), while the SNRPN Upstream Reading Frame (SNURF) gene is encoded by an evolutionarily-conserved upstream open reading frame and is localized to the nucleus (115). SNURF-SNRPN is a complex bicistronic gene encoding two different proteins, and the PWS-IC is found at its 5' end. SNURF is encoded by exons 1–3 and produces a small nuclear protein of unknown function (113), exons 4–10 correspond to the SNRPN portion and encode the protein SmN, involved in mRNA splicing (43). It also holds six snoRNA genes located telomerically which are expressed as a long transcript (46). The SmN protein shows the highest expression in the brain and heart (115–117). Despite its central position in PWS, the function and regulation of the many alternative transcripts of SNURF-SNRPN are still poorly understood (48).

Within the long SNURF-SNRPN transcript, there are a series of Small Nucleolar RNAs (snoRNAs) thought to participate in DNA methylation, alternative splicing and post-transcriptional regulation (10, 118). The PWS region encompasses five single copy snoRNA genes (SNORD64, SNORD107, SNORD108, SNORD109A, and SNORD109B) and two snoRNA gene clusters (SNORD115 and SNORD116). The expression of SNORD genes varies in different human and mouse tissues, suggesting specificity in post-transcriptional activity (46, 119–122). Although most of the SNORDs are ubiquitously expressed in human tissues, SNORD115 and SNORD109B appear to be restricted to the brain. Our understanding of the single-copy SNORDs in PWS remains extremely limited, but some progress has been made with the clusters: SNORD116 has 29 tandemly repeats and SNORD115 is composed of 48 gene copies (118). Given that SNORD sequences are well-conserved across placental mammals (especially in primates and rodents), this suggests they have an evolutionary functional role (123, 124).

A minimal critical region has emerged implicating that the SNORD116 cluster is crucial for most of the PWS phenotype, based on clinical evidence on rare patients with small deletions (150–200 Kb) or translocations (11, 125–128). Experimental studies on Snord116-KO mice displayed PWS features such as post-natal growth retardation and hyperphagia (129–132). Remarkably, a Snord116-KO mice model specifically in NPY neurons in the hypothalamic arcuate nucleus summarized the same overall phenotype observed in mice lacking Snord116 globally; low birth weight, increased body weight gain in early adulthood, increased energy expenditure and hyperphagia (130). This suggests an important role of Snord116 in controlling NPY neuronal functions, and thus food intake and energy homeostasis. Also, a recent study reported Snord116-deficient mice with decreased activity of the hypothalamic prohormone convertase PC1 impairing the prohormone processing of proinsulin, pro-GH-releasing hormone, and proghrelin, pointing to an important part of SNORD116 and PC1 deficiency in the main neuroendocrine features of PWS (133). Interestingly, it was shown that a mouse Snord116 deletion model displayed loss or shift in methylation dynamics in 97% of CpG islands in the cerebral cortex dependent on the circadian cycle. And this disrupted epigenetic rhythm had a strong overlap between mouse and human genes related to meal timing, circadian biology, and obesity (134). In the recent years, SNORD116 has emerged as a critical, and possibly, determinant candidate in PWS not only by its highly conserved sequence in the minimal critical region, but also because paternal deletions affecting the expression of NDN, MKRN3, MAGEL2, or SNORD115 genes do not address the full spectrum of PWS symptoms (10, 100, 123, 135, 136).

The Imprinted in Prader-Willi Syndrome (IPW) gene is a lncRNA known to modulate another evolutionarily distinct imprinted gene cluster at the human chromosomal region 14q32 expressed only from maternally inherited alleles (137). IPW is widely expressed both in fetal and adult tissues, exclusively from the paternal allele (138). It has been postulated that IPW has no biological consequences in PWS, based on the relatively poor conservation between human and mouse sequences (138), and the fact that mice with a paternally inherited deletion including Ipw did not show PWS symptoms (139). However, Stelzer et al. (137) proposed that lack of expression of IPW results in aberrant upregulation of maternally expressed genes at the 14q32 imprinted cluster, pointing that the action of IPW on the imprinting mechanism of this locus occurs by histone modification, and consequently, transcription reduction (137). This hypothesis is supported by clinical reports of affected individuals with mUPD 14 (overexpression of maternal genes) presenting PWS-like phenotypes, such as neonatal hypotonia, small hands and feet, intellectual disability and hyperphagia (140–142). These findings pinpoint a regulatory cross-talk between 15q11-13 and 14q32 imprinted loci, but further, suggest that some PWS phenotypes may arise from different chromosomal regions other than the PWS critical locus (143, 144).

SNORD115 gene is the most characterized SNORD within the PWS region. It presents a complementary sequence of 18 nucleotides with the mRNA encoding the serotonin receptor 5-HT2C, perfectly base pairing with exon V that undergoes both alternative RNA splicing and RNA editing (post-transcriptional changes to specific nucleotide sequences) (118). Mice with a large deletion encompassing the Snord115 cluster developed normally to adulthood with apparently no significant defects (139). And there are also clinical reports on patients with an entire deletion of the SNORD115 gene cluster that did not present any PWS major clinical signs (135, 136). Taken together, these findings suggest that lack of SNORD115 is not sufficient to cause PWS, but a phenotypic effect when absent along with other genes in the PWS critical region cannot be excluded. Actually, the 5-HT2C gene encodes G protein-coupled receptor specific to the brain, whose activation is associated with a variety of physiological processes, such as dopamine modulation, anxiety, sleep regulation, satiety response, energy balance, and locomotor activity (145). Interestingly, experimental studies have described 5-HT2C receptor knockout mice that developed are hyperphagia and late-onset obesity, two major clinical features of PWS in humans (146, 147). Therefore, the absence of SNORD115 expression in PWS accompanied by the possible post-transcriptional impairment of the 5-HT2C receptor activity may be partly responsible for some of the behavioral and metabolic features of the syndrome.

The establishment of a causal genotype-phenotype relationship can bring light to new therapeutic approaches for PWS. Epigenetic therapy has been used in cancer treatment mostly focusing on the identification of small molecules and compounds with the capacity to reverse the epigenetic changes (epigenome reprogramming) (145, 148). The successful experience obtained from the epigenetic-cancer therapies contributes to the development of similar approaches for genomic imprinting disorders. Recent studies have shown that histone methyltransferase inhibitors are capable of reactivating the expression of paternally expressed SNRPN and SNORD116 from the maternal chromosome, both in PWS mouse models and in cultured PWS patient-derived fibroblasts (149, 150). Although further investigation needs to be performed in vivo, epigenetic therapy aiming PWS genes in the maternal chromosome could reverse, or at least regulate, some PWS clinical conditions such as hyperphagia and behavioral problems (151). This data supports future studies to assess translational epigenetic-based therapies for PWS in humans.



CONCLUSION

PWS is a complex imprinting disorder caused by the lack of expression of paternally-inherited genes on chromosome 15q11-q13 with severe implications on endocrine, cognitive and neurologic systems, metabolism, and behavior. The PWS critical region encompasses five protein-coding genes (MKRN3, MAGEL2, NDN, NPAP1, and SNURF-SNRPN) and more than 80 RNA genes (PWRN1, IPW, and several SNORDs) but their contribution to unique PWS phenotypes is still unclear. The broad clinical spectrum and the absence of a clear genotype-phenotype specific correlation imply that the numerous genes involved in PWS have an additive deleterious effect when deficiently expressed. So far, the lack of expression of the SNORD116 gene cluster has arisen as the best explanation for most of the PWS phenotype, yet there is a clear need to investigate more of its mechanism of action, especially the incorporation into ribonucleoprotein complexes, possibly acting in hypothalamic and endocrine functions in adulthood and perinatal period. Besides SNORD115 and SNORD116, our understanding of the biology of the PWS SNORD genes is still rather shallow. These SNORDs exhibit all the hallmarks of RNA methylation guides and can associate with other proteins to form functional ribonucleoprotein complexes. Also, the SNORD sequences are well-conserved across placental mammals, strongly asserting that they have a functional role as RNA entities under evolutionary pressure. A better understanding about genotype-phenotype in PWS can open space for new therapeutic approaches especially for patients that present side effects related to the current standard treatment, and develop genetic counseling for the different levels of severity in PWS that require specific and constant medical follow-up, improving the life quality of patients, family, and caretakers.
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Background: Leptin is an adipokine with well-known effects on the central nervous system including the induction of energy expenditure and satiety. Leptin also has major relevance when activating immune cells and modulating inflammatory response. In obesity, increases in white adipose tissue accumulation and leptin levels are accompanied by hypothalamic resistance to leptin. Even though the adipose tissue is a leptin-rich environment, the local actions of leptin regarding adipogenesis were not thoroughly investigated until now. Here we evaluate the contributions of leptins direct signaling in preadipocytes and adipose tissue-derived stromal cells (ASCs) for adipogenesis.

Methods: Adipocytes were differentiated from the murine lineage of preadipocytes 3T3-L1 or ASCs from subcutaneous and visceral (retroperitoneal) fat depots from C57Bl/6J mice. Differentiating cells were treated with leptin in addition to or in replacement of insulin. The advance of adipogenesis was assessed by the expression and secretion of adipogenesis- and lipogenesis-related proteins by Western blot and immunoenzimatic assays, and the accumulation of lipid droplets by fluorescence microscopy.

Results: Leptin treatment in 3T3-L1 preadipocytes or ASCs increased the production of the adipogenesis- and lipogenesis-related proteins PLIN1, CAV-1, PPARγ, SREBP1C, and/or adiponectin at earlier stages of differentiation. In 3T3-L1 preadipocytes, we found that leptin induced lipid droplets' formation in an mTOR-dependent manner. Also, leptin induced a proinflammatory cytokine profile in 3T3-L1 and ASCs, modulating the production of TNF-α, IL-10, and IL-6. Since insulin is considered an essential factor for preadipocyte differentiation, we asked whether leptin would support adipogenesis in the absence of insulin. Importantly, leptin induced the formation of lipid droplets and the expression of adipogenesis-related proteins independently of insulin during the differentiation of 3T3-L1 cells and ASCs.

Conclusions: Our results demonstrate that leptin induces intracellular signaling in preadipocytes and adipocytes promoting adipogenesis and modulating the secretion of inflammatory mediators. Also, leptin restores adipogenesis in the absence of insulin. These findings contribute to the understanding of the local signaling of leptin in precursor and mature adipose cells. The proadipogenic role of leptin unraveled here may be of especial relevance during obesity, when its central signaling is defective.

Keywords: adipogenesis, leptin, insulin, lipid droplet, adipose tissue, adipose-derived stromal cells, preadipocyte differentiation, mTOR



GRAPHICAL ABSTRACT. The activation of leptin signaling pathway in preadipocytes induces adipogenesis and the production of proinflammatory cytokines.



HIGHLIGHTS

- Leptin anticipates adipocyte differentiation in an mTOR-dependent manner.

- Leptin sustains adipogenesis of 3T3-L1 and ASCs in the absence of insulin.

- Leptin induces a proinflammatory cytokine profile in adipocytes.



INTRODUCTION

According to the World Health Organization, obesity prevalence nearly tripled since 1975 (1). Obesity is characterized by the expansion of the white adipose tissue with a subsequent imbalance in the production and signaling of adipokines accompanied by the development of chronic low-grade inflammation (2). Due to the obesity-associated inflammation and metabolic reprogramming, obese individuals have increased risk of developing comorbidities such as cancer, type II diabetes, stroke, among others (1, 3, 4). Thus, the understanding of the onset of obesity is of major importance, including adipogenesis itself.

The white adipose tissue (WAT) is recognized as an essential immunoendocrine organ that controls energy balance and metabolism (5). Adipocytes, the main cell type within adipose tissue, secrete hormones/cytokines collectively classified as adipokines. The first-described adipokine was leptin (6), one of the first links between the adipose tissue and the neuroendocrine control of energy homeostasis (6, 7). Leptin binds to the long leptin receptor isoform (LepRb), leading to the activation of JAK2/STAT3 and PI3K/AKT/mTOR pathways (8–10). In the hypothalamus, activation of the mTOR pathway by leptin is important for the induction of energy expenditure and satiety and consequently, a long-term effect on preventing excessive WAT accumulation (10). On the other hand, mTOR has been shown to be essential for adipogenesis (11, 12). We have previously shown that leptin can induce formation of lipid droplets in an mTOR-dependent manner, in different cell types (13–15). In peripheral tissues, leptin participates in reproduction (16), activation of immune cells (15, 17, 18), cell proliferation (14), osteogenesis (19), among many other functions. Leptin levels are increased during obesity but leptin signaling in the hypothalamus is impaired, a phenomenon called central leptin resistance (9, 20, 21). The concentration of leptin in the white adipose tissue depots may be much higher than its circulating serum levels. Although the hypertrophy and hyperplasia of adipocytes occur in this leptin-rich environment, leptin's paracrine, and autocrine effects on adipocyte differentiation are still not clear.

Here we tested leptin's ability to modulate adipogenesis in 3T3-L1 and primary adipose-derived stromal cells (ASCs) of subcutaneous and visceral WAT depots. Our data show that leptin is able to accelerate the differentiation of preadipocytes. Further, we describe that leptin induces adipogenesis even in the absence of insulin—which is considered an essential hormone for the induction of adipogenesis (22). The results presented here indicate an unexpected new role for leptin as a proadipogenic factor.



MATERIALS AND METHODS


3T3-L1 Preadipocyte Differentiation

The murine lineage of preadipocytes NIH3T3-L1 was obtained from the National Bank of Cells, Federal University of Rio de Janeiro, Brazil. To keep preadipocytes in their undifferentiated state, we cultured the cells with medium containing Dulbecco's Modified Eagle Medium (DMEM) (Gibco) with 4.5 g/L of glucose (Invitrogen) supplemented with penicillin (100 U/mL) and streptomycin (100 μg/mL) (Gibco) and with 10% of bovine serum (Invitrogen). Preadipocytes (1.05 × 104 cells/cm2 of adherence area) were seeded in polystyrene culture plates (Biofil). Four days after the seeding (day 0) medium was replaced by the differentiation-inducting medium containing DMEM with 4.5 g/L of glucose, penicillin (100 U/mL), streptomycin (100 μg/mL), 10% of fetal bovine serum, 1 μM of dexamethasone (Sigma Aldrich), 0.5 mM of isobutylmethylxantine (IBMX) (Sigma Aldrich) and 0.3 units of insulin/mL (Regular Humulin—Lily). The differentiation induction medium was maintained for 3 days and then replaced by the maturation medium, containing DMEM with 4.5 g/L of glucose, penicillin (100 U/mL), streptomycin (100 μg/mL), 10 % of fetal bovine serum and 0.3 units/mL of insulin. Seventy-five percent of the maturation medium was renewed every 2–3 days.

For the experiments in which cells were differentiated in the presence of leptin, the first supplementation with leptin [4 or 40 nM, doses approximately matched to the circulating levels of leptin in obese and morbidly obese individuals (23–25)] occurred at day−3 (1 day after plating) and leptin was added at every medium renewal.

To investigate the ability of leptin to induce preadipocyte differentiation in the absence of insulin, insulin was replaced by leptin at day 0 and differentiation was performed as aforementioned.



Murine Mesenchymal Stromal Cells (ASCs) Isolation and Differentiation

Subcutaneous and retroperitoneal fat pads were isolated from male C57Bl/6J mice of 6 weeks of age. In order to achieve a considerable amount of stem cells to expand and differentiate we pooled right and left tissue depots from three animals for each experimental replicate. For the experiments using LepR-deficient mouse, we pooled the right and left tissue depots (subcutaneous, retroperitoneal and epididymal) from one BKS.Cg-m+/+Leprdb/JUnib male mouse (UNICAMP, Campinas, SP, Brazil). Tissues were washed with phosphate-buffered saline (PBS) solution with penicillin (100 U/mL) and streptomycin (100 μg/mL) (Sigma) and 5 μg/mL of ciprofloxacin (Sigma) and then cut into small pieces. These pieces were rewashed with the same solution and incubated for 2 h with 2 mg/mL of collagenase (Sigma) in a volume of 2.5 mL per mg of tissue with constant shaking at 37°C. Collagenase was inactivated by doubling the volume with media containing antibiotics and 10% fetal bovine serum (Life Sciences). Digested tissues were then filtered in cell strainers of 100 μm pore size and centrifuged at 500 × g for 7 min. The superior fraction which contained mainly lipids and mature adipocytes was discarded and the pellet was resuspended in PBS plus penicillin (100 U/mL) and streptomycin (100 μg/mL), 5 μg/mL of ciprofloxacin, filtered again in cell strainers of 40 μm pore size and centrifuged at 500 × g for 7 min. The pellet of stromal vascular cells was then resuspended in culture media containing DMEM with 4.5 g/L glucose, penicillin (100 U/mL) and streptomycin (100 μg/mL), 5 μg/mL of ciprofloxacin, and 20% of fetal bovine serum (Life Sciences) and cultured. Cells were expanded 3–4 times before plating. All animal procedures were approved by the Committee of Ethics in Animal Research L011.2015.



Characterization of ASCs by Flow Cytometry

Stromal vascular cells expanded up to two times were labeled with ASCs' positive (CD44, CD29, CD106, and CD105) and negative (MHC-class II, CD11b, CD31, CD45, and CD144) markers. Cells were incubated (30 min) with FITC-conjugated anti-CD45 (eBioscience, cat 12-1051-81, dilution 1:20); -CD31 (eBioscience, cat 11-0311-81, dilution 1:20) and -MHC class II (eBioscience, cat: 11-5320-82, dilution 1:20); APC-conjugated anti-CD11b (BD Pharmingen, cat 553312, dilution 1:20), and PE-conjugated anti-CD29 (eBioscience, cat 12-0291-81, dilution 1:20) or -CD105 (eBioscience, cat 12-1051-81, dilution 1:10). For evaluation of CD106 expression, cells were incubated (30 min) with rat anti-mouse CD106 (eBioscience, cat 14-1061-81, dilution 1:10) followed by 30 min incubation with Alexa Fluor® 546-conjugated anti-rat IgG (Molecular Probes, cat: A-11081, dilution 1:250); unbound antibodies were washed out and cells were incubated (30 min) with FITC-conjugated anti-CD45, -CD31, and -MHC class II, and APC-conjugated anti-CD11b. For evaluation of CD44 (eBioscience, cat 11-0441-81, dilution 1:20) expression, cells were incubated (30 min) with unconjugated rat antibodies against CD45 (BD Biosciences, cat: 550539, dilution 1:10) and CD144 (eBioscience, cat: 16-1441-85, dilution 1:20) followed by 30 min incubation with AlexaFluor 546-conjugated anti-rat IgG; unbound antibodies were washed out and cells were incubated (30 min) with FITC-conjugated anti-CD44 and APC-conjugated anti-CD11b antibodies. Cells incubated with isotype-matched IgG conjugated with the same fluorochromes or unconjugated IgG followed by incubation with the secondary antibody were used as a negative control. Cells were acquired in a Beckman Coulter CytoFLEX S using CytExpert software and analyzed using FlowJo v10 software. For analysis, cells were gated by the exclusion of leucocytes and endothelial cells markers (CD45, MHC class II, CD11b, CD31, and CD144) and the expression of ASCs markers evaluated as shown in Supplementary Figure 3.



Fluorescence Microscopy Analysis

Cells were fixed for 15 min with formaldehyde 3.7 %, washed with buffered saline, and stained with BODIPYTM 493/503 (ThemoFisher Scientific) for 30 min and DAPI (ThemoFisher Scientific) for 5 min. Images were acquired with the microscope Olympus BX60 and analyzed with the software Fiji (26) version 1.49 m (National Institutes of Health, USA) with Java version 1.6.0_24 (64-bit). We developed a macro to analyze the total Bodipy stained area (green) in each field adjusting the same parameters of color balance, contrast, background, and noise. Images were processed so that the threshold setting for quantifying the total and relative area of Bodipy staining excluded most of the interferences from the image acquisition. A different macro was developed for the counting of nuclei numbers in each field (DAPI—blue). Then, total Bodipy stained area was normalized by the number of cells in each field and the mean of these measurements was plotted for each group.



Western Blot Analysis

Cells were washed with phosphate-buffered saline (PBS) solution and then subjected to lysis directly by 95°C-heated Laemmli buffer with concomitant cell scraping from the wells. Protein content was separated by 10–15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. Membranes were blocked with 5% non-fat dried milk diluted in Tris-Buffered Saline supplemented with 0.1% Tween 20 (Sigma) (TBS-T) for 1 h before incubation overnight with primary antibodies against PLIN1 (Cell Signaling, cat 3470, dilution 1:500), JAK2 (Cell Signaling, cat 3230, dilution 1:1,000), pTyr1007/1008 JAK2 (Cell Signaling, cat 3771, dilution 1:1,000), pTyr389 S6K (Cell Signaling, cat 9205, dilution 1:1,000), S6K (Cell Signaling, cat 2708, dilution 1:1,000), pTyr705 STAT3 (Cell Signaling, cat 9131, dilution 1:1,000), STAT3 (Cell Signaling, cat 9139, dilution 1:1,000), PPARγ (Santa Cruz, cat sc-7196, dilution 1:1,000), SREBP1 (Santa Cruz, cat sc-13551, dilution 1:1,000), and for 1–2 h with anti-β-actin (Sigma, cat A2228, dilution 1:10,000) or CAV-1 (Santa Cruz, cat sc-894, dilution 1:2,000). Membranes were then washed with TBS-T and proteins were detected using fluorescent dye-conjugated secondary antibodies (anti-mouse, IRDye 800CW, cat 926-32210 or anti-rabbit, IRDye 680RD cat 926-68071, LI-COR) or horseradish peroxidase-conjugated secondary antibodies (anti-rabbit, cat PI-1000 or anti-mouse, cat PI-2000; Vector).



Quantification of Cytokines

Supernatants were harvested from cultured preadipocytes and adipocytes or differentiating ASCs at different timepoints and the levels of leptin, adiponectin, TNF-α, IL-10, IL-6, KC/CXCL1, and MCP-1were measured using standard ELISA protocols according to manufacturer's instructions (R&D Systems).



Statistical Analysis

Statistics were performed using GraphPad Prism (San Diego, CA) version 6.05. All numeric variables were tested for normal distribution using the Kolmogorov-Smirnov normality test. For comparison among three or more groups, we used One-way ANOVA with Dunnet's post-test to compare differentiated cells with preadipocytes, or Tukey's post-test to compare leptin-treated with untreated cells among groups following a normal distribution. In cases of non-parametric distribution among three or more groups, we used One-way ANOVA, followed by Kruskal-Wallis' test with Dunn's correction. To analyze the effect of rapamycin over the effect of leptin we used Two-way ANOVA with Sidak's post-test to locate the differences among groups. For comparison between two groups we used the Mann-Whitney U-test for non-parametric distribution. For comparisons when the groups were normalized by the control group (thus containing repeated value) we used the Kolmogorov-Smirnov non-parametric test.




RESULTS


Leptin Increases Preadipocyte Differentiation

3T3-L1 cells progressively differentiated into adipocytes up to 17 days after the induction of adipogenesis (day 0) with increased formation of lipid droplets accompanied by enhanced secretion leptin and adiponectin (Supplementary Figures 1A–D). Briefly, the adipocyte differentiation protocol (Figure 1A) consisted of plating cells at day−4, followed by administration of the adipogenic medium (insulin, IBMX, dexamethasone) at day 0—so called for being the start-point of adipogenesis in vitro—which was maintained until day 3. Afterwards, cells were incubated in insulin-containing medium and kept in this medium until the end of the assay (Figure 1A) as described in more details in section Materials and Methods. In order to evaluate the effects of leptin in the adipogenic process, 3T3-L1 cells were incubated with leptin supplementation from the first day post-plating (day−3) until the end of the differentiation protocol (day 17). The cells were analyzed at the preadipocyte stage (day−1) and at the three stages of adipocyte maturation (days 3, 10, or 17) (Figure 1A). Leptin significantly enhanced lipid accumulation in preadipocytes, showing an anticipation of this adipogenic feature when compared to the control cells, without leptin (Figures 1B,C). Leptin lead to increased expression of the lipid droplet protein PLIN1 in adipocytes (Figure 1D). In addition, preadipocytes and adipocytes cultured with leptin exhibited increased levels of the adipogenesis- and lipogenesis-related factors PPARγ, SREBP1C and Caveolin-1 (CAV-1), mainly in preadipocytes and adipocytes at the first stages of differentiation (Figure 2D; Supplementary Figure 2 shows the replicates of all Western blots). These results show a synergistic proadipogenic effect of leptin and insulin.


[image: Figure 1]
FIGURE 1. Leptin treatment enhances the expression of adipogenesis- and lipogenesis-related proteins. (A) Schematic representation of experimental design: leptin was administered from day−3 up to days−1, 3, 10, or 17 of differentiation. Day 0 represents the day of the induction of differentiation (with IBMX – isobutylmethylxantine, DXM—Dexamethazone and insulin). (B,C) Preadipocytes (day−1) and adipocytes (days 3–17) were differentiated with leptin (4 or 40 nM) and stained with Bodipy (green) for lipid droplets and DAPI (blue) for nuclei. (B) Quantification of the green area per cell in each condition. Bars represent mean ± standard error of the mean of 4–7 independent experiments. *Means p < 0.05 in a Kolmogorov-Smirnov non-parametric test. (C) Representative images of 4–7 independent experiments. Scale bar represents 50 μm in range. All images have the same dimensions. (D) Western blot analysis of PLIN1, PPARγ, SREBP1C, caveolin-1 (CAV-1), and β-actin in 3T3-L1 preadipocytes and adipocytes differentiated with or without leptin. Blots are representative of 3–5 independent experiments. Lysates from cells differentiated with 0, 4, or 40 nM were analyzed in the same gel and cropped for clearer comparison among groups.
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FIGURE 2. Leptin-induced adipogenesis depends on mTOR/p70 S6K pathway. (A–D) 3T3-L1 cells were cultured as described in methods up to day−1 (preadipocytes) and day 17 (adipocytes) and then stimulated with leptin at the indicated concentrations for 20 min. (A) Western blot analysis of phosphorylated JAK2 (pJAK2), total JAK2, pAKT, total AKT, and β-actin. Blots are representative of three independent experiments. (B) Western blot analysis of pSTAT3, total STAT3, and β-actin in adipocytes from three independent experiments analyzed in the same gel. (C,D) Western blot analysis of pS6K, total S6K, and β-actin in adipocytes (C) and preadipocytes (D) from three independent experiments. (E,F) Preadipocytes were cultured for 48 h with no stimulus (control), leptin (4 nM), rapamycin (20 nM), or both. Cells were stained with Bodipy (green) for lipid droplets and with DAPI (blue) for nuclei. (E) Shows images representative of three independent experiments. Scale bar represents 50 μm in range. (F) Quantification of the green area per cell in each condition. Dots represent the replicates of one experiment representative of three. Horizontal lines represent mean ± standard error of the mean. *Means p < 0.05 relative to control, #means p < 0.05 between vehicle and rapamycin treated cells. Statistical analyzes were performed by using Two-way ANOVA with Sidak's post-test.




Leptin-Induced Adipogenesis Depends on the mTOR Pathway

Leptin binds to its LepRb receptor and activates JAK2, which can activate STAT3 and PI3K/AKT/mTOR pathways (9, 10, 15). To dissect leptin signaling pathways in adipocytes, differentiated adipocytes were stimulated with leptin for 20 min and the phosphorylated proteins of each pathway were analyzed through Western blot. We observed increased phosphorylation of JAK2, AKT, and STAT3 in adipocytes after stimulation with leptin (Figures 2A,B; Supplementary Figure 2), confirming the activation of the two branches of the leptin signaling pathway in adipocytes. Leptin also induced the phosphorylation of p70 S6 kinase (S6K), a substrate of mTOR (Figure 2C). Considering the importance of mTOR signaling in the induction of adipogenesis (11, 12, 27, 28), we asked whether leptin can modulate this pathway in undifferentiated cells (Figure 2D). We found that leptin also activated the mTOR pathway in preadipocytes, as evidenced by the increased phosphorylation of p70 S6K (Figure 2D). To gain insights into the role of mTOR signaling in leptin-induced adipogenesis, we stimulated preadipocytes with leptin in the presence of rapamycin, a selective mTOR inhibitor, and evaluated the biogenesis of lipid droplets after 48 h. Rapamycin treatment completely abolished the leptin-induced biogenesis of lipid droplets in preadipocytes (Figures 2E,F), indicating that the pro-adipogenic effects of leptin depend on mTOR activation.



Leptin Shifts Adipocyte Cytokine Production Toward a Proinflammatory Pattern

Adipose tissue is an important source of cytokines and chemokines, which are collectively called adipokines (29). We observed increased production of TNF-α in 3T3-L1 control cells as adipogenesis progressed (Figures 3A,B; Supplementary Figure 2). Treatment with leptin further increased TNF-α expression by preadipocytes (day−1) and immature adipocytes (day 3) (Figure 3A; Supplementary Figure 2). In addition, treatment with leptin (40 nM) also induced the secretion of TNF-α and adiponectin at earlier stages of differentiation (Figures 3B,C), which is consistent with the anticipation of adipogenesis described above. Also, leptin treatment decreased the secretion of the anti-inflammatory cytokine IL-10 (Figure 3D). The levels of the chemokines KC/CXCL1 and MCP-1/CCL2, on the other hand, were not modulated by leptin treatment (Figures 3E,F). These results suggest that, in addition to adipogenesis, leptin induces a proinflammatory cytokine balance in 3T3-L1 adipocytes.
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FIGURE 3. Leptin induces a proinflammatory cytokine profile during adipocyte differentiation. (A,B) 3T3-L1 preadipocytes (day−1) and adipocytes at days 3, 10, and 17 were cultured in the presence of leptin (0, 4, or 40 nM). (A) Western blot analysis of TNF-α and β-actin in cell lysates from each condition. Blots are representative of three independent experiments. Cell lysates from a representative experiment were analyzed in the same gel and cropped for clearer comparison among the groups. (B–F) Concentration of (B) TNF-α, (C) adiponectin, (D) IL-10, (E) KC/CXCL1, and (F) MCP-1/CCL2 in the supernatant of preadipocytes and adipocytes differentiated under distinct leptin stimulus. Bars represent mean ± standard error of the mean of 3–11 independent experiments. #p < 0.05 compared to preadipocytes (day−1). *Represents p < 0.05 between leptin-treated and untreated cells at the same stage of differentiation. Statistical analyzes were performed by using (B–E) One-way ANOVA followed by Kruskal-Wallis' test with Dunn's correction or (F) One-way ANOVA with Dunnet's post-test. “ns” stands for non-significant.




Adipocyte Differentiation in the Absence of Insulin Is Recovered by Leptin

Insulin is considered essential for the proper differentiation of preadipocytes due to the induction of cell growth and fatty acid synthesis and is an important constituent of adipogenic cocktails (22, 30). Considering the proadipogenic effects of leptin observed above, we investigated whether leptin, in the absence of insulin, would be sufficient for the induction of adipogenesis in 3T3-L1 cells. As shown in Figure 4, 3T3-L1 cells cultured without insulin or leptin supplementation showed impaired lipid droplets' formation (Figures 4A,B) and reduced expression of the adipogenesis-related proteins PLIN1, SREBP1C, PPARγ, and CAV-1 (Figure 4C; Supplementary Figure 2) compared to insulin-differentiated cells. Importantly, replacement of insulin by leptin during 3T3-L1 differentiation recovered the biogenesis of lipid droplets and the expression of adipogenesis-related proteins (Figures 4A–C; Supplementary Figure 2). These data indicate that leptin exerts proadipogenic effects independently of insulin.


[image: Figure 4]
FIGURE 4. Leptin recovers 3T3-L1 differentiation in the absence of insulin. 3T3-L1 adipocytes were cultured with no hormone, insulin or leptin (4 or 40 nM) up to 3, 10, or 17 days after induction of differentiation. (A) Fluorescence images of cells stained with Bodipy (green) for lipid droplets and DAPI (blue) for nuclei. Images are representative of 3–5 independent experiments. Scale bar represents 50 μm. (B) Quantification of the green area per cell in each field. Data are depicted as the fold change relative to the group with no hormone supplementation. Bars represent mean ± standard error of the mean of 3–5 independent experiments. (C) Western blot analysis of PLIN1, CAV-1, SREBP1C, PPARγ, and β-actin. Blots are representative of three independent experiments in the cases of PLIN1, CAV-1, and PPARγ and two independent experiments in the case of SREBP1C. Cell lysates were analyzed in the same gel and cropped for clearer comparison among groups. *p < 0.05 relative to the group in which cells were cultured with neither insulin nor leptin. Statistical analyzes were performed by using the Kolmogorov-Smirnov test.




Leptin Induces Proadipogenic and Proinflammatory Signaling in Primary Adipose Tissue-Derived ASCs

Next, we investigated whether leptin has proadipogenic effects in ASCs obtained from the stromal vascular fraction of subcutaneous and retroperitoneal fat pads from C57Bl/6J mice. Characterization of ASCs is described in Methods and shown in Supplementary Figure 3. Similar to 3T3-L1 cells, leptin also synergized with insulin and anticipated the differentiation of ASCs into adipocytes (Figure 5). As shown in Figures 5A,B, concomitant treatment of retroperitoneal—but not subcutaneous—ASCs with leptin and insulin increased lipid accumulation at day 5 of differentiation compared to control cells cultured with insulin only. Morphologically, ASCs cultured with insulin had already achieved maximal lipid accumulation at day 12, so there was no observable effect of leptin in potentiating insulin-induced lipid droplet biogenesis at this time point (Figures 5A,B). On the other hand, induction of adipogenesis and anticipation of differentiation were evidenced by the increased expression of CAV-1, PPARγ, SREBP1C and/or PLIN1 at days 5 and 12 in ASCs obtained from both depots (Figures 5C,D; Supplementary Figure 2). As shown with 3T3-L1, leptin treatment was able to modulate the expression of the adipogenic markers in ASCs. These data show that leptin is able to potentiate insulin-induced ASCs differentiation into adipocytes. In addition, leptin treatment induced a proinflammatory cytokine profile in differentiated ASCs by increasing the levels of TNF-α and IL-6 without affecting IL-10 levels (Figure 6).


[image: Figure 5]
FIGURE 5. Leptin potentiates insulin-induced adipogenesis in ASCs. Adipose-derived stem cells from subcutaneous and retroperitoneal depots were isolated and then differentiated with insulin alone or insulin plus leptin (4 or 40 nM). (A,B) Fluorescence images of ASCs from (A) retroperitoneal and (B) subcutaneous depots that were differentiated into adipocytes and stained with Bodipy (green) for lipid droplets and with DAPI (blue) for nuclei. Images are representative of 3–6 independent experiments. Scale bar represents 50 μm. Graphs show the quantification of the green area per cell relative to the control group (insulin only) at day 5. Bars represent mean ± standard error of the mean of 3–5 independent experiments. *p < 0.05 relative to the control group of the same day. Statistical analyzes were performed by using Kolmogorov-Smirnov test. (C,D) Western blot analysis of CAV-1 and PPARγ and β-actin in ASCs differentiated at the conditions specified. Blots are representative of 3–5 independent experiments.
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FIGURE 6. Leptin induces a proinflammatory cytokine profile during ASCs differentiation. (A–C) ASCs from subcutaneous and retroperitoneal fat depots were differentiated for 5 and 12 days in the presence of leptin (0, 4, or 40 nM) and the concentrations of (A) TNF-α, (B) IL-10, and (C) IL-6 were measured in the supernatants. Bars represent mean ± standard error of the mean of 3–8 independent experiments. *p < 0.05 and &p < 0.06 compared to ASCs differentiated in the absence of leptin at the respective timepoint. Statistical analyzes were performed using paired t-test.


As previously mentioned, adipocyte differentiation can be achieved by the combination of adipogenesis induction factors, with insulin being considered indispensable for this purpose (30). We then investigated the ability of leptin to support ASCs commitment to adipocytes in the absence of insulin. As shown in Figure 7, leptin induces lipid accumulation at day 12 of differentiation in subcutaneous and retroperitoneal ASCs when compared to the cells cultured without leptin or insulin supplementation (Figures 7A–C). Also, stimulation with leptin alone supported the expression of the adipogenesis-related proteins CAV-1, PLIN-1, PPAR-γ, and/or SREBP1C in ASCs from both adipose tissue depots (Figures 7D,E; Supplementary Figure 2). In addition, leptin did not induce adipogenesis in ASCs from LepRb-deficient (db/db) mouse, albeit these cells were still able to differentiate in response to insulin (Supplementary Figures 4A,B). Also, leptin signaling through mTOR pathway was absent in ASCs from db/db mice (Supplementary Figure 4C). Our data show that leptin supports the induction of adipocyte differentiation through LepRb signaling, even in the absence of insulin.


[image: Figure 7]
FIGURE 7. Leptin induces adipogenesis in ASCs independently on insulin. ASCs from subcutaneous and retroperitoneal depots were isolated and then differentiated up to 5 or 12 days with neither insulin nor leptin, leptin (4 or 40 nM), or insulin. (A) Fluorescence images of ASCs differentiated for 12 days and stained with Bodipy (green) for lipid droplets and with DAPI (blue) for nuclei. Images are representative of 3–6 independent experiments from different animal pools. Scale bar represents 50 μm. (B,C) Quantification of the green area per cell in adipocytes differentiated from (B) subcutaneous or (C) retroperitoneal ASCs. Graphs depict the fold change relative to the group with no hormone supplementation at day 5. Bars represent mean ± standard error of the mean of 3–5 independent experiments. *Means p < 0.05 and & means p = 0.06 relative to the control group at the same day. Statistical analyzes were performed by using One-way ANOVA with Dunnet's post-test. (D) Western blot analysis of PLIN1, PPARγ, cleaved SREBP1C (cSREBP1C), and β-actin in subcutaneous ASCs or (E) CAV-1, cSREBP1C, PPARγ, and β-actin in retroperitoneal ASCs after 12 days of differentiation in each condition. Blots are representative of 3–5 independent experiments.





DISCUSSION

Leptin is a key adipokine in the control of energy balance and satiety through its signaling in the central nervous system (9, 22). Several effects of leptin regarding the systemic control of metabolism in various organs and systems are well-documented and still very explored by many groups (9, 31). However, one simple question remained elusive so far: what are the autocrine and paracrine effects of leptin on its own producer cells? Our data provide a new branch in leptin signaling regarding the local modulation of the adipogenic process. Here we show that leptin has direct effects in 3T3-L1 preadipocytes and adipocytes, as well as in ASCs, anticipating the commitment with the adipocyte lineage and adipogenesis.

Continuous leptin supplementation had similar effects on the differentiation of primary mouse ASCs and the murine lineage of preadipocytes 3T3-L1, anticipating and enhancing several adipogenic features. Expression of the adipogenesis- and lipogenesis-related proteins PPARγ, SREBP1C, PLIN1, and CAV-1 were enhanced both in 3T3-L1 and ASCs from subcutaneous and retroperitoneal depots. We also observed that leptin anticipated the secretion of the adipokine adiponectin, which is expressed exclusively by mature adipocytes, corroborating the advanced state of differentiation upon leptin treatment (32).

Previous studies showed that leptin induced lipolysis in rat adipose tissue (33–35). In these studies, most experiments were performed with the whole explant of WAT or isolated mature adipocytes stimulated with leptin, acutely, for 1 or 2 h (33, 35). As a matter of fact, these studies do not oppose to ours since adipogenesis is not the opposite of lipolysis: increased adipocyte differentiation only means that adipogenesis is prevailing over lipolysis in the time points observed. In other studies the cells were stimulated also for a short period and/or with high concentrations of leptin, above the physiological or obesity-associated levels (34, 36). These short incubations and the elevated doses of leptin can indeed acutely activate lipolytic pathways in mature adipocytes. There is also evidence of inhibition of lipolysis when tissue explants were incubated for longer periods (i.e., 18 h) with leptin (37). Rhee et al. (36) state that leptin stimulus inhibits rosiglitazone-induced adipogenesis in primary cells from ob/ob mice, The effects of leptin on rosiglitazone-treated cells may differ from leptin stimulation alone. Another report indicates an indirect proadipogenic effect of leptin showing that leptin inhibits the anti-adipogenic effects of vitamin D (38). Finally, in previous reports (36, 39) the cells were stimulated with leptin only after the induction of differentiation. We believe that the contact of the cells with leptin when they are still undifferentiated is a better model to evaluate the pro-adipogenic effect. The control of lipolysis in the mature adipocyte can also be regulated by infiltrating macrophages that can be present in different amounts depending on the inflammatory activation (40, 41). The activation of recruited and adipose tissue-resident immune cells—including macrophages—by leptin has been shown to induce the production of the potent prolipolytic and proinflammatory cytokine TNF-α (18, 42–44). In our work, we show that chronic leptin treatment increases the expression and secretion of TNF-α by adipocytes. Although TNF-α clearly induces lipolysis through diverse mechanisms including the inhibition of PPARγ (29, 45) and reduction of PLIN1 expression (46), we show that leptin treatment is able to significantly increase the expression of PPARγ, PLIN1, and many other features related to lipogenesis and adipogenesis. It has also been shown that leptin, TNF-α and other adipokines stimulate the expression of the proadipogenic miR-378 (47) and the adipogenesis-related miR-355 (48). We do not exclude the acute effect of leptin in the induction of lipolysis directly in mature adipocytes, but we clearly show that the proadipogenic effect prevails in a long-term incubation.

As stated above, the timing of leptin's treatment is of paramount importance for the outcomes observed in differentiated cells, with an early treatment of precursor cells leading to a proadipogenic leptin signaling. Sustaining this hypothesis, the specific knockout of LepR in already mature adipocytes did not have important effects on adipogenesis (49), while the specific knockout or knockdown of LepR in precursor cells impaired their ability to commit to the adipocyte fate (19, 50). Yue et al. (19) showed that the specific deletion of the leptin receptor LepR gene in the bone marrow-derived mesenchymal stromal cells (BM-MSCs) favored osteogenesis at the expense of adipogenesis within the bone marrow (19). Also, high fat diet increased the numbers of adipocytes in the limb bone and reduced bone volume in wild type mice, but not in mice with the deletion of LepR in BM-MSCs (19). The authors clearly show that the local signaling of leptin in bone marrow stromal precursors, during obesity, is essential for the adipocyte commitment and differentiation (19). In another work, Tencerova et al. (50) showed that LepR-positive BM-MSCs of obese individuals are more likely to differentiate into adipocytes, and that the silencing of LepR in BM-MSCs from obese individuals favored osteogenesis and reduced adipogenesis, with decreased expression of several adipogenesis-associated genes, alongside the impairment of the staining for lipid droplets (50). These results indicate that leptin's local effect may contribute in vivo to adipogenesis. Even though they used in vivo or ex vivo models and different sets of stromal cells, their results are in accordance with our data showing that leptin has local adipogenic effects in stromal cells. In addition, our work supports that leptin may be important throughout the adipogenic process, not only at the commitment phase.

Insulin is a classic inductor of adipogenesis and therefore is present in the majority of the adipogenesis in vitro protocols (22, 30). Indeed, when we remove insulin from the culture media, we see a dramatic reduction in differentiation. As aforementioned, when we differentiate cells with leptin in addition to insulin, we boost differentiation. These results may be explained by the fact that both leptin and insulin signal through PI3K/AKT/mTOR pathway (31, 51). Interestingly, here we also show that leptin sustains adipocyte maturation of cells cultured in insulin-free medium. These findings highlight that leptin can compensate for insulin absence when it comes to adipogenesis, with potential implications in pathological conditions such as types 1 and 2 diabetes. In patients with type 1 diabetes (T1D), who have little or no production of insulin, there are several metabolic alterations as hyperglycemia, weight loss and enhanced lipolysis with augmented lipotoxicity (52, 53). For these patients, insulin long-term usage often leads to unwanted side effects such as ectopic fat deposition and disabling episodes of hypoglycemia. In animal models of T1D, plasma levels of leptin are diminished compared to healthy animals (52–54). In these models, leptin administration improved survival, weight gain and glycemia, which were associated with metabolic recovery toward a reduction of hepatic gluconeogenesis, adipocyte lipolysis and diminished circulation of free fatty acids (52–54). Although leptin was not able to recover β-cell function and insulin secretion in neither of these studies, these findings point out beneficial actions of leptin in the absence of insulin that can overcome several caveats f insulin therapy. The described insulin-independent actions of leptin, especially regarding the recovery of body weight and decreased lipolysis, corroborate with our findings on the insulin-independent induction of adipocyte differentiation and maturation. Enhancement of adipogenesis may help to increase the lipid storage capacity of cells, dumping the circulation of free fatty acids and the deposition of ectopic fat in vivo. Similarly, the leptin analog metreleptin is the main treatment to human lipodystrophy syndromes, also improving several metabolic parameters (55). Even though metreleptin does not recover the deficiency in subcutaneous adipose tissue in lipodystrophic patients, most of these patients lack the major adipogenic pathways, including those involving CAV-1 and PLIN-1, among others. Moreover, these patients are also treated with metformin, which inhibits the mTOR pathway (55). There will be little or no possibility for leptin to induce adipogenesis and recover subcutaneous WAT in these cases, since either the major adipogenic pathways are primarily absent or inhibited by the treatment for diabetes. Specific studies should be done to determine the capacity of leptin in restoring adipogenesis within the different forms of lipodystrophy.

As previously mentioned, leptin and insulin share the activation of the mTOR pathway (31). It was shown that adipocyte-specific deletion of the mTOR gene in mice dramatically reduced white and brown fat masses but did not change body weight (11). This was explained by the ectopic fat accumulation in the heart, spleen and liver, with greater circulation of free fatty acids (11). These and other studies establish mTOR as an indispensable protein for lipid uptake (56), storage and adipogenesis (11, 57–59). With that in mind, we sought to determine if the proadipogenic effects of leptin in preadipocytes were also mediated by activation of the mTOR pathway. For this purpose, we treated 3T3-L1 preadipocytes—which had no insulin supplementation at all—with leptin in the presence or absence of rapamycin. Confirming our hypothesis, leptin effect on the increase of lipid droplet's biogenesis in preadipocytes was mediated by the mTOR signaling pathway as rapamycin treatment completely abolished lipid accumulation in leptin-treated cells.

Besides its clear role in the control of energy homeostasis and adipose tissue function, leptin is also very important in immune processes. For instance, it has been shown to participate in the activation and recruitment of immune cells, such as macrophages (15, 60), neutrophils (18), and eosinophils (13). In obesity, adipose cells secrete large amounts of immunometabolic mediators that usually cause a derange in homeostasis (2, 5, 61, 62). Adipose tissue, which includes adipocytes and stromal cells, becomes chronically inflamed with enhanced secretion of proinflammatory mediators, such as TNF-α and IL-6, and a decrease in anti-inflammatory ones, such as IL-10 (5, 63). Leptin was found to participate in the induction of proinflammatory cytokines in dendritic cells (17), T cells (17), and macrophages (15, 44, 60). In this report we show that leptin is a proinflammatory factor also in adipocytes, as shown by the increase in TNF-α and the decrease in IL-10 production by 3T3-L1 cells, and increased TNF-α and IL-6 in differentiated ASCs. Although the secretion of the chemokines KC/CXCL1 and MCP-1/CCL2 remained unchanged in 3T3-L1, our results show that leptin's actions on adipocytes contribute to the inflammatory profile characteristic of obesity.

In obesity, leptin central effects (i.e., induction of energy expenditure) is impaired, therefore its local effects may prevail and contribute to white adipose tissue expansion and enhanced inflammatory milieu. In addition, the direct induction of leptin signaling pathways in preadipocytes and adipocytes is sufficient to support adipogenesis regardless of the presence of insulin. Our data open a new perspective for the study of leptin as an inductor of adipogenesis and associated inflammation.
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It is well-established that infectious stress activates the hypothalamus–pituitary–adrenal axis leading to the production of pituitary adrenocorticotropin (ACTH) and adrenal glucocorticoids (GCs). Usually, GC synthesis is mediated by protein kinase A (PKA) signaling pathway triggered by ACTH. We previously demonstrated that acute murine Chagas disease courses with a marked increase of GC, with some data suggesting that GC synthesis may be ACTH-dissociated in the late phase of this parasitic infection. Alternative pathways of GC synthesis have been reported in sepsis or mental diseases, in which interleukin (IL)-1β, prostaglandin E2 (PGE2), and/or cAMP-activated guanine nucleotide exchange factor 2 (EPAC2) are likely to play a role in this regard. Accordingly, we have searched for the existence of an ACTH-independent pathway in an experimental model of a major parasitic disease like Chagas disease, in addition to characterizing potential alternative pathways of GC synthesis. To this end, C57BL/6 male mice were infected with T. cruzi (Tc), and evaluated throughout the acute phase for several parameters, including the kinetic of GC and ACTH release, the adrenal level of MC2R (ACTH receptor) expression, the p-PKA/PKA ratio as ACTH-dependent mechanism of signal transduction, as well as adrenal expression of IL-1β and its receptor, EPAC2 and PGE2 synthase. Our results reveal the existence of two phases involved in GC synthesis during Tc infection in mice, an initial one dealing with the well-known ACTH-dependent pathway, followed by a further ACTH-hyporesponsive phase. Furthermore, inflamed adrenal microenvironment may tune the production of intracellular mediators that also operate upon GC synthesis, like PGE2 synthase and EPAC2, as emerging driving forces for GC production in the advanced course of Tc infection. In essence, GC production seems to be associated with a biphasic action of PGE2, suggesting that the effect of PGE2/cAMP in the ACTH-independent second phase may be mediated by EPAC2.
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INTRODUCTION

The hypothalamus–pituitary–adrenal (HPA) axis is activated in diverse stressful situations, like pathological and metabolic disorders (1) or infectious diseases (2, 3), to preserve homeostasis (4) by controlling the availability of glucocorticoid (GC) hormones: corticosterone (CT) in rodents and cortisol in humans (4–6). Adrenocorticotropic hormone (ACTH) is the main stimulus for GC synthesis and release, acting through the melanocortin 2 receptor (MC2R). MC2R activation induces the synthesis of the second messenger cAMP, which, in a protein kinase A (PKA)-dependent fashion, induces the expression of many steroidogenic enzymes transforming cholesterol to GC (7).

Since pituitary disorders lead to secondary adrenal insufficiency (8), elevated GC concentrations have been traditionally ascribed as being due to a pituitary-stimulated increase of ACTH. Nevertheless, in the last decades, it became evident that alternative pathways of GC steroidogenesis may also occur in the context of some pathological situations. Patients with sepsis (9–12), or undergoing surgery (13, 14), as well as presenting malignant diseases or depression (15) often show in plasma-augmented GC amounts without changes in ACTH levels (16, 17). The dissociation between the ACTH and GC levels during critical illnesses may be envisioned as an adaptive phenomenon addressed to preserve elevated GC levels to respond as appropriately as possible to the stress-related needs. One possible alternative pathway involves the production of cAMP (in an ACTH-independent fashion), and the so-called cAMP-activated guanine nucleotide exchange factor 2 (EPAC2) (18–21), whose positive effects upon the steroideogenic pathway are exerted through mechanisms not yet fully described. Diverse mediators may be involved in the cAMP rise in the absence of ACTH, like prostaglandins (22, 23), and indirectly, some inflammatory cytokines (24, 25).

Trypanosoma cruzi (Tc) is a protozoan parasite causing Chagas disease, a main parasitic disease in Latin America. Chagas disease is currently spreading in a non-vector way throughout the world due to migratory flows. The parasite usually elicits an intense systemic response able to damage essential organs, i.e., heart and digestive tract (26, 27), causing disability. Moreover, oral breaks course with high lethality (28, 29). We previously demonstrated that Tc acute infection in C57BL/6 mice induces a strong release of GC, which is critical to mice survival (30, 31). Further studies developed in Tc-infected mice suggested that an ACTH-GC dissociation phenomenon may also occur in this protozoan infection. In fact, findings recorded from a single time point along the course of the acute infection showed that higher circulating levels of GC coexisted with slight ACTH amounts (32, 33), raising the view of a GC-driven negative feedback as playing a role in this regard.

Given this background, we searched for the occurrence of an ACTH-independent pathway in an experimental model of acute Chagas disease in addition to characterizing potential alternative pathways of GCs synthesis. Here, we evaluated throughout infection the kinetics of ACTH and GC production and intracellular pathways involved in GC synthesis in the adrenal gland. To discriminate ACTH-dependent from -independent pathways, Tc-infected mice were also assessed for MC2R expression and the PKA-pathway activation as a correlate of the ACTH-pathway activation, with the adrenal expression of interleukin (IL)-1β and its receptor (IL-1R), prostaglandin E2 (PGE2) synthase, and EPAC2 being studied as factors involved in the ACTH-independent pathway.



MATERIALS AND METHODS


Mice and Experimental Infection

C57BL/6 male mice, aged 6–8 weeks, were obtained from the Animal Facilities of Faculty of Medical Sciences, National University of Rosario (FCM-UNR). Trypomastigotes of the Tulahuen strain of Tc, corresponding to Tc lineage VI (34) were used. Mice were infected with 200 viable trypomastigotes subcutaneously. Parasitemia and the survival time were recorded following infection, to monitor the systemic repercussion of the acute disease, as previously reported (32).



Plasma ACTH and CT

Assessment of basal and infection-induced hormones was performed as previously reported (30, 32). Mice were housed individually 1 week before the beginning of the experiments and kept single-caged throughout the infection in temperature, and light-controlled rooms (light cycle from 7:00 a.m. to 7:00 p.m.). Plasma samples for hormone measurements were obtained from the tip of the tail between 8:00 and 10:00 a.m. (30, 32). Following that, blood was taken by cardiac puncture and adrenal glands were removed for other approaches detailed below. Plasma CT (IBL International, Hamburg, Germany) and ACTH levels (MD Bioproducts, Zurich, Switzerland) were determined by ELISA.



Plasma and Intra-adrenal Cytokine Measurements

Plasma and adrenal glands were obtained from control and Tc-infected animals throughout acute infection. Plasma IL-1β was measured by specific two-site enzyme-linked immunosorbent assay (ELISA) using an ELISA kit according to the manufacturer's specifications (Pharmingen, USA). Plasma TNF-α, IFN-γ, and IL-6 were measured using a murine BD Cytometric Bead Array (BD Biosciences, USA). Intra-adrenal IL-1β mRNA levels were assessed by RT-qPCR, as below described. All samples were assayed in duplicate.



Immunoblot Assays

Adrenal glands were homogenized in 4 volumes of 300 mmol/L sucrose with 1× protease inhibitor cocktail and 1× phosphatase inhibitor cocktail (SIGMA, Saint Louis, USA). Homogenates were centrifuged at 1,000g to remove unbroken cells, nuclei, and heavy membranes, based on previous studies (35). Proteins were quantified according to Lowry technique (36). For protein detection, samples were subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotted onto polyvinyl difluoride (PVDF) membranes (PerkinElmer Life Sciences, Inc., Boston, MA). Membranes were incubated with primary anti-mouse antibodies (anti-IL-1R, anti-PKA, anti-p-PKA, anti-EPAC2, anti-GAPDH, and anti-PGE2 synthase from Santa Cruz Biotechnology). The expression of total and phosphorylated isoforms of both PKA was analyzed by stripping in the same membrane. Finally, protein levels were detected by an enhanced chemiluminescence detection system (Pierce ECL, Thermo Fisher Scientific, USA). Immunoreactive bands were quantified by densitometry using the Image J software (imagej.nih.gov).



Immunohistochemical Staining

Immunohistochemistry studies were performed on 4-μm paraffin sections from adrenal glands. Sections were deparaffinized with xylene, rehydrated in a gradient series of alcohol (100, 95, and 45% alcohol) and rinsed in PBS. Each section was covered with 0.3% peroxyacetic acid for 15 min to block endogenous peroxidase activity and microwaved for antigen retrieval (100 W, 5 min × 3 min), and cooled at room temperature (RT) for 20 min. Then, sections were incubated with the anti-MC2R (Santa Cruz Biotechnology, dilution 1/50) at RT during 60 min, and then rinsed again. This step was followed by incubation with a streptavidin–biotin–peroxidase antibody complex (BD Pharmingen) for 30 min at RT. Slides were then treated with streptavidin peroxidase reagent for 10 min. The sections were visualized with 3,3′-diaminobenzidine (DAB), counterstained with hematoxylin, and mounted in mounting medium for microscopical observation.



RNA Isolation, cDNA Synthesis, and qPCR

Total RNA was isolated from adrenals using TRI Reagent (Genbiotech). cDNA was synthesized from 2 μg of total RNA by extension of oligo dT primers (Invitrogen, Carlsbad, CA, USA) with M-MuLV reverse transcriptase (Fermentas, Vilnius, Lithuania) according to the manufacturer's instructions. qPCR using 5X HOT FIREPol® Eva Green qPCR Mix Plus (Solis BioDyne, Tartu, Estonia) was performed in a StepOne Plus Real-Time PCR System (Thermo Fisher Scientific). Thermal cycling conditions were 15 min at 95°C followed by 40 PCR cycles of denaturing at 95°C for 15 s, 25 s for annealing at 60°C, and 25 s for elongation at 72°C. Fluorescence readings were performed during 10 s at 80°C before each elongation step. RPL13a (Gene ID: 22121) transcript was also measured and used as endogenous control to normalize the expression of mRNA determinations. External curves constituted by serial dilutions of cDNA of the transcript to be quantified were included in each run. Data are expressed as fold change with respect to RPL13a. Primer sequences are detailed in Table 1.


Table 1. Primer sequences and expected amplification products.
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Statistics

Data are shown as mean ± standard error of the mean (SEM), unless otherwise stated. Statistical analysis was performed by the non-parametric analysis of variance Kruskal–Wallis followed by Dunn post-test (k > 2) or U de Mann–Whitney test (k = 2). The GraphPad Instat 4.0 software (GraphPad, California, USA) was used for statistical analyses, and differences were considered significant when p value was <0.05.




RESULTS


Tc Infection Induces Both ACTH-Dependent and -Independent Phases of GC Secretion

In Tc-infected C57BL/6 mice, parasitemia begins to be evident from day 7 post-infection (pi), followed by a marked and progressive increase (data not shown). As seen in earlier studies, infection was lethal in all animals with a mean survival time of 24–26 days (31, 32).

To investigate the dynamic of ACTH and GC secretion in Tc-infected mice, plasma samples were obtained at different time points following infection. The main GC hormone present in rodents is CT and in humans cortisol. Basal CT levels in blood from non-infected mice were 2.1 ± 1.3 μg/dl, while basal ACTH concentrations were 16.2 ± 2.8. GC rise began to be observed from day 7 pi and increased progressively until day 21 pi (20-fold increase), while ACTH peaked by day 11 pi (4.3-fold increase), further lowering to values seen in control mice at day 14 pi, to reach quite reduced amounts by day 21 pi. These results showed that GC secretion is only matched to ACTH levels nearly during the first 2 weeks of infection, being ACTH-uncoupled afterwards (Figure 1A).


[image: Figure 1]
FIGURE 1. Relationship between ACTH, CT and IL-1β systemic levels. (A) IL-1β and ACTH showed an independent behavior after 14 days pi. Solid bars represent mean serum ACTH levels and dashed lines indicated serum IL-1β concentrations [ACTH: &p < 0.05 vs. day 0 pi; IL-1β: *p < 0.05 vs. day 0 pi]. (B) ACTH and CT showed the classical coupled pattern of secretion until day 14 pi (defined as ACTH-dependent pathway) and a dissociated behavior afterwards (defined as ACTH-independent pathway) Solid bars correspond to CT levels and dashed line represents ACTH levels [ACTH: &p < 0.05 vs. day 0 pi; CT: #p < 0.05 vs. day 0 pi]. In all cases, lines are interpolations of mean values, thus approximating the time course of parameter levels between the measured time points. pi, post-infection.


Tc infection increased plasma levels of IL-1β as well as other HPA axis-activating cytokines such as TNF-α, IFN-γ, or IL-6 (Supplementary Figure 1A). Among pro-inflammatory cytokines involved in the HPA axis activation, IL-1β is the most potent one. As can be seen in Figure 1A, the rise of IL-1β was observed at day 7 pi, probably constituting the main stimulus for ACTH-triggered CT synthesis in the initial response, whereas in more advanced infection, ACTH release seems not to be fueled by IL-1β (the same was true for TNF-α, IFN-γ, and IL-6). It follows that, during Tc infection in C57BL/6 mice, GC secretion does exhibit a dual control: an initial ACTH-dependent mechanism followed by an ACTH-uncoupled one (Figure 1B).



ACTH-Dependent Functional Response Is Evidenced by the P-PKA/PKA Ratio

ACTH stimulates GC production through MC2R and also regulates MC2R gene and protein expression. The ligation of ACTH to MC2R activates the adenylyl cyclase cascade, leading to cAMP production. This step is followed by phosphorylation of cAMP-dependent PKA and the subsequent activation of several transcription factors inducing the expression of steroidogenic enzymes, like StAR (Supplementary Figure 1B). The latter in fact occurred during Tc. As seen in Figure 2A, MC2R protein expression peaked at day 11 pi, matching with higher ACTH levels. In the following days, MCR2 expression decreased, coinciding with the lowest ACTH plasma concentration. Consistent with protein data, MC2R gene expression decreased after 16 days pi (Figure 2B). In line with higher MCR2 protein expression, the p-PKA/PKA ratio revealed its highest point at day 11 pi (Figure 2C). Moreover, we also verify that MC2R expression was restricted to the zona fasciculata in Tc-infected animals (Figure 2D). The poor signaling shown by the MC2R/PKA pathway after 14 days pi indicates that mediators other than ACTH sustain the late GC synthesis in Tc-infected animals, reinforcing the view that GC synthesis is ACTH-dependent only in the first period of infection, and further becomes ACTH-independent.


[image: Figure 2]
FIGURE 2. ACTH-dependent pathway analysis. (A) Western blot analyses of the MC2R expression throughout infection. Bars represent the densitometry with data from day 0 pi taken as 100%. Optical density was normalized to GAPDH. In the representative blot, lines are numbered according to the day pi. (B) MC2R mRNA levels in adrenal cells from Tc-infected mice at different days pi. (C) Western blot analyses of the p-PKA/PKA ratio at different days pi. In the representative blot, lines are numbered according to the day pi. Basal levels are represented by a white column; light gray columns represent p-PKA/PKA ratio levels during the ACTH-dependent phase; and dark gray columns represent p-PKA/PKA ratio levels during the ACTH-independent phase. (D) Immunohistochemical localization of MC2R in the adrenal cortex (magnification 20×). Positive immunoreactivity was observed in the fascicular zone from both non-infected (middle panel) and Tc-infected mice (14-day pi; right panel). Left panel shows the negative control. Tc-infected animals evidenced a clear hyperplasia of the zona fasciculata (demarcated with arrows). Results are expressed as mean ± SEM, from 3 to 5 mice/group/day. A representative experiment from three independent series is shown. *p < 0.05 vs. day 0 pi. AU, arbitrary units; Tc, Trypanosoma cruzi; pi, post-infection.




IL-1β and IL-1RI Are Expressed in Adrenal Glands During Infection

Besides the hypothalamic effects of IL-1β, some studies showed that it also stimulates the steroidogenesis in vitro (37, 38), whereas human adrenal cells are also able to produce IL-1β (25). Since intra-adrenal production of IL-1β may represent an autocrine/paracrine factor involved in GC synthesis during the ACTH-independent phase, adrenal glands from Tc-infected mice were next studied for the expression of IL-1β and their receptor. In Tc-infected mice, the increase in GC levels not only occurred in parallel with the systemic elevation of IL-1β, but also with an increase in the IL-1β synthesis within adrenal glands (Figure 3A). Adrenal IL-1β transcripts begin to increase after 14 days pi, coinciding with the onset of the ACTH-independent phase.
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FIGURE 3. Intra-adrenal expression of IL-1β and IL-1RI in Tc-infected mice. (A) IL-1β and CT exhibited similar secretion kinetics throughout infection. Mean serum levels of CT are indicated by solid bars, while dashed lines illustrate IL-1β levels [IL-1β systemic: *p < 0.05 vs. day 0 pi; IL-1β intra-adrenal: & p < 0.05 vs. day 0 pi]. (B) IL-1RI mRNA expression was diminished at day 15 pi. (C) Western blot analyses of IL-1RI expression throughout infection showed a down-regulation at day 17 pi. Basal levels are represented by a white column; light gray and dark gray columns represent IL-1β transcription levels during the ACTH-dependent phase and ACTH-independent phases, respectively. Results are expressed as mean ± SEM, from 3 to 5 mice/group/day. IL-1β and IL-1RI transcripts were normalized against RPL13a gene (Gene ID: 22121) as endogenous control. Data correspond to a representative experiment from three independent rounds. *p < 0.05 vs. basal expression (day 0 pi). AU, arbitrary units; pi, post-infection.


Since IL-1β may locally signal through its receptor to enhance GC secretion in the ACTH-independent phase, the intra-adrenal expression of IL-1R1 was also investigated (Figures 3B,C). IL-1RI mRNA contents paralleled protein counterparts, showing no gross changes throughout infection, except on days 17 and 15 pi where both levels are, respectively, diminished (Figures 3B,C). These results suggest that IL-1β/IL-1RI signaling was off in the ACTH-independent phase.



EPAC2 and PGE2 Synthase Cell Signaling-Related Factors Are Linked to GC Synthesis During the ACTH-Independent Phase

Besides PKA, EPAC2 may be involved in GC synthesis. Aimed at evaluating whether EPAC2 may play a role in the ACTH-independent phase, we next assessed EPAC2 expression. As depicted in Figure 4, EPAC2 mRNA reached high levels between 13 and 15 days pi (Figure 4A), whereas its protein content attained elevated concentrations after 14 days pi (Figure 4B), pointing out that EPAC2 is likely to be involved in the alternative pathway for steroidogenesis from Tc-infected mice.
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FIGURE 4. ACTH-independent pathway analysis. (A,B) EPAC2 mRNA and protein expression are increased during the ACTH-independent phase. (C,D) PGE2 synthase mRNA and protein are expressed throughout infection, showing a peak during both the ACTH-dependent and independent phases. Bars from immunoblots represent the densitometry with data from day 0 pi taken as 100%. Optical density was normalized to GAPDH. Basal levels are represented by a white column; light gray and dark gray columns represent IL-1β transcription levels during the ACTH-dependent phase and ACTH-independent phases, respectively. EPAC2 and PGE2 synthase transcripts were normalized against RPL13a gene (Gene ID: 22121) as endogenous control. Results are expressed as mean ± SEM, from 3 to 5 mice/group/day. A representative experiment from three independent series is shown. *p < 0.05 vs. basal expression (day 0 pi). AU, arbitrary units; pi, post-infection.


Additionally, in the ACTH-independent phase, the cAMP supply may be sustained by PGE2. Measurements of PGE2 synthase mRNA and its protein showed two peaks of expression (Figures 4C,D). The first one coincides with the maximum release of ACTH, while the second weave is evident from 15 to 17 days pi, paralleling the ACTH-independent phase.

Overall, present data support the view that PGE2 may stimulate the adrenal cAMP production during both the ACTH-dependent and -independent phases, likely exerting a positive regulatory role on GC production via EPAC2 during the ACTH-independent phase.




DISCUSSION

The HPA axis is a dynamic system regulating the synthesis and release of adrenal GC during stressful conditions. Particularly, during states of immune hyperactivity, a rapid increase of GC is critical to mount an efficient anti-inflammatory response and hence preserving the energy supply required by immune cells. In the context of acute experimental Chagas disease, the relevance of HPA activation and the consequent role of GC as endogenous anti-inflammatory agents are undoubtful (30, 31). The fact that GC rise coincided with the highest circulating amounts of ACTH, together with an intensified adrenal MC2R expression and an enhanced p-PKA/PKA ratio, corroborate the existence of an ACTH-dependent pathway of GC synthesis at the early stage of Tc infection. Furthermore, these findings match with our earlier observations showing an evident adrenal hyperplasia accompanied by an enhanced steroidogenic machinery since StAR, CYP11A1, CYP11B1, and 11β-HSD1 expression are increased in this period (32).

Expanding our former results (32), we now reveal that infection-driven GC rise is coupled to ACTH solely during the first 2 weeks, to further become dissociated. The uncoupled ACTH-GC response observed in the second phase of infection denote the existence of ACTH-independent mechanisms maintaining the supply of GC. The occurrence of changes in the adrenal microenvironment conditioned by the infection may be central for such ACTH-independent GC secretion.

For instance, constitutive activation of MC2R or their signaling molecules has been thought as likely accounting for GC production in an ACTH-independent form (39, 40). However, this scenario does not occur in the late phase of Tc infection, since the MC2R/PKA pathway was evidently downregulated just after 2 weeks, favoring the lack of response to ACTH even in the presence of hormone basal levels. In vitro studies in 24-h LPS-exposed adrenal cells revealed a reduced MC2R expression accompanied by an ameliorated CT production (41), suggesting that ACTH-independent mechanisms underlying GC production may require a more prolonged stimulus. In this regard, MC2R internalization seems to be triggered by a prolonged ACTH binding to MC2R followed by an increase in p-PKA (42, 43). Moreover, in vitro evidence showed that, at least, MC2R desensitization results from a regulatory mechanism implicating MC2R internalization by clathrin-mediated endocytosis (42, 44, 45), which also appears to be insensitive to PKA activation from heterologous sources other than ACTH (44). Under non-stressful conditions, nearly 28% of internalized MC2R may be recycling to the cell surface, while the remaining fraction may be subjected to lysosomal degradation (43). Since MCR2 immunoreactivity after 14 days pi seems to be mostly localized within cell cytoplasm, it is conceivable that under prolonged stressful conditions like Tc infection, mechanisms about MC2R protein internalization and degradation are boosted, reinforcing MCR2 desensitization. Moreover, transcriptional activity of the Mc2r gene may be upregulated by diverse transcription factors, like JDP2 (Jun dimerization protein 2) (46), FOXL2 (Forkhead box protein L2), or NR5A1 (steroidogenic factor 1) (47), which, in the context of Tc infection, may be disturbed. Further studies are needed to address such issue.

The ACTH-GC dissociation taking place in the late phase of infection may be explained by PGE2 stimulation of fasciculate cells. PGE2 is produced in response to inflammation, injury or mechanical stress and may also stimulate steroid production partly by triggering adrenal cAMP production (48). PGE2 synthase is the enzyme responsible for the PGE2 synthesis, being likely that autocrine PGE2-stimulated expression of the PGE2 receptor (22, 49, 50) was exerting a positive regulatory role on GC synthesis. Strikingly, during Tc infection, PGE2 synthase showed a noticeable biphasic response, compatible with both ACTH-dependent and -independent phases, suggesting that autocrine PGE2 production may favor CT secretion. In the early phase, PGE2 may stimulate CT release from adrenal cells synergistically with ACTH, increasing cAMP. On the other hand, during the ACTH-hyporesponsive period, CT secretion may be sustained by the PGE2 produced because of increased PGE2 synthase bioavailability, as shown in Figure 4C. Furthermore, induction of cAMP by PGE2 when the PKA signaling cascade was shutting off may favor EPAC-mediated actions (51, 52). The abundance of EPAC2 protein in adrenal glands from infected mice after 14 days pi, along with its increased mRNA the day before, is highly suggestive that cAMP-activated EPAC, rather than PKA, mediates GC production during the late phase of infection.

Studies in human adrenal adenomas led to propose the existence of an alternative pathway of GC synthesis governed by IL-1β and IL-1RI, instead of ACTH (53). Indeed, similar mechanisms have been proposed for IL-1α (38). In our model, both systemic and intra-adrenal IL-1β may elicit its effects by promoting the local secretion of PGE2 or other factors that stimulate the steroidogenic machinery in both ACTH-dependent and independent phases. However, IL-1β/IL-1RI signaling seemed to be slightly depressed in the second phase; in this sense, IL-1β does not seem to contribute to the mechanisms sustaining the ACTH-independent GC production. While IL-1β was found to promote catecholamine production by adrenomedullar cells (54, 55), a synergy between IL-1β and catecholamines in driving GC secretion in this experimental model sounds unlikely. Our previous studies in the late phase of experimental Chagas disease in C57BL/6 female mice indicated that neither infection nor sympathectomy affected noradrenaline contents in adrenal glands (56).

Collectively, our data strongly point to the existence of two phases dealing with GC synthesis during Tc infection in mice, an initial phase that matches with the well-known ACTH-dependent pathway, followed by a second one characterized by an ACTH-hyporesponsive state. The inflamed adrenal microenvironment may also tune the production of intracellular mediators influencing GC synthesis like PGE2 synthase and EPAC2, which emerge as driving forces for GC production during progressive Tc infection. Lastly, CT production seems to be associated to a biphasic action of PGE2, implying that the effect of PGE2/cAMP in the ACTH-independent phase may be mediated by EPAC2.

Increasing amount of the experimental evidence indicated that the degree of dissociation between ACTH and GC secretion is of clinical relevance, as it has been associated with the level of complications of sepsis, surgery, malignant disease, and depression. In the context of human Chagas disease, beyond the disturbed HPA response in terms of the CG/dehydroepiandrosterone ratio, GC levels fell within normal levels (57, 58). Nevertheless, it is possible that during the acute symptomatic phase of human Chagas disease, as seen in the highly lethal oral acute infection (28, 29), the regulation of GC production may be like the one seen in the experimental model. Further studies are needed to address whether oral Chagas disease outcomes are linked to ACTH-GC decoupling response.
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The role of stress effector systems in the initiation and progression of multiple sclerosis (MS) and experimental autoimmune encephalomyelitis (EAE), the most commonly used experimental model of MS, has strongly been suggested. To corroborate this notion, alterations in activity of the sympathoadrenal and sympathoneural axes of sympathoadrenal system (a major communication pathway between the central nervous system and the immune system), mirrored in altered release of their end-point mediators (adrenaline and noradrenaline, respectively), are shown to precede (in MS) and/or occur during development of MS and EAE in response to immune cell activation (in early phase of disease) and disease-related damage of sympathoadrenal system neurons and their projections (in late phase of disease). To add to the complexity, innate immunity cells and T-lymphocytes synthesize noradrenaline that may be implicated in a local autocrine/paracrine self-amplifying feed-forward loop to enhance myeloid-cell synthesis of proinflammatory cytokines and inflammatory injury. Furthermore, experimental manipulations targeting noradrenaline/adrenaline action are shown to influence clinical outcome of EAE, in a disease phase-specific manner. This is partly related to the fact that virtually all types of cells involved in the instigation and progression of autoimmune inflammation and target tissue damage in EAE/MS express functional adrenoceptors. Although catecholamines exert majority of immunomodulatory effects through β2-adrenoceptor, a role for α-adrenoceptors in EAE pathogenesis has also been indicated. In this review, we summarize all aforementioned aspects of immunopathogenetic action of catecholamines in EAE/MS as possibly important for designing new strategies targeting their action to prevent/mitigate autoimmune neuroinflammation and tissue damage.

Keywords: sympathoadrenal system, noradrenaline, β-adrenoceptor, α-adrenoceptor, experimental autoimmune encephalomyelitis, multiple sclerosis


INTRODUCTION

Multiple sclerosis (MS) is one of the most common neurological disorders and cause of disability of young adults (1–3). Patogenetically, MS is the prototype of the autoimmune inflammatory diseases of the central nervous system (CNS), and is characterized by breakdown of the blood-brain barrier (BBB), neuroinflammation, and axonal damage (4, 5). Its pathogenesis is largely deciphered using experimental autoimmune encephalomyelitis (EAE), a group of neuroantigen-induced animal diseases (4). These models are mainly based on neuroinflammation induced by auto-reactive T helper (Th) cells (4, 6). Upon activation in draining lymph nodes (dLNs), neuroantigen-specific Th cells synthesize IL-17, IFN-γ and/or GM-CSF, and express chemokine receptors (CCR2, CCR6) to gain access in the CNS (4, 6, 7). In the CNS, upon reactivation by resident antigen-presenting cells (APCs), Th cells activate neighboring microglia and attract peripheral cells (T-cells, B-cells, inflammatory monocytes) to perpetuate neuroinflammation and cause demyelination (4, 7). With EAE development, apart from CD4+Foxp3+ regulatory T-cells (Tregs) (8), activated microglia may assume regulatory functions (through phagocytosis, anti-inflammatory mediator and growth factor release) to limit the CNS damage and promote recovery (9). Noteworthy, so far, no single experimental model covers the entire spectrum of MS immunopathological features (particularly role of CD8+ T-cells and B-cells in propagating inflammation and tissue damage in established MS), so the relevance of results from EAE models has to be critically validated (5).

MS is multifactorial disease involving genetic traits and non-genetic triggers (1, 2). Generally, physical and psychological stressors are important triggers of MS (10–12). To corroborate this notion, war veterans with stress-related disorders (associated with low levels of morning cortisol and elevated levels of noradrenaline), were found to exhibit the higher risk of being diagnosed with MS compared to those without any psychiatric disorders (13). However, not only does stress contribute to MS development, but the disease itself causes stress, creating a vicious cycle (10, 12, 14). Additionally, stress contributes to exacerbations of MS (12, 15). The pathogenetic role of stress has been ascribed not only to action of glucocorticoids, end-point mediators of hypothalamo-pituitary-adrenal system (16, 17), but also to catecholamines, end-point mediators of sympathoadrenal system consisting of sympathoneural (the key end-point mediator noradrenaline) and sympathoadrenal (the key end-point mediator adrenaline) axes (15, 16, 18). This review focuses the role of catecholamines in development of EAE/MS.

In MS, aside from sensory, motor and cognitive impairments, autonomic dysfunction (mirrored in fatigue, bladder, bowel, cardiovascular, and sexual disorders) considerably contributes to disability (19–21). It has been speculated that (i) altered sympathoadrenal system activity induced by various stressors, including the disease itself (in early phase and at the onset of exacerbations), and (ii) damage of central sympathoadrenal system neurons and their projections with the disease progression (12, 22–24) is not only consequence, but also mechanism involved in MS pathogenesis.

The sympathoadrenal system, a major communication pathway between the CNS and the immune system (25), originates from locus coeruleus (LC) (18, 26). Activation of LC leads to (i) central effects reflecting noradrenaline release (primarily via non-junctional varicosities to enable its action on non-neural cells) throughout the brain and spinal cord (SC), and (ii) peripheral effects due to release of catecholamines from adrenal medulla and sympathetic nerve fibers (18, 27–30). On the other hand, activation of peripheral immune cells activates sympathoadrenal system to secure control of the ongoing response (18, 31). Namely, cytokines released upon their activation signal to the sympathoadrenal system by stimulating proinflammatory mediator release from the CNS resident cells or by activation of afferent signaling pathways (32–36). In inflammatory autoimmune diseases, this activational effect is suggested to be superimposed on elevated sympathoadrenal system activity due to chronic stress and/or stressful adverse life events leading to its hyperactivity and proinflammatory action (31). In MS, the release of proinflammatory cytokines from activated immune cells in the CNS also contributes to sympathoadrenal hyperactivity (32, 33, 36). Stress-induced sympathoadrenal activation prior to these diseases is suggested to induce low grade self-perpetuating lymphoid tissue and systemic inflammation that further increases sympathoadrenal activity and alters immune system reactivity to enable autoreactive lymphocyte activation (31). This, in return, contributes to sympathoadrenal activation and the promotion of inflammation (31, 37). Adding to the complexity, innate and adaptive “catecholaminergic” immune cells also synthesize catecholamines (29, 30, 38) to regulate inflammatory/immune responses (39). However, in inflammatory autoimmune diseases, they may form an alternative catecholamine source with role in promotion of inflammation (40–43). Namely, activated immune cell-derived catecholamines are suggested to drive an autocrine/paracrine self-amplifying feed-forward loop to increase synthesis of proinflammatory cytokines in myeloid cells (41, 44). Thus, in early phases of the diseases neurocrine/endocrine- and autocrine/paracrine-derived catecholamines may synergistically act to promote inflammation.

Catecholamines exert immunomodulatory effects through β- and α-adrenoceptors expressed on almost all types of immune cells, but majority of their effects are β2-adrenoceptor-mediated (18, 25, 43, 45–60). Monocytes/macrophages, together with dendritic cells, constitute the mononuclear phagocyte system, which plays a key role in maintaining tissue integrity, its restoration after injury, and the initiation, direction and resolution of innate and adaptive immunity. Catecholamines modulate their activity in a context-dependent manner, so they exert both proinflammatory (61–63) and anti-inflammatory (64, 65) effects depending on a number of factors (25), including adrenoceptor subtype (66, 67), adrenoceptor agonist concentrations (68), and the timing of adrenoceptor engagement in relation to antigen stimulation (69). Thus, it seems obvious that their action in EAE/MS has to be disease phase-dependent. In this review, considering EAE/MS pathogenesis, catecholamine influence on microglia and Th17/Treg axis is focused. Several stress paradigms induce β-adrenoceptor antagonist (propranolol) preventable microglial activation and synthesis of inflammatory mediators exaggerating proinflammatory responses to subsequent immunological stimuli (70). β2-adrenoceptor activation in lipopolysaccharide-stimulated dendritic cells diminishes IL-12 secretion, leading to a shift in the IL-12/IL-23 ratio and thereby promotes the generation of CD4+ T cells that produce lower amounts of IFN-γ (Th1 signature cytokine) and higher levels of IL-17 (Th17 signature cytokine) (71).



CENTRAL NORADRENALINE IN PATHOGENESIS OF EAE/MS


Human Data

It has been shown that in MS noradrenaline levels decrease in the tissue surrounding LC (72) reflecting the disease-induced neuronal damage in LC (72). At present, there is no data on effects of the disease on the other “descending catecholaminergic system neurons” projecting to the spinal cord. On the other hand, several studies showed that cerebrospinal fluid levels of noradrenaline metabolite 3-methoxy-4-hydroxyphenylglycol, a marker of central noradrenergic activity, do not change in MS (73, 74). Given that peripheral and central administration of cytokines to rodents increased noradrenaline synthesis and 3-methoxy-4-hydroxyphenylglycol levels in brain (75), it may be assumed that elevated noradrenaline synthesis and turnover in non-damaged brain structures overcame diminished noradrenaline synthesis in those affected by the disease. On the other hand, combination of lofepramine or maprotiline (noradrenaline reuptake inhibitors) with levodopa (after conversion to dopamine metabolizes to noradrenaline) exhibited therapeutic effects in MS (76). However, given that dopamine itself exerts beneficial effects on the disease (77), these effects cannot be ascribed to the rise in the central noradrenaline level. On the other hand, although combined treatment with lofepramine and phenylalanine (upstream noradrenaline precursor) was initially shown to moderate clinical symptoms of MS (78), follow-up rigorously controlled study put the benefits of this therapy into question (79). Additionally, there are limited and inconsistent data on the therapeutic effects of β2-adrenoceptor agonists, such as salbutamol (albuterol), in MS. Namely, depending on type and phase of MS both adverse and benefitial effects have been described (80–82). To potentiate need for further studies on role of central noradrenaline in MS, several studies provided evidence that anti-stress therapies, including exercise (83–85), mindfulness meditation (86–88), and yoga (89), moderate MS symptoms (depression, anxiety, fatigue, cognitive dysfunction). In the same line are data from a population-based study indicating that the incidence of MS was negatively associated with use of fenoterol, a β2-adrenoceptor agonist, but not salbutamol belonging to the same drug class (90). This was ascribed to differences in their functionality, as fenoterol differently from salbutamol significantly stimulates cyclic-adenosine monophosphate (90).



Animal Data

The study encompassing dogs suffering from EAE showed that cerebrospinal fluid and white matter noradrenaline levels rise early after the immunization, but decrease in the clinical phase of the disease (91). Consistently, decline in SC and/or brainstem noradrenaline concentration was found at the peak of EAE in Lewis and Dark Agouti (DA) rats (45, 92–94). Noradrenaline concentration in SC also decreased with EAE progression in C57BL/6 mice (72, 95). This was attributed to disease-related damage of LC noradrenergic neurons (72) and/or axonal damage in SC (92). Additionally, it was reported that electrolytic destruction of LC noradrenergic neurons attenuates the disease in Wistar rats (96). Furthermore, central noradrenaline depletion (decrease in noradrenaline level by ~85% without changes in dopamine) by intracisternal-ventricular 6-hydroxydopamine injections reduced motor deficit in Lewis EAE rats (97, 98). Conversely, in C57BL/6 mice developing chronic EAE, treatment with N-(2-chloroethyl)-N-ethyl-2 bromobenzylamine, selective neurotoxin for rodent LC neurons, exacerbated the disease (99). This discrepancy could be related to N-(2-chloroethyl)-N-ethyl-2 bromobenzylamine–induced increase in the central extraneuronal noradrenaline level due to its inflow from non-lesioned regions, so that noradrenaline levels were reduced by only 10–30% (100). Additionally, treatment with propranolol, a non-selective β-adrenoceptor antagonist, depending on its onset relative to immunization, produced different effects on clinical outcome of EAE in rats (101, 102). Propranolol treatment starting 3 days before immunization moderated clinical and histological picture of EAE in DA rats (102), whereas the treatment beginning at immunization prolonged the disease duration in Lewis rats (101). When administered over effector phase of EAE to Lewis rats, propranolol exacerbated the disease (103), or produced no effect (101), while propranolol treatment in DA rats starting before the onset of clinical EAE decreased the disease severity (45). Given that propranolol crosses the BBB (104), the latter findings were consistent with data indicating that chemical depletion of central noradrenaline starting before the effector phase of EAE may remove an effector amplification mechanism leading to suppression of the paralysis (97). The inconsistencies in data from different propranolol studies may be associated with differences in drug dose regimen and/or treatment onset/duration, as well as animal genetic makeup, immunization protocols (possibly affecting the kinetics in development of sympathoadrenal neuron damage).

The ameliorating effect of propranolol on the clinical outcome of EAE in DA rats was linked with upregulated expression of nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and heme oxygenase-1, a Nrf2-regulated gene with a crucial role in the prevention of neuroinflammation (105, 106). This partly reflected propranolol-induced upregulation of CX3CR1, the receptor for fractalkine (CX3CL1), which activates the Nrf2 signaling in microglial cells to limit their activation (107). Nrf2 recognizes an enhancer sequence termed antioxidant response element that is present in the regulatory regions of over 250 genes (108), and is implicated in the modulation of inflammation through crosstalk with the transcription factor NF-κB, the principal regulator of inflammation (109). Consistently, compared with saline-injected controls, in propranolol-treated rats the frequencies of IL-1β- and IL-23-expressing cells among microglia, and microglia expression level of IL-6 and CCL-2, the chemokine recruiting inflammatory monocytes and T-cells to the sites of inflammation (110), was decreased (45). Additionally, in accordance with role of CX3CR1 in regulation of the expression of TAM receptors (111), which are essential in apoptotic cell phagocytosis (112), so that their deficiency is linked with autoimmune disease progression (110), the frequency of phagocytic cells among microglia was significantly increased in propranolol-treated rats (45). As expected (9, 113, 114), this correlated with the increased proportion of anti-inflammatory CD163- and IL-10-expressing microglia (45). In keeping with alterations in phenotypic and functional profile of microglia, in propranolol-treated EAE rats the infiltration of SC with blood-borne inflammatory monocytes and Th cells, their reactivation/proliferation and differentiation toward highly pathogenic IL-17/IFN-γ/GM-CSF co-producing Th17 cells was impaired (45).

On the other hand, administration of prazosin, an α1-adrenoceptor antagonist, throughout the disease or effector phase alone suppressed active and passively transferred EAE in rats (103, 115, 116). This was related to blockade of disease-promoting α1-adrenoceptor–mediated vascular action (115).



Putative Research Directions

Considering all the aforementioned, it is clear that many important issues still remain to be addressed to fully enlighten the role of sympathoadrenal system in EAE/MS pathogenesis, but to mention a few. To confirm changes in sympathoadrenal system reactivity during EAE development, noradrenaline concentration in SC along with development of sympathoadrenal neuron lesions, should be examined in distinct EAE models and distinct phases and types of MS. Additionally, considering that rodent microglia synthesize catecholamines (45), it should be investigated whether these cells, as macrophages (41), may enhance local inflammation by an autocrine/paracrine feedback mechanism. Furthermore, given that functional β1- and β2-adrenoceptors were revealed on microglia (46), further research to delineate β1-adrenoceptor-mediated from β2-adrenoceptor-mediated effects on microglia in this model is necessary. Moreover, given that microglia express α1-adrenoceptor (47), putative α1-adrenoceptor-mediated effects of catecholamines on microglia from EAE rats are also worth examining.




PERIPHERAL CATECHOLAMINES IN PATHOGENESIS OF EAE/MS


Human Data

In favor of peripheral sympathoadrenal dysregulation in MS, in chronic progressive (CP) MS increase in circulating noradrenaline level was found (117). Differently, in relapsing-remitting (RR) MS its level is decreased (118). Additionally, in active RR MS, circulating levels of adrenaline and noradrenaline are lower than in stable disease (23). Alterations in lymphocyte catecholamine levels also occur in MS (119), so higher adrenaline in the first-attack MS patients and lower noradrenaline in RR MS were found (119). Higher noradrenaline level was also measured in peripheral blood mononuclear cells (PBMC) from MS patients (120). Additionally, upregulated β-adrenoceptor on T-lymphocytes from CP MS patients (121, 122), and on PBMC from RR and secondary progressive MS patients was reported (123–125). There is no data on the expression of α-adrenoceptors on peripheral immune cells from MS patients.



Animal Data

In Lewis EAE rats, splenic noradrenaline concentration decreased during the inductive phase of the disease (126). Our recent study demonstrated reduced noradrenaline concentration in dLNs from DA rats on the 7th day post-immunization (59). However, noradrenaline content was increased in dLN cells constituting, most likely, a compensatory mechanism (42, 127, 128). Early studies in active (129) and adoptively transferred (130) Lewis rat EAE showed more severe disease in adult rats subjected to 6-hydroxydopamine–induced sympathectomy at birth. These findings should be interpreted with caution, as neonatally administered 6-hydroxydopamine crosses the BBB (129), so aside from peripheral sympathectomy, it permanently increases noradrenergic innervation in hind brain (131). Administration of isoproterenol, a non-selective β-adrenergic agonist, during preclinical phase of EAE in Lewis rats suppressed the disease severity, while propranolol did not produce any effects (101). Conversely, we showed that propranolol administration throughout preclinical phase of EAE in DA rats moderated the disease severity (132). This discrepancy could be related to recent findings indicating that isoproterenol represents a novel type of α1A-adrenoceptor partial agonist (133), and differences in propranolol dose, particularly as in the rat there are strain differences in its metabolism. Furthermore, it has recently been reported that increased systemic noradrenaline levels due to sympathoneural system hyperactivity (134) in mice constitutively lacking α2a/c-adrenoceptor (constituting an important negative-feedback mechanism required for the presynaptic control of neurotransmitter release from sympathetic fibers) is associated with diminished pathogenic T-cell responses and CNS inflammation in EAE (135). These findings might be explained by data suggesting that prolonged sympathoneural activation (as it is in late phases of inflammatory autoimmune diseases) leads to anti-inflammatory sympathoneural action (31). The moderating effect of propranolol on clinical outcome of EAE in DA rat model was ascribed to diminished CD4+ T-cell activation/proliferation and Th17 cell generation in dLNs (132), due to impaired migration of neuroantigen-carrying APCs from the site of immunization to dLNs, reflecting decreased expression of CCL19/21, chemokines driving their migration in dLNs (132). On the other hand, study on propranolol effects on dLN cells recovered in the inductive phase of EAE in the presence of arterenol (synthetic noradrenaline) or its absence showed that it enhanced CD4+ cell IL-2 synthesis and proliferation (43). Additionally, propranolol augmented differentiation of Th17 cells in dLN cell cultures by increasing RORγt expression in CD4+ cells, and production of cytokines driving/maintaining Th17 cell differentiation (IL-1β and IL-23) by APCs (43). The discrepancy between the effects of propranolol in vivo and in vitro could be reconciled by data indicating that the number of autoantigen-carrying APCs in dLNs critically determines the magnitude of the primary (auto)reactive CD4+ T-cell response and clinical outcome of autoimmune responses (136, 137).

Until recently, role of α-adrenoceptor in EAE was exclusively related to the effector phase of the disease (103, 115, 138). Our recent study showed the expression of α1-adrenoceptor on Tregs (but not on effector CD4+ T-cells) and APCs from dLNs of DA rats in the inductive phase of EAE (59). More important, it showed that prazosin suppressed proliferation of neuroantigen-stimulated CD4+ T-cells in dLN cell cultures, by increasing the frequency of Tregs and their Foxp3 and TGF-β expression, and decreasing co-stimulatory molecule expression on APCs (59). Moreover, prazosin also decreased IL-1β and IL-23 production in EAE rat dLN cell cultures, and consequently the generation of Th17 cells, including the most pathogenic GM-CSF–producing ones (59).



Putative Research Directions

To fulfill composite picture of sympathoadrenal system modulation of EAE/MS development, several issues need to be resolved. In light of findings suggesting that sympathoneural changes in inflammatory autoimmune diseases may be organ-specific (31), it should be answered if sympathoadrenal influence on (auto)immune response in dLNs changes with progression of EAE, and at which time-point this change occurs, as well as to elucidate adrenoceptor types involved in immunoregulation. Furthermore, as human studies directly linking stress and (auto)immune response are lacking, owing to practical and ethical concerns (139), EAE models, despite limitations (5), should be considered for investigating role of stress in triggering MS, and particularly pharmacological treatments affecting catecholamine action trough distinct types of adrenoceptors. Considering that individual's elevated noradrenergic tone (e.g., due to genetics) may favor MS onset (140), such investigation should encompass animals of different genetic makeup.




CONCLUSIONS

Collectively, available data suggest that alterations in sympathoadrenal system activity due to premorbid/disease-induced stress and disease-associated sympathoneural damage contribute to EAE and possibly MS onset and development (affecting distinct types of immune cells, and particularly important microglia, as depicted in Figure 1), respectively. However, further research to elucidate noradrenaline/adrenaline immunomodulatory action in the target organ and lymphoid organs/blood, in distinct phases of EAE (and in distinct EAE models) and MS alike, is necessary to envisage significance of alterations in sympathoadrenal immunomodulatory action for susceptibility to/progression of EAE/MS, and consequently consider possibilities to manipulate catecholamine action to prevent/mitigate them. To emphasize significance of this research it should be pointed that adrenergic drugs are safe and cost-effective.


[image: Figure 1]
FIGURE 1. EAE-related alterations in sympathoadrenal system (SA) and putative central and peripheral effects of its key end-point mediators (noradrenaline and adrenaline) contributing to EAE pathogenesis. (A) Biphasic changes in SA over the course of EAE encompass SA overactivation in preclinical EAE stage (premorbid/disease-related stress), followed by its diminished and possibly qualitatively altered activity in clinical stage of the disease partly due to locus coeruleus (LC) neuron damage. (B) (Spinal cord) Central noradrenaline (NA)/adrenaline (A) acting through β-adrenoceptor in early phases of the disease downregulate microglial expression of nuclear factor (erythroid-derived 2)-like 2 (Nrf2), and its key anti-inflammatory downstream target genes, including those encoding heme oxygenase-1 (HO-1), and possibly TAM (Tyro3, Axl, and Mertk) receptors involved in phagocytosis via C-X3-C motif chemokine receptor 1 (CX3CR1)-dependent and CX3CR1-independent mechanisms. This leads to shift toward more proinflammatory microglial phenotype mirrored in increased expression of proinflammatory cytokines/chemokines (e.g., IL-1β, IL-23, IL-6, CCL2), followed by diminished expression of anti-inflammatory microglial markers (e.g., CD163, IL-10), and consequently, increased infiltration of spinal cord with Th cells, their reactivation/proliferation and differentiation toward pathogenic Th17 cells. (dLN, draining lymph node) NA/A acting through β-adrenoceptor enhance antigen-carrying antigen presenting cell (APC) migration to dLN, whereas impair their synthesis of Th17 polarizing cytokines (IL-1β, IL-23), and CD4+ cell expression of RORγt and their proliferation. On the other hand, α1-adrenoceptor–dependent stimulation leads to APC activation/maturation and augmented Th17-polarizing cytokine expression, followed by decrease in Foxp3+ Th cell (Treg) number and expression of Foxp3 and TGF-β leading to increased proliferation of Th cells and their IL-17/GM-CSF synthesis. Proinflammatory NA effects in myeloid cells, including microglia and macrophages (MØ) and peripheral APCs, may be self-amplified through a NA-α1-adrenoceptor loop.
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Ectopic adrenocorticotropic hormone (ACTH) syndrome caused by paraganglioma is extremely rare. It usually accompanied by high or normal plasma ACTH level. Here we described a male who presented with ectopic ACTH-producing paraganglioma and a low plasma ACTH level. Immunohistochemistry and immunofluorescence confirmed ACTH production in focal paraganglioma cells. This unusual case expanded the spectrum of ACTH-dependent Cushing's syndrome and revealed a potential mechanism of this unique clinical phenotype. Besides, the literature concerning ACTH-producing paraganglioma is reviewed.
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BACKGROUND

Cushing's syndrome (CS) is a rare disorder with an incidence of five per million. CS is fatal unless appropriate treatment is provided; therefore, the early and correct diagnosis has important implications for patients (1). Most cases (about 80%) are caused by hypersecretion of adrenocorticotropic hormone (ACTH), 70% of which are primary pituitary diseases. Ten percent of CS cases are caused by ectopic ACTH production. The etiology of the remaining 20% of CS patients is not related to ACTH, but adrenal in origin (adrenal adenoma, cancer, or bilateral hyperplasia) (2). Paraganglioma and pheochromocytoma belong to a tumor of the paraganglion system; the former arises from the extra-adrenal regions and the latter from the adrenal medulla (3). Ectopic ACTH syndrome caused by paraganglioma is extremely rare. It usually accompanied by high or normal plasma ACTH level. Here we present an ectopic ACTH-dependent CS, caused by a paraganglioma. This is the first report of ectopic ACTH-producing paraganglioma with a low plasma ACTH level. This unusual case expanded the spectrum of ACTH-dependent CS and revealed a potential mechanism of this unique clinical phenotype. Besides, we review the literature concerning ACTH-producing paraganglioma.



CASE PRESENTATION

A 55-year-old man presented with a 2-month history of severe hypertension (220/160 mmHg). Blood pressure was maintained at 150/100 mmHg with benzenesulfonate levamlodipine 5 mg treatment. There was no apparent headache, palpitation, and hyperhidrosis. He also suffered from persistent distended upper abdominal pain and fatigue for 2 weeks. There was no family history of Cushing's syndrome or pheochromocytoma. Physical examination revealed a blood pressure of 148/102 mmHg, a heart rate of 98 beats/min. He showed no cushingoid features such as hyperpigmentation, muscle weakness of the limbs, moon face, or buffalo hump. Laboratory examination showed the presence of slight hypokalemia (Table 1). The serum level of cortisol was elevated, yet the ACTH level was decreased (Table 2). There was no suppression after 2-day 2-mg dexamethasone administration (Table 2). There was no elevation of renin, aldosterone, urinary metanephrine, and normetanephrine levels (Table 2). Subsequent analysis of 24-h urinary metanephrine, normetanephrine, catecholamines, and vanillylmandelic acid, as well as of blood catecholamines, showed no elevated levels. B-scan ultrasonography, computed tomography (CT) scan, and enhanced scans presented a large mass in Morison's pouch, measuring 17*12*12 cm, possibly derived from the right adrenal gland (Figure 1). The images showed no evidence of left adrenal hypertrophy, respectively. According to these findings, our clinical diagnosis was Cushing's syndrome with a retroperitoneal mass. Alpha-blocker and calcium channel blocker were added, and he underwent an exploratory laparotomy, retroperitoneal tumor resection, and right adrenalectomy. His right adrenal gland is compressed and atrophic, carrying no tumor cells, and no hyperplasia was evident. The resected tumor was diagnosed as the ACTH-secreting paraganglioma in the pathological examination. Histological features were typical of paraganglioma, including chief cells arranged in nests, alveolar-like, and stereo-like structures and surrounded by sustentacular cells partly or entirely (a Zellballen pattern). Immunohistochemical analysis revealed scattered and focally positive for synaptophysin in tumor cells and S-100 positivity for sustentacular cells, which are characteristics of paraganglioma. Additional immunohistochemistry and double immunofluorescence technology revealed positive immunostaining for ACTH, and also for synaptophysin, proving that ACTH secretion indeed was derived from paraganglioma cells. Furthermore, immunofluorescence histochemical double staining was positive for both Melan-A and synaptophysin in focal tumor cells, indicating that these ACTH-secreting tumor cells might secrete cortisol as well (Figure 1). All of these findings confirmed the diagnosis of ACTH-secreting paraganglioma and Cushing's syndrome. After surgery, his hypertension and the symptoms of abdominal pain and fatigue improved, and the hydrocortisone supplementation slowly tapered. At the last follow-up 1.5 years later, his blood pressure and heart rate became normal (128/80 mmHg and 78 bpm); his plasma ACTH level increased, and the cortisol level dropped to the normal range. Hypokalemia was improved (Table 2).


Table 1. Baseline laboratory values of the patient.
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Table 2. Hormone profiles and dexamethasone suppression test.
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FIGURE 1. (A) Computed tomography of a large mass in Morison's pouch, measuring 17*12*12 cm (red arrow). (B) Hematoxylin and eosin (H&E) stain of paraffin embedded tumor tissue. (C) Immunohistochemistry with antibodies specific for synaptophysin (Syn) (Abcam, #ab32127, Cambridge, UK). (D) Immunohistochemistry with antibodies specific for adrenocorticotropic hormone (ACTH) (Abcam, #ab74976, Cambridge, UK). (E) Immunohistochemistry with antibodies specific for Melan-A (Abcam, #ab210546, Cambridge, UK). (F) Double immunofluorescence staining for synaptophysin (green) and Melan-A (red). (G) Double immunofluorescence staining for synaptophysin (green) and ACTH (red).




DISCUSSION

This case represents a very rare cause of ectopic CS caused by an ACTH-producing paraganglioma and illustrates the diagnostic challenges of ACTH-dependent CS. This is the first report of ectopic ACTH-producing paraganglioma with a low plasma ACTH level. It demonstrates that the relative contributions of clinical, biochemical, and radiological clues in establishing the correct underlying cause of CS may differ considerably between Cushing's disease and Cushing's syndrome due to ectopic ACTH production.

In about 90% of cases, tumors arising from chromaffin cells are located in the adrenal medulla and are commonly termed pheochromocytomas, whereas, in 10% of cases, tumors are extra-adrenal and are termed paragangliomas (3). Hormonal and immunobiological studies suggested that our patient suffered from functional paragangliomas with ACTH producing. Only 15 cases of ectopic ACTH caused by paraganglioma were reported (Table 3) (4–18). The tumors were located in mediastinum in 4 cases, paranasal sinuses in 5 cases and retroperitoneal in 3 cases. Two cases were malignant. The ages of all the patients ranged from 12–70 years old; 11 of them were female. There were 14 cases of hypertension and 12 cases of hyperglycemia. Hypokalemia occurred in 9 cases. Consistent with previous studies, only three patients experienced excessive catecholamine excretion. Although paraganglioma originated from chromaffin cells, only about 16.9% of the patients showed an increase in catecholamine, which may be due to the fact that the tumor body of paraganglioma is usually large, and catecholamine may breakdown within the tumor body and fail to be released into the blood. It may also be that some paragangliomas do not produce catecholamine at all. On the other hand, about 95% of paraganglioma patients with catecholamine hypersecretion presented with hypertension, while only 33.5% of paraganglioma patients without elevated catecholamine had hypertension (19). For ACTH producing paraganglioma patients, although only 3 of 15 patients showed catecholamine hypersecretion, 14 patients had hypertension, indicating that the hypertension that occurred in these patients could be derived from Cushing's syndrome.


Table 3. Clinical characteristics of patients with ACTH-producing paraganglioma published in the literature.

[image: Table 3]

In general, most patients with ACTH-secreting paraganglioma presented with significantly elevated plasma ACTH levels. In the literature, only one of 15 cases presented with normal plasma ACTH level and small (pg) amounts of ACTH in tumor extract. Interestingly, the plasma ACTH level was suppressed in our patient. Louiset et al. described a complex paracrine regulation of cortisol secretion resulting from the unexpected expression of ACTH in clusters of steroidogenic cells in bilateral macronodular adrenal hyperplasia tissues. Cortisol secretion by the adrenals in patients with macronodular hyperplasia and Cushing's syndrome appears to be regulated by corticotropin, which is produced by a subpopulation of steroidogenic cells in the hyperplastic adrenals (20). Similarly, in our case, ACTH was immunohistochemically detectable in focal tumor cells, as well as Melan-A and synaptophysin. Synaptophysin, an integral membrane protein of small synaptic vesicles in the brain and endocrine cells, is abundant in neuroendocrine cells and tumor tissues with neuroendocrine function. Synaptophysin is mainly expressed in adrenal medulla, pheochromocytoma, and paraganglioma (21, 22). On the other hand, Melan-A is present in the cytoplasm of epithelial cells and steroid hormone-secreting cells. It is often expressed in melanoma and adrenal cortex (23, 24). In conclusion, these results indicate that the paraganglioma in our case indeed produced ACTH and cortisol. The mildly elevated concentrations of plasma cortisol suggest that the tumor cells produced cortisol and secreted it. As for ACTH, biochemistry failed to demonstrate its excess in the blood. These results may suggest that the tumor cells produced a small amount of ACTH, which stimulates the synthesis of cortisol by cortisol-producing cells in the tumor through an autocrine or paracrine pattern. Excessive cortisol would then inhibit the secretion of ACTH in the pituitary as a negative feedback, accounting for the suppressed plasma level of ACTH. After surgery, the patient's plasma ACTH level increased and the cortisol level dropped to the normal range, confirming the above speculation. This is the first and unique report of ectopic ACTH-producing paraganglioma with a low plasma ACTH level.

The hypersecretion of cortisol may result in hyperglycemia and suppression of the immune system. Thus, before tumor resection, patients are commonly susceptible to infections. In the literature, seven out of 15 patients presented with infections, and one patient died of mediastinitis and pneumonia. In our case, the patient had pneumonia, and his pneumonia did not improve until the paraganglioma was resected.

We did not perform a high dose dexamethasone suppression test to distinguish orthotopic and ectopic ACTH secretion, given its relatively low diagnostic value in this diagnostic setting (the retroperitoneal tumor must be treated regardless of test results) and its risk of hypertensive crisis (25).

CS can also manifest as metabolic syndromes, such as hypertension, hyperglycemia, and hypokalemia. It is challenging to detect the ACTH source in CS. In such settings, biochemical and imaging assessments can prove useful. In the present case, we were confronted by an extremely rare ACTH-producing retroperitoneal paraganglioma with a low plasma ACTH level. Cortisol secretion by the paraganglioma in the patient with CS appears to be regulated by ACTH, which is produced by these steroidogenic tumor cells in the paraganglioma. Surgical resection is the preferred and definitive treatment. This unusual case expanded the spectrum of ACTH-dependent CS and revealed a potential mechanism of this unique clinical phenotype.
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Bacterial sepsis is a serious threat to the body homeostasis and is often associated with high mortality in non-coronary intensive stations. In order to survive sepsis, rapid activation of the hypothalamus-pituitary-adrenal gland axis and sympathomedullary system is necessary. In many patients with sepsis, the function of those two arms of the stress system is dysregulated with underlying mechanisms remaining unknown. In our previous experimental studies, we have demonstrated that LPS-induced systemic inflammation and CLP-induced peritonitis can result in adrenal gland damage. Histological and transcriptomic analysis revealed a potential involvement of the adrenal microvascular endothelium in this process. However, our knowledge about the function of adrenal microvascular cells during sepsis is scarce. In the present study, we have characterized transcriptomic alterations in isolated mouse adrenal microvascular endothelial cells induced by systemic administration of bacterial LPS. Our results revealed that LPS induced a distinct transcriptomic profile in the adrenal microvascular cells, including multiple genes regulating inflammation, activation of the coagulation cascade and vascular permeability. Activation of those genes may be potentially involved in the damage to the microvascular endothelium and altogether contribute to the sepsis-mediated adrenal dysregulation.

Keywords: the HPA axis, RNAseq, adrenal dysfunction, microvascular endothelial cells, sepsis


INTRODUCTION

Sepsis and septic shock are major causes of death in non-coronary intensive care stations worldwide. Despite decades of intensive basic and clinical research, currently, no specific therapeutic interventions are available and the treatment of patients with sepsis is mostly focused on support of their organ function (1). Sepsis is characterized by progressive dysfunction of multiple organs as a result of the improper host response to systemic microbial infection (2). The mechanisms involved in the latter process are complex, multifactorial, and mostly unexplored (3).

It is generally accepted that prompt activation of the hypothalamic-pituitary-adrenal (HPA) axis and the sympathomedullary system (SAS), known collectively as the stress system, is crucial in surviving sepsis (4). Many patients with a prolonged stay at the intensive care stations develop adrenal gland dysfunction, which results from an early inhibition of pituitary ACTH secretion due to dysfunctional glucocorticoid hormone metabolism and prolonged activation of the immune-adrenal crosstalk (5, 6). The latter factors may increase the risk of sepsis-related death among those patients (7, 8). However, the diagnosis of the adrenal gland insufficiency and identification of patients that may benefit from glucocorticoid therapy remain as enigmatic as sepsis syndrome itself (9).

In the last years, our group has been investigating potential mechanisms involved in the sepsis mediated adrenal gland dysregulation (4). We have demonstrated that during both LPS- and cecal-ligation and puncture (CLP)-induced sepsis, adrenal gland damage occurs, including a rapid increase in intraadrenal inflammation, enhanced cell death of adrenal cells and occurrence of hemorrhages (10, 11). In our latest study, we have characterized the adrenal gland transcriptome changes induced by LPS using the RNA sequencing technique. Results of that investigation demonstrated that LPS induced a strong inflammation in the adrenal gland along with hypoxia and the coagulation pathway, which suggests the potential involvement of the adrenal microvasculature (12).

In non-stressed conditions, tissue microvascular endothelial cells are involved in the maintenance of tissue homeostasis. In particular, these cells provide an essential barrier between circulation and parenchymal cells, control vascular tone, the coagulation properties of blood, and regulate leukocyte recruitment (13). However, during sepsis, this homeostatic function of the endothelial cells is often dysfunctional (14). In those conditions, elevated plasma and local concentration of proinflammatory cytokines activate endothelial cells, resulting in an increased expression of P- and E-selectins, chemokines, and adhesion molecules e.g., ICAM-1 or VCAM-1 by these cells. As a result, increased infiltration of immune cells triggers inflammation in affected organs (15). Moreover, during activation, endothelial cells enter often a procoagulant phase, which is associated with increased expression of tissue factor and plasminogen activator inhibitor-1 (PAI-1) and decrease in anticoagulants level, including activated protein C or thrombomodulin. This situation together with increased permeability of vasculature and disruption in endothelial barrier integrity often predisposes to hemorrhages (16).

Although vascular damage is undisputedly involved in the sepsis-induced dysfunction of many organs, scarce information is available regarding the adrenal gland vascular endothelial cells (17, 18). Therefore, the main purpose of this study was to study the potential characteristics of microvascular damage by performing a next-generation sequencing analysis of transcriptome changes in adrenal microvascular endothelial cells isolated from mice with LPS-induced systemic inflammation.

Our results, clearly demonstrate that the adrenal microvascular endothelial cells may actively contribute to sepsis-induced adrenal dysfunction. In particular, we have found that sepsis promotes the expression of several genes involved in vascular cell inflammation, leakage, and coagulation, which may ultimately contribute to adrenal gland hemorrhages, and hypoxia.



MATERIALS AND METHODS


Animals

C57BL/6JRj male mice were purchased from the Javier Labs (France). Mice were divided into two groups. A systemic inflammatory response syndrome (SIRS) group (n = 11) and a control group (n = 11). Both groups were injected intraperitoneally at the age of 10 weeks, either with 1 mg/kg body weight of bacterial LPS (serotype 0111: B4; Invivogen; France) in the SIRS group or with 0.9% NaCl (physiological saline)—in the control group. Three hours after LPS injection mice were killed and adrenals were excised for further analysis. The experiment was approved by the German ethical committee of the Landesdirection Dresden.



Isolation of Mouse Adrenal Gland Endothelial Cells

For isolation of endothelial cells, adrenal glands were digested using a solution containing collagenase I and bovine serum albumin (both at 1.6 mg/ml concentration, Sigma-Aldrich, Germany) dissolved in the phosphate-buffered saline (PBS). Digestion was performed for a total of 30 min at 37°C in a thermomixer with shaking. After digestion, cells were dissociated using a 1 ml tuberculin syringe and 20 Gauge needle (Braun, Germany) and by subsequent passing through 100 μm-pore size strainers. Resulting cell suspensions were centrifuged at 2,900 RPM for 8 min at 4°C, pelleted, and washed in a FACS buffer (PBS solution containing 5% of fetal calf serum). Afterward, cells were incubated for 60 min at 8°C with a mixture of conjugated antibodies in the FACS buffer: including rat against mouse CD45-PE antibody (immune cells), rat against mouse CD31-PE/CY7 antibody (endothelial cells) and rat against mouse Ter119-APC (erythrocytes) antibody. All those monoclonal antibodies were purchased from BD Bioscience (BD Biosciences, USA). Dead cells were excluded using Hoechst 33258 (Invitrogen, Thermo Fisher Scientific). Populations of single, alive, CD31 positive endothelial cells were subsequently isolated by BD FACSAria III sorter (BD Biosciences). From each adrenal gland, 30.000 endothelial cells were sorted out and used for further analysis.



RNA Isolation and Quantitative PCR Analysis

RNA isolation was performed using the RNeasy Plus Micro Kit (Qiagen, Germany), according to a manufacturing protocol. High quality and integrity of RNA samples (n = 3 per group) used for the RNA-Sequencing experiment were additionally verified by a Bioanalyzer 2100 (Agilent, USA). Samples used for PCR validation (n = 5 per group), were reverse-transcribed using the iScript cDNA Synthesis Assay (Bio-Rad, Germany) in a final volume of 20 ml according to manufacture protocol. Real-time PCR, which was performed using SsoFast Eva Green Supermix (BioRad) and previously reported gene-specific primers (12) in a CFX96 Real-Time PCR detection system (BioRad). Gene expression was calculated based on the ΔΔCt method upon normalization with 18S rRNA gene (19).



Libraries Preparation for RNA Sequencing and Extraction of Data

RNA sequencing was performed by the Deep Sequencing Facility Group (BIOTEC, Center of Regenerative Therapies Dresden, Germany). The procedure of data extraction and analysis has been described in detail in our previous study (12). Briefly, fastq formatted raw reads were trimmed using a “trim-galore” package with default settings for adapter sequences removal (12). Trimmed data were further mapped to the mouse genome GRCm38 by using HISAT2 (20) with default parameters. Htseq-count (21) was used to assign reads to exons thus eventually getting counts per gene. Quality control, normalization, and scaling of the raw read counts were performed by EdgeR (22) package as a part of an integrated Differential Expression and Pathway analysis (iDEP.90) web-based tool for analyzing RNA-seq data (23). Differentially expressed genes were identified using the following criteria: minimum 50 counts per million (CPM) in at least three libraries, an adjusted p-value (padj) < 0.05 and minimal fold change > 2. Unsupervised analysis of the 100 most variable genes between treatments was performed using a cluster analysis based on Euclidean distance as a part of the iDEP.90 software.



Gene Ontology Analysis

A number of top 500 upregulated (UP) and top 500 downregulated (DOWN) genes were submitted to the DAVID software (version 6.7, https://david-d.ncifcrf.gov) for analysis of gene ontology and functional mapping (24). An EASE cut off score of p-value < 0.05 was chosen for gene enrichment in annotation terms (25). P-values from enriched pathways or GO terms were transformed into—log 10 and visualized by pyramid slot transformations.



Gene Set Enrichment Analysis (GSEA)

All significantly changed genes were subjected to GSEA software v4.0.1 from the Broad Institute (http://www.gsea-msigdb.org/gsea/index.jsp) (26) for pathway enrichment and functional annotation analysis. GSEA was performed with a default setting, and annotated Hallmarks gene sets collection v7.0, from Molecular Signatures Database (MSigDB, http://software.broadinstitute.org/gsea/msigdb/index.jsp), was used as an enrichment database. Gene sets with nominal p-value < 0.05 and FDR q-value < 0.25 were considered as enriched and were further investigated.



Immunofluorescent Staining

Adrenal glands were cleaned from surrounding fat and fixed in a 4% paraformaldehyde solution for 1 h. After washing, adrenals were incubated in increasing concentrations (5–30%) of sucrose solution, embedded in Tissue-Tek® O.C.T.™ Compound (Sakura, Japan) and kept at −80°C. For immunofluorescent staining, 6 μm-thick tissue slices were incubated for 1 h in a blocking solution (composed of 0.3% Triton 100 and 5% normal goat serum in PBS) and then incubated overnight at +8°C in a buffer containing antigen-specific primary antibodies (composed of 0.3% Triton 100 and 5% BSA in PBS). The following antibodies were used: polyclonal rabbit antibody anti-mouse thrombomodulin (Thbd, 1:800, ab130152, Abcam), monoclonal rat anti-mouse CD31 antibody (1:100, ab7388, Abcam), monoclonal rat anti-mouse CD34 antibody conjugated with 488 dye (1:50, 11-0341-82, eBioscience) and monoclonal rabbit anti-mouse VCAM-1 antibody (1:200, clone EPR5047, ab134047, Abcam, USA). Primary antibodies were then detected by secondary antibodies conjugated to either Cy3 or 488 fluorescent dyes (VCAM-1, CD31, Thmd1) and counterstained with a nuclear dye (DAPI, 1:10000). Isotype controls were used as controls for CD146 and CD34 antibodies. Pictures were acquired with a × 10 objective using the Axio Imager 2 light microscope (Carl Zeiss, Jena, Germany).



Protein Extraction and Western Blot

For protein isolation, adrenal glands were briefly sonicated in a 1x lysis buffer containing a proteinase/phosphatase inhibitor cocktail (both buffers were from Cell Signaling Technology, USA). Twenty micrograms of proteins were separated on 8% polyacrylamide gel and subsequently blotted onto polyvinylidene fluoride (PVDF) membrane. Membranes were then incubated for 120 min in a blocking solution composed of non-fat milk (5%) dissolved in TBS-T (tris buffered saline buffer containing Tween®20 detergent). For the VCAM-1 and GAPDH detection following antibodies were used rabbit monoclonal anti-mouse VCAM-1 antibody (1:1000, clone EPR5047, ab134047, Abcam), a monoclonal rabbit anti-mouse GAPDH (1:1000; clone 14C10, #2118, Cell Signaling Technology), and goat anti-rabbit HRP conjugated secondary antibodies (1:6000, CST). The expression of VCAM-1 protein was analyzed based on densitometry in ImageJ software (http://rsb.info.nih.gov/ij/index.html).



Protein Cytokine Array

Six adrenals from each experimental group were isolated and immediately homogenized in 500 μl PBS containing protease inhibitor cocktail (P8340, Sigma-Aldrich, Merck). After homogenization, Triton X-100 was supplemented to a total concentration of 1%, and samples were frozen at −80°C. After thawing on ice and centrifuging at 13,000 rpm for 5 min supernatants were collected. Protein concentration was determined and 300 μg of each lysate was applied to the Proteome Profiler Mouse Cytokine Array Kit, Panel A (R&D Systems, catalog ARY006). The chemiluminescence reaction was measured with Syngene G: BOX XT4: Chemiluminescence and Fluorescence Imaging System (Integrated Scientific Solutions, Inc. USA). Densitometry quantitation was performed using FIJI/ImageJ software (NIH, USA).




RESULTS


Identification of the Adrenal Gland Microvascular Endothelial Cells

In order to study transcriptional changes of the adrenal vascular cells, we had to first identify an efficient method that can provide us an exact and high number of alive, single endothelial cells that can be subsequently used for high-quality RNA isolation. Since techniques based on antibody-coated magnetic beads often provide mixed populations of endothelial cells containing also parenchymal and perivascular cells (27), we have decided to use multiparametric flow cytometry sorting. In a search of a specific and stably expressed cell membrane marker, we have performed a series of immunofluorescent staining in adrenal gland tissue sections and a FACS validation of primary cells. We have verified a specific expression of the following endothelial markers in mouse adrenal glands: a cluster of differentiation (CD) member 31, known also as platelet endothelial cell adhesion molecule (PECAM) (Figure 1B), melanoma cell adhesion molecule (MCAM; CD146) (Figure 1C) and CD34 (Figure 1D). Afterwards, we have tested the expression of those markers by FACS in adrenal cells from control and SIRS groups. Based on this analysis, we have chosen the CD31 marker for isolation of endothelial cells from the adrenal gland due to its high and stabile expression among control and SIRS groups. Therefore, in our further studies, we will refer to adrenal microvascular endothelial cells as primary cells expressing CD31, which are negative for pan immune cell marker, CD45, and are devoid of erythrocytes (Ter119-negative; Figure 1E).


[image: Figure 1]
FIGURE 1. Characterization of the adrenal gland microvascular endothelial cells. Schematic representation of the procedures used to isolate and to characterize the adrenal microvascular endothelial cells (A). Fluorescent staining of the mouse adrenal gland sections for endothelial-specific markers such as CD31 (PECAM) (B), CD146 (MCAM) (C), and CD34 (D). CD31 and CD146 were visualized using secondary antibodies coupled to Cy3 dye (red color), and CD34 was visualized using secondary antibodies coupled to 488 dye (green color). Representation of the multiparametric FACS sorting technique used to isolate adrenal microvascular endothelial cells (E). The gating strategy was based on negative selection. Only alive, single cells that were CD45 negative (devoid of immune cells) and Ter119 negative (devoid of erythrocytes) but CD31 positive (endothelial cells) were sorted.




Bioinformatics Analysis of the Adrenal Microvascular Endothelial Cell Transcriptome During LPS-Induced Systemic Inflammation

Transcriptomic changes triggered by sepsis in the adrenal microvascular cells were evaluated by RNA sequencing using endothelial cells of mice that were injected either with physiological saline (control group) or bacterial LPS (SIRS group) for 3 h according to schema presented in Figure 1A. Principal component analysis (PCA) of our RNAseq results demonstrated a high separation of transcriptome patterns between both analyzed groups (PC1, 82 % of variance) and a very low variance among the biological replicates within each group (PC2, 4%), which suggest a clear separation of both analyzed experimental groups (Figure 2A).


[image: Figure 2]
FIGURE 2. Bioinformatics analysis of the transcriptomes of the adrenal microvascular endothelial cells isolated from saline- and LPS-treated mice. Logarithm transformed counts from RNA-Seq dataset of adrenal microvascular endothelial cells isolated from saline- and LPS-treated adrenal glands were computed for sample correlation or variance by PCA analysis. Percentages in the PCA analysis axis indicated the proportional variance explained by each PC. LPS samples were labeled in red and Saline samples were labeled in blue that represented as condition located in the upper left part of the plot (A). Unsupervised hierarchical clustering of the most 100 up- and down-regulated genes were computed by Euclidean distance clustering and expression heatmap with normalized raw z-scores. The labeling of Condition and DE were adapted as previous panels. (B) A volcano plot was depicted with –log10(FDR) against log2FoldChange of all 4487 significantly altered genes that were detected from the RNA-Seq dataset. Differential expression (DE) of genes was colored with green and blue, regarding 1,993 down-regulated and 2,494 up-regulated genes, respectively. Significance of differential gene expression was determined with adjusted p-value (p adj.) < 0.05 and counts > 50 (C). Pyramid plot with bidirectional –log10 (p-value) demonstrated the involved gene ontology (GO) terms and pathways from submitted UP- or DOWN-regulated gene lists. The EASE score of p-value < 0.05 was set by DAVID software. Identical color code was used for showing UP and DOWN groups. N = 3 for each condition (D). Representative 4 significantly enriched gene sets from GSEA analysis of 4,487 significantly changed genes in the RNA-Seq dataset. Enrichment plots comparing LPS toward Saline were depicted with the following sets of genes: (A) Hallmark Inflammatory response. (B) Hallmark Interferon-alpha response, Hallmark Hypoxia and Hallmark Coagulation (E). Comparison of samples, NES, nominal p-value, and FDR q-value were determined by the GSEA software and were indicated within each enrichment plot.


We have next compared 11,137 differentially expressed genes identified from both groups with the DESeq2 package based on the following threshold—false detection rate (FDR < 0.01) and p-value < 0.05. As depicted in Figure 2C in the form of a volcano plot, systemic administration of LPS resulted in significant downregulation of 1,993 and upregulation of 2,494 genes in adrenal vascular cells. We have next performed unsupervised hierarchical clustering of the top 100 highest up- and down-regulated genes and found that LPS induced a profound and clear differential gene expression patterns in the adrenal endothelial cells with a tight clustering between both experimental groups (Figure 2B). Further analysis of the 100 upregulated genes demonstrated a high enrichment of genes involved in the regulation of inflammation (Table 1). In particular, LPS induced multiple chemokines such as members of the C-X-C motif ligand (Cxcl) family (Cxcl10, and Cxcl11), members of chemokine family characterized by (C-C motif) ligand including Ccl2, Ccl5, or Ccl7, and colony-stimulating factor 3 (G-CSF) and 2 (GM-CSF). Other top induced genes by LPS were those involved in increased leukocyte recruitment including P- and E-selectins and Vascular cell adhesion protein 1) and in inflammation such as IL-6, cyclooxygenase 2 (Ptgs2), sphingosine kinase 1 (Sphk1), and procoagulant gene encoding for plasminogen activator inhibitor type 1, member 1 (Serpine 1). In addition, endotoxemia resulted in the upregulation of multiple interferon-inducible genes such as an interferon-induced protein with tetratricopeptide Repeats (Ifit1-3), MX Dynamin Like GTPase 1 (Mx1) and Interferon regulatory element 5 (Irf5). Besides initiation of inflammatory genes endothelial cells initiate an anti-inflammatory program represented by Acod1 (Aconitate decarboxylase 1) gene, which is a negative regulator of TLR-signaling (28).


Table 1. Representative top 100 up- and downregulated genes from RNA-Seq analysis (related to Figure 2).

[image: Table 1]

Among the most downregulated genes were those regulating protein phosphorylation, as well as genes involved in the development and vascular endothelial growth factor receptor (VEGFR) signaling, such as Sonic hedgehog (Shh) and Protein tyrosine kinase 7 (Ptk7), respectively (Table 1). The other downregulated genes found were those involved in apoptosis and autophagy including Death associated protein kinase 2 (Dapk2) and genes controlling cell junctions such as Receptor associated protein of the synapse (Rapsn) or Desmocollin 2 (Dsc2).

Functional analysis based on gene ontology identified the innate immunity, inflammation, cellular responses to cytokines and regulation of infiltration, as the most upregulated pathways induced by LPS in the microvascular adrenal endothelial cells (Figure 2D). Other highly enriched pathways were angiogenesis, apoptosis, hypoxia, and blood coagulation processes (Table S1). Subsequently, LPS suppressed genes regulating protein phosphorylation, activation of MAPK- and Rho-mediated signal transduction, smoothened signaling, cilium morphogenesis and DNA repair (Figure 2D and Table S2).

Finally, we have analyzed the potential contribution and interconnection of all significantly altered genes by a gene set enrichment analysis (GSEA) method. Based on the following criteria (nominal p-value < 5% and the false detection rate, FDR below 25%), we have found 22 gene sets that were positively enriched and none from 13 gene sets initially found to be downregulated by LPS. Four of the most induced gene sets by the LPS treatment are presented in Figure 2E. Those were gene sets involved in the inflammatory response (normalized enrichment score, NES = 3.44, p-value = 0.0 and FDR q = 0.0), response to interferon-alpha (NES = 3.4, p = 0.0 and FDR q = 0.0), the hypoxia (NES = 2.03, p-value = 0.0 and FDR q = 2.64 E-4) and coagulation pathway (NES = 1.92, p-value = 0.0 and FDR q = 0.002).



Verification of RNA Sequencing Results

In order to validate our RNA sequencing data, we have sorted the adrenal microvascular endothelial cells from mice that received either saline or LPS (5 mice per group) and verified the expression of some genes representing each identified pathway by real-time PCR (Figure 3).
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FIGURE 3. mRNA and protein verification of RNA sequencing analysis. Real-time PCR (qPCR) verification of expression of endothelial-specific genes (A) and expression of some of the top 100 most altered genes (B) with specific primers. Relative gene expression was determined by the ΔΔCt method with normalization of 18S ribosomal RNA. Saline-treated samples were depicted with open bars, and LPS-treated samples were depicted with black filled bars. N = 5 and statistics were calculated with the two-tailed non-parametric Mann-Whitney test. Values are mean with SEM. *p < 0.05, **p < 0.01. Images of fluorescent staining of thrombomodulin (Thmd) and Vascular adhesion molecule 1 (VCAM-1) (C) in adrenal tissue sections of mouse adrenal gland isolated from either Saline or LPS treated mice. Thmd and VCAM-1 were visualized using secondary antibodies coupled to Cy3 dye (red color). Western blot evaluation of VCAM-1 expression in adrenal glands isolated from mice treated either with Saline or LPS (N = 4) (D). Graphic representation of the VCAM-1 and GAPDH protein expression quantified in ImageJ Software based on the densitometric evaluation of protein bands (E). Results and evaluation of dot-blot based protein array (F) of different inflammatory-related molecules (G), cytokines (H) and chemokines (I). Saline-treated samples were depicted with open bars, and LPS-treated samples were depicted with gray filled bars. For each experimental group, two adrenals from three different animals (N = 6) were pooled and results are presented as double replicate.


We have first evaluated the expression of endothelial-specific genes that were previously reported to be regulated either positively or negatively by LPS action. In particular, we could confirm LPS-reduced mRNA expression of the Tek gene (encoding for an Ang receptor, Tie2), Edil3 gene (the EGF like repeats and discoidin domains 3, Del-1) and Thmd1 gene encoding for thrombomodulin. At the same time endotoxin highly upregulated Anxa 1 gene encoding for annexin A1 (Figure 3A). After reconfirming the identity of our sorted cells, we have analyzed the mRNA expression of genes identified by our gene ontology and the GSEA analysis. As presented in Figure 3B, we have found that LPS strongly induced expression of genes involved in the inflammatory response hallmark, such as toll-like receptor 4 (Tlr4), P- and E-selectins, Vcam-1 and an intracellular adhesion molecule−1 (Icam-1), chemokines (Ccl2, Cxcl2) and gens involved in prostaglandin synthesis e.g., cyclooxygenase 2 (Cox2, Ptgs2). Additionally, we have also validated the upregulation of genes encoding for hypoxia-inducible factor 1 alpha (Hif-1α), a gene representing the hypoxia hallmark, and the Serpine1 gene encoding for plasminogen activator inhibitor type 1, member 1 (PAI-1), which protein is known to inhibit fibrinolysis and therefore promote tissue coagulation.

In addition, to mRNA analysis, we have also studied the effect of LPS on the protein level using immunofluorescence, western blot and dot blot techniques in the whole adrenal gland. We have first looked at VCAM-1 expression in adrenal gland tissue after LPS administration because of its inducible character. As presented in Figure 3D, a strong induction of this adhesion molecule could be observed in the adrenal vascular cells after LPS administration (Figure 3C). Furthermore, we have additionally quantified (Figure 3D) this VCAM-1 induction by densitometrical analysis of western blot (Figure 3E). We have also studied the expression of thrombomodulin protein in adrenal tissue expression after LPS stimulation. On contrary to VCAM-1 however, LPS injection has not changed Thmd protein expression (Figure 3C). This result could imply that 3 h are too early to investigate a change in thrombomodulin protein levels, and later time points should be investigated.

As a part of the adrenal microenvironment, adrenal microvascular endothelial cells are in constant contact with intraadrenal produced pro-inflammatory mediators especially during systemic inflammation initiated by LPS. In addition, based on the above-presented transcriptome analysis, the adrenal endothelial cells may not just be a passive target of those inflammatory mediators, but also a substantial contributor to their production. Our analysis presented in Figure 3F revealed that during LPS-induced systemic inflammation, a significant induction of pro-inflammatory (IL-1α, IL-1β, TNF-α, IL-3, or IL-6) and anti-inflammatory (IL-4, IL-10, IL-1ra) cytokines were found. Whereas, the expression of others is either unchanged (IFN-γ, IL-17) or not detected at all (IL-5 and IL-13) Figure 3H. Among multiple chemokines detected the expression of CXCL1, CXCL2, CXCL9, CXCL10, CXCL12, CXCL13, CCL2, CCL3, CCL5 proteins were found to be strongly upregulated by LPS. This result corresponds to the induction of Cxcl2, Ccl2 verified by the Q-PCR or other chemokines, which expression was shown to be highly induced in adrenal microvascular endothelial cells by LPS according to our RNA-sequencing analysis (such as Cxcl10, Cxcl11, or Ccl5) presented in Figure 3I. Moreover, we have also observed a strong induction of G-CSF (CSF3) protein (Figure 3G), which was the highest upregulated gene found by RNA sequencing (Table 1). The latter observation is also in accordance with the literature, reporting that the microvascular endothelial cells are the main source of this chemokine.




DISCUSSION

It is generally accepted that endothelial cell dysfunction occurs progressively during sepsis and contributes to the pathophysiological function of many organs (14, 15). More importantly, a positive correlation between endothelial dysfunction and increased mortality rate of patients with sepsis was reported (29). Less is known, however, whether a similar situation occurs also in the adrenal glands.

In the present study, we aimed to investigate LPS-induced damage of the mouse adrenal microvascular cells in vivo using next-generation sequencing and protein analysis. To this end, we analyzed the transcriptomic changes in the endothelial microvascular cells isolated from mice 3 h after systemic administration of bacterial LPS. We have chosen LPS-model of systemic inflammation because of various reasons. In particular, LPS was shown to mimic an initial fulminant stage of Gram-negative sepsis induced by meningococcal infection in humans (30). Furthermore, it has the ability to induce a robust transcriptomic response in multiple organs in a highly reproducible manner. Finally, LPS-induced changes in the adrenal gland transcriptome were also previously verified by us in a more clinically relevant model of sepsis—a cecal-ligation and puncture (CLP)-induced peritonitis (12). We have chosen a 3 h time point for analysis because of the transient nature of an in vivo action of LPS, especially regarding the transcriptomic response.

Our results from RNA sequencing supported by bioinformatics analysis demonstrated that LPS induced multiple genes and enriched gene sets that are involved in the control of the innate immunity and tissue inflammation. Those include pathogen recognition receptors, cytokines, chemokines, immune cell modulators, and adhesion molecules.

We have found an increased expression of some key pattern recognition receptors, including Tlr2, Tlr3, and Tlr4 along with nuclear oligomerization domain member 2 (Nod2) in the adrenal microvascular endothelial cells. Expression of those receptors sensitizes endothelial cells to the action of several Gram-negative (Tlr4) and positive (Tlr2) bacteria along with several viral infections (Tlr3). The expression of the LPS receptor (Tlr4) was additionally verified by real-time PCR in a separate group of mice. This result is also in accordance with available literature demonstrating the expression of several TLRs in microvascular endothelial cells (31).

In our previous studies, we have shown that activation of TLR4 triggers the expression of multiple cytokines and chemokines in the adrenal gland on the mRNA (12) and protein levels (32). Furthermore, we have found that inactivation of immune but not adrenocortical TLR-signaling could partially decrease this effect (32). Based on this observation, we have postulated that other cells of the adrenal microenvironment, potentially the endothelial cells, may be involved (4). In order to validate this hypothesis, in the present study we have compared the LPS induced cytokines in the adrenal gland with those found only in the adrenal endothelial cells. We have found that systemic administration of LPS increased expression of TNF-α, IFN-α, IFN-γ, IL-12, IL-1α, IL-1β, IL-7, IL-11, IL15, and IL-33 cytokines in the adrenal glands, whereas, at the same time upregulation of only IL-6, IL-27, and IL-15 cytokines was found in endothelial cells. This result suggests that adrenal endothelial cells may contribute to the local inflammation by upregulating IL-6. Limited information is available regarding the transcriptomic analysis of the other microvascular cells during sepsis. However, the existing in vitro experiments support our observation, showing that LPS induces mostly IL-6, diverse chemokines and growth factors from cultured endothelial cells (31, 33).

Although endothelial cells might not be substantially the main source of the cytokines during the sepsis, more importantly, those cells are the main target of pro-inflammatory mediators. Indeed, vascular cells are known to express receptors for various pro-inflammatory mediators that are being released into the circulation during sepsis, such as cytokines, chemokines, growth factors, reactive oxygen species (3). Therefore, we have next studied the pro-inflammatory milieu induced by LPS at a 3 h time point in the adrenal gland using a multi cytokine protein array. This assay confirmed a strong induction of IL-6, but also TNF-α, IFN-γ, IL-13, IL-7, and IL-1α or IL-1β cytokines in the adrenal gland lysates.

All those cytokines were shown to contribute to sepsis-mediated activation of the endothelium leading to its increased permeability, altered vascular tone, promotion of a procoagulant state and leukocyte adhesion (13). In order to study whether adrenal microvascular cells are also activated during endotoxemia, we have compared the expression of diverse chemokines and adhesion molecules between the adrenal gland (12) and isolated endothelial cells. The results of this comparison suggest that the adrenal endothelium may be the main contributor of Csf3, Ccl2, Csf2, and Ccl5, whereas the expression of Cxcl11, Ccl4, or Cxcl5 chemokine can originate also from other cells of the adrenal microenvironment. In addition, the results of our protein array analysis confirmed that indeed the adrenal microvascular endothelial cells contribute substantially to the secretion of CSF (G-CSF), CCL2 and CCL5 chemokines. This observation is in accordance with recent studies using an endothelial cell-specific inactivation of TLR4 signaling. In those mice, a significant decrease in infection-induced plasma CSF3 levels and related lack of emergency granulopoiesis from the bone marrow was observed (34). Furthermore, a significant reduction of LPS-induced expression of adhesion molecules, leukocyte infiltration, and vascular permeability was observed (35). The latter observation was additionally supported in a TNF-induced endothelial damage model, in which inactivation of endothelial TLR signaling decreased plasma CCL5, IL-6, and iNOS levels (36). These observations collectively suggest that LPS activates adrenal endothelium, and promotes expression and secretion of several chemokines (CCL2, CCL5, and CSF3) and adhesion molecules from those cells.

Besides attracting leukocytes, the locally expressed chemokines are also involved in the activation of those immune cells on the endothelium surface (37). Infiltration of immune cells into organs requires multiple steps, including selecting-mediated rolling, chemokine-induced activation, adhesion molecule-mediated firm adhesion, and transmigration through endothelium govern by junctional adhesion molecules and CD31 (37). In the absence of pathogens, the surface of the endothelial cells is rather antiadhesive. Particularly, in the adrenal gland, this process is governed by the secretion of Del-1 protein, which is an antagonist of leukocyte adhesion by preventing the ICAM-1-LFA1 interaction (38). Our study revealed that LPS rapidly induces expression of genes encoding for the P- and E-selectins as well as ICAM-1 and VCAM-1 adhesion molecules. We have verified those changes by real-time PCR and in the case of VCAM-1 also on the protein level in the adrenal gland. Together with decreased expression of Tek and Edil3 genes, which suggest increased vascular permeabilization, increased expression of adhesion molecules may promote the infiltration of immune cells into the adrenal gland. Indeed, in our previous studies, we demonstrated that intraperitoneal injection of LPS to mice results in a rapid infiltration of immune cells into the adrenal gland and that Del-1 deficiency aggravated this process (18). Leading to enhanced apoptosis of adrenal cells, and reduced corticosterone production (18).

An increasing number of studies demonstrate the sepsis-mediated increase in vascular leakiness and their persistent pro-coagulative phenotype, which leads to a progressive hypooxygenation of the affected tissues and can contribute to multi-organ failure (14). In particular, in a study utilizing the cecal ligation and puncture (CLP) model of experimental sepsis, temporary inhibition of the blood flow was demonstrated in skeletal muscle, which led to an improper oxygen distribution and local hypoxia (39). Whether hypoxia can also contribute to the adrenal gland dysfunction is unknown. In our study, we have observed a strong upregulation of hypoxia-inducible factor 1-alpha (Hif-1α), angiopoietin-like 1 (Angptl1) and glycolysis hexokinase 1 and 2 (HK1, 2) in microvascular endothelial cells, which are major hypoxia-related genes. Out of those, we have additionally verified the upregulation of Hif-1α by real-time PCR. On contrary to the results from a transcriptomic analysis of an intact adrenal gland (12), we have not observed any differences in the expression of von Hippel-Lindau tumor suppressor (Vhl) gene in the isolated adrenal endothelial cells. The potential reason of this observation may relate rather to the pro-inflammatory effect of the HIF-1α stabilization and activation induced by LPS and not hypoxia itself. Although activation of HIF-1α was also reported under normoxic conditions preceding the hypoxic conditions (40).

A hallmark of sepsis-induced vascular dysfunction is an increased permeability (13). The endothelial leakage can be initiated either by a loss of protective glycocalyx layer (41), or disturbance in Angiopoietin2 (Angpt2)-Tie2 interaction. In our study, we have investigated the second mechanism. In particular, we have found that LPS injection upregulates the Angpt2 gene in adrenal microvascular cells. This may analogously to the other organs, lead to the increased occupation of Tie2 receptors (42) and increased VEGF-mediated vascular permeability (43). At the same time, LPS-reduced expression of Tek gene, thereby additionally contributing to the Tie2-Anpt2 dysbalance. The loss of this critical tyrosine kinase receptor expressed by endothelial cells was reported recently in diverse critical illnesses including human sepsis, as was correlated with endothelial dysfunction (44).

A well-established hallmark of sepsis is dysregulation of a balance between coagulation and fibrinolysis, which process may lead to disseminated intravascular coagulation (DIC), and subsequently to multiple organ failure. The adrenal gland is an extremely vascularized organ that receives a 10-times higher amount of blood supply in regards to its weight (45, 46), which sensitizes it to hemorrhages. In fact, singular or bilateral adrenal bleedings are being regularly reported, especially after trauma or in patients with meningococcal sepsis (47, 48).

In the present study, systemic inflammation was associated with a strong upregulation of the tissue factor gene, which is one of the main inducers of coagulation (16). Furthermore, we have also observed a strong upregulation of PAI-I (encoded by the Serpin1 gene), which inhibits plasminogen formation and fibrinolysis. Those observations particularly in a view of decreased thrombomodulin gene (thbd1) expression and reported fibrin deposition (49), suggest that LPS increases potentially also the risk of adrenal vascular coagulation. However, a longer time point should be considered when analyzing the adrenal coagulation, as 3 h were not sufficient to alter the protein expression of this important cofactor of protein C activation in the adrenal tissue.

In order to counterbalance the mostly pro-inflammatory effect of LPS on the adrenal microvascular cells, several protective and inflammation resolving factors are subsequently upregulated. Those include first of all IL-4, and IL-10 cytokines, as well as genes encoding for cis-aconitate decarboxylase (Acod1), annexin 1 (Anxa1) and sphingosine kinase 1 (Sphk1). Upregulation of the Acod1 was reported to antagonize Toll-like receptors (TLRs)-mediated inflammatory innate response (28), whereas induction of annexin 1 was found to mediate the anti-inflammatory action of glucocorticoids (50). Furthermore, as a part of the homeostatic action, adrenal endothelial cells highly upregulated sphingosine kinase 1 (Sphk1) that phosphorylates sphingosine to sphingosine-1-phosphate (S1P), which factors are known to stabilize the endothelial barriers (51). Whether endothelial dysfunction leads to adrenal gland dysfunction, will depend on the delicate balance between pro and anti-inflammatory pathways.

Altogether, this is the first study presenting the LPS-induced global changes in the transcriptome by the adrenal microvascular cells. The results of RNA sequencing and subsequent bioinformatics analysis and protein verification revealed that adrenal vascular endothelial cells are not only involved in the maintenance of the adrenal gland microenvironment but are also active players in pathogen-induced adrenal pathophysiology. Moreover, our results suggest that the damage to the microvascular cells may be an important step preceding the adrenal gland dysfunction, however additional experiments that are ongoing are needed to verify this statement.



DATA AVAILABILITY STATEMENT

Sequencing data are available at the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/) under the following corresponding GSE accession number: GSE139134. Statistical analysis of relative gene expression results and densitometry data were conducted using a non-parametric Mann-Whitney U test in GraphPad Prism Version 6 software (GraphPad Software Inc., USA).



ETHICS STATEMENT

The animal study was reviewed and approved by LANDESDIREKTION SACHSEN.



AUTHOR CONTRIBUTIONS

L-SC, WK, and SS conducted research. L-SC, WK, SS, and GM analyzed data. WK, L-SC, and SB wrote the manuscript.



FUNDING

This study has been funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) Project A01: 314061271-TRR 205 (to WK and SB).



ACKNOWLEDGMENTS

We are thankful to Andreas Dahl from the Deep Sequencing Group in BIOTEC/Center for Regenerative Therapies Dresden for performing the RNA Sequencing and to Uta Lehnert and Maria Schuster for experiments involving Real-time PCR and immunofluorescent staining.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2019.00944/full#supplementary-material



REFERENCES

 1. Gaieski DF, Edwards JM, Kallan MJ, Carr BG. Benchmarking the incidence and mortality of severe sepsis in the United States. Crit Care Med. (2013) 41:1167–74. doi: 10.1097/CCM.0b013e31827c09f8

 2. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, et al. The third international consensus definitions for sepsis and septic shock (sepsis-3). JAMA. (2016) 315:801–10. doi: 10.1001/jama.2016.0287

 3. Van der Poll T, van de Veerdonk FL, Scicluna BP, Netea MG. The immunopathology of sepsis and potential therapeutic targets. Nat Rev Immunol. (2017) 17:407–20. doi: 10.1038/nri.2017.36

 4. Kanczkowski W, Sue M, Zacharowski K, Reincke M, Bornstein SR. The role of adrenal gland microenvironment in the HPA axis function and dysfunction during sepsis. Mol Cell Endocrinol. (2015) 408:241–8. doi: 10.1016/j.mce.2014.12.019

 5. Boonen E, Vervenne H, Meersseman P, Andrew R, Mortier L, Declercq PE, et al. Reduced cortisol metabolism during critical illness. N Engl JMed. (2013) 368:1477–88. doi: 10.1056/NEJMoa1214969

 6. Bornstein SR, Ziegler CG, Krug AW, Kanczkowski W, Rettori V, McCann SM, et al. The role of toll-like receptors in the immune-adrenal crosstalk. Ann NY Acad Sci. (2006) 1088:307–18. doi: 10.1196/annals.1366.027

 7. Boonen E, Langouche L, Janssens T, Meersseman P, Vervenne H, De SE, et al. Impact of duration of critical illness on the adrenal glands of human intensive care patients. J Clin Endocrinol Metab. (2014) 99:4214–22. doi: 10.1210/jc.2014-2429

 8. Bornstein SR. Predisposing factors for adrenal insufficiency. N Engl J Med. (2009) 360:2328–39. doi: 10.1056/NEJMra0804635

 9. Boonen E, Bornstein SR, Van den Berghe G. New insights into the controversy of adrenal function during critical illness. Lancet Diabet Endocrinol. (2015) 3:805–15. doi: 10.1016/S2213-8587(15)00224-7

 10. Kanczkowski W, Zacharowski K, Wirth MP, Ehrhart-Bornstein M, Bornstein SR. Differential expression and action of Toll-like receptors in human adrenocortical cells. Mol Cell Endocrinol. (2009) 300:57–65. doi: 10.1016/j.mce.2008.10.028

 11. Jennewein C, Tran N, Kanczkowski W, Heerdegen L, Kantharajah A, Drose S, et al. Mortality of septic mice strongly correlates with adrenal gland inflammation. Crit Care Med. (2016) 44:e190–9. doi: 10.1097/CCM.0000000000001373

 12. Chen LS, Singh SP, Schuster M, Grinenko T, Bornstein SR, Kanczkowski W. RNA-seq analysis of LPS-induced transcriptional changes and its possible implications for the adrenal gland dysregulation during sepsis. J Steroid Biochem Mol Biol. (2019) 191:105360. doi: 10.1016/j.jsbmb.2019.04.009

 13. Shapiro NI, Schuetz P, Yano K, Sorasaki M, Parikh SM, Jones AE, et al. The association of endothelial cell signaling, severity ofillness, and organ dysfunction in sepsis. Crit Care. (2010) 14:R182. doi: 10.1186/cc9290

 14. Ince C, Mayeux PR, Nguyen T, Gomez H, Kellum JA, Ospina-Tascon GA, et al. The endothelium in sepsis. Shock. (2016) 45:259–70. doi: 10.1097/SHK.0000000000000473

 15. Aird WC. The role of the endothelium in severe sepsis and multiple organ dysfunction syndrome. Blood. (2003) 101:3765–77. doi: 10.1182/blood-2002-06-1887

 16. Iba T, Levi M, Levy JH. Sepsis-induced coagulopathy and disseminated intravascular coagulation. Semin Thromb Hemost. (2019). doi: 10.1055/s-0039-1694995. [Epub ahead of print].

 17. Chavakis T, Kanczkowski W, Willenberg HS, Bornstein SR. Endothelial dysfunction: a critical determinant in inflammation-associated adrenal insufficiency? Eur J Clin Invest. (2011) 41:917–9. doi: 10.1111/j.1365-2362.2011.02477.x

 18. Kanczkowski W, Chatzigeorgiou A, Grossklaus S, Sprott D, Bornstein SR, Chavakis T. Role of the endothelial-derived endogenous anti-inflammatory factor del-1 in inflammation-mediated adrenal gland dysfunction. Endocrinology. (2013) 154:1181–9. doi: 10.1210/en.2012-1617

 19. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods. (2001) 25:402–8. doi: 10.1006/meth.2001.1262

 20. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low memory requirements. Nat Methods. (2015) 12:357–60. doi: 10.1038/nmeth.3317

 21. Anders S, Pyl PT, Huber W. HTSeq–a Python framework to work with high-throughput sequencing data. Bioinformatics. (2015) 31:166–9. doi: 10.1093/bioinformatics/btu638

 22. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics. (2010) 26:139–40. doi: 10.1093/bioinformatics/btp616

 23. Ge SX, Son EW, Yao R. iDEP: an integrated web application for differential expression and pathway analysis of RNA-Seq data. BMC Bioinformatics. (2018) 19:534. doi: 10.1186/s12859-018-2486-6

 24. Huang dW, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources. Nat Protoc. (2009) 4:44–57. doi: 10.1038/nprot.2008.211

 25. Kanehisa M, Sato Y, Kawashima M, Furumichi M, Tanabe M. KEGG as a reference resource for gene and protein annotation. Nucleic Acids Res. (2016) 44:D457–62. doi: 10.1093/nar/gkv1070

 26. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci USA. (2005) 102:15545–50. doi: 10.1073/pnas.0506580102

 27. Nolan DJ, Ginsberg M, Israely E, Palikuqi B, Poulos MG, James D, et al. Molecular signatures of tissue-specific microvascular endothelial cell heterogeneity in organ maintenance and regeneration. Dev Cell. (2013) 26:204–19. doi: 10.1016/j.devcel.2013.06.017

 28. Michelucci A, Cordes T, Ghelfi J, Pailot A, Reiling N, Goldmann O, et al. Immune-responsive gene 1 protein links metabolism to immunity by catalyzing itaconic acid production. Proc Natl Acad Sci USA. (2013) 110:7820–5. doi: 10.1073/pnas.1218599110

 29. McGarrity S, Anuforo Ó, Halldórsson H, Bergmann A, Halldórsson S, Palsson S, et al. Metabolic systems analysis of LPS inducedendothelial dysfunction applied to sepsis patient stratification. Sci Rep. (2018) 8:6811. doi: 10.1038/s41598-018-25015-5

 30. Kamisoglu K, Haimovich B, Calvano SE, Coyle SM, Corbett SA, Langley RJ, et al. Human metabolic response to systemic inflammation: assessment of the concordance between experimental endotoxemia and clinical cases of sepsis/SIRS. Crit Care. (2015) 19:71. doi: 10.1186/s13054-015-0783-2

 31. Khakpour S, Wilhelmsen K, Hellman J. Vascular endothelial cell toll-like receptor pathways in sepsis. Innate Immun. (2015) 21:827–46. doi: 10.1177/1753425915606525

 32. Kanczkowski W, Alexaki VI, Tran N, Grossklaus S, Zacharowski K, Martinez A, et al. Hypothalamo-pituitary and immune-dependent adrenal regulation during systemic inflammation. Proc Natl Acad Sci USA. (2013) 110:14801–6. doi: 10.1073/pnas.1313945110

 33. Zeuke S, Ulmer AJ, Kusumoto S, Katus HA, Heine H. TLR4-mediated inflammatory activation of human coronary artery endothelial cells by LPS. Cardiovasc Res. (2002) 56:126–34. doi: 10.1016/S0008-6363(02)00512-6

 34. Boettcher S, Gerosa RC, Radpour R, Bauer J, Ampenberger F, Heikenwalder M, et al. Endothelial cells translate pathogen signals into G-CSF-driven emergency granulopoiesis. Blood. (2014) 124:1393–403. doi: 10.1182/blood-2014-04-570762

 35. Ye X, Ding J, Zhou X, Chen G, Liu SF. Divergent roles of endothelial NF-kappaBin multiple organ injury and bacterial clearance in mouse models of sepsis. J Exp Med. (2008) 205:1303–15. doi: 10.1084/jem.20071393

 36. Zhou Z, Gengaro P, Wang W, Wang XQ, Li C, Faubel S, et al. Role of NF-kappaB and PI 3-kinase/Akt in TNF-alpha-induced cytotoxicity in microvascular endothelial cells. Am J Physiol Renal Physiol. (2008) 295:F932–41. doi: 10.1152/ajprenal.00066.2008

 37. Mitroulis I, Alexaki VI, Kourtzelis I, Ziogas A, Hajishengallis G, Chavakis T. Leukocyte integrins: role in leukocyte recruitment and as therapeutic targets in inflammatory disease. Pharmacol Ther. (2015) 147:123–35. doi: 10.1016/j.pharmthera.2014.11.008

 38. Choi EY, Chavakis E, Czabanka MA, Langer HF, Fraemohs L, Economopoulou M, et al. Del-1, an endogenous leukocyte-endothelial adhesion inhibitor, limits inflammatory cell recruitment. Science. (2008) 322:1101–4. doi: 10.1126/science.1165218

 39. Ellis CG, Bateman RM, Sharpe MD, Sibbald WJ, Gill R. Effect of a maldistribution of microvascular blood flow on capillary O(2) extraction in sepsis. Am J Physiol Heart Circ Physiol. (2002) 282:H156–64. doi: 10.1152/ajpheart.2002.282.1.H156

 40. Jantsch J, Wiese M, Schödel J, Castiglione K, Gläsner J, Kolbe S. Toll-like receptor activation and hypoxia use distinct signaling pathways tostabilize hypoxia-inducible factor 1α (HIF1A) and result in differentialHIF1A-dependent gene expression. J Leukoc Biol. (2011) 90:551–62. doi: 10.1189/jlb.1210683

 41. Iba T, Levy JH. Derangement of the endothelial glycocalyx in sepsis. J Thromb Haemost. (2019) 17:283–94. doi: 10.1111/jth.14371

 42. Drost CC, Rovas A, Kusche-Vihrog K, Van SP, Kim H, Hoang VC, et al. Tie2 activation promotes protection and reconstitution of the endothelial glycocalyx in human sepsis. Thromb Haemost. (2019) 119:1827–38. doi: 10.1055/s-0039-1695768

 43. Ziegler T, Horstkotte J, Schwab C, Pfetsch V, Weinmann K, Dietzel S, et al. Angiopoietin 2 mediates microvascular and hemodynamic alterations in sepsis. J Clin Invest. (2013) 123:3436–45. doi: 10.1172/JCI66549

 44. Thamm K, Schrimpf C, Retzlaff J, Idowu TO, van Meurs M, Zijlstra JG. Molecular regulation of acute Tie2 suppression in sepsis. Crit Care Med. (2018) 46:e928–36. doi: 10.1097/CCM.0000000000003269

 45. Breslow MJ. Regulation of adrenal medullary and cortical blood flow. Am J Physiol. (1992) 262:H1317–30. doi: 10.1152/ajpheart.1992.262.5.H1317

 46. Sapirstein LA, Goldman H. Adrenal blood flow in the albino rat. Am J Physiol. (1959) 196:159–62. doi: 10.1152/ajplegacy.1958.196.1.159

 47. Alves Pereira FD, Hickson ML, Wilson PAJ. Case 268: bilateral adrenal haemorrhage in the context of sepsis. Radiology. (2019) 292:503–6. doi: 10.1148/radiol.2019170489

 48. Adem PV, Montgomery CP, Husain AN, Koogler TK, Arangelovich V, Humilier M, et al. Staphylococcus aureus sepsis and the Waterhouse-Friderichsen syndrome in children. N Engl J Med. (2005) 353:1245–51. doi: 10.1056/NEJMoa044194

 49. Yamamoto K, Loskutoff DJ. Fibrin deposition in tissues from endotoxin-treated mice correlates with decreases in the expression of urokinase-type but not tissue-type plasminogen activator. J Clin Invest. (1996) 97:2440–51. doi: 10.1172/JCI118691

 50. Sawmynaden P, Perretti M. Glucocorticoid upregulation of the annexin-A1 receptor in leukocytes. Biochem Biophys Res Commun. (2006) 349:1351–5. doi: 10.1016/j.bbrc.2006.08.179

 51. Dennhardt S, Finke KR, Huwiler A, Coldewey SM. Sphingosine-1-phosphate promotes barrier-stabilizing effects in human microvascular endothelial cells via AMPK-dependent mechanisms. Biochim Biophys Acta Mol Basis Dis. (2019) 1865:774–81. doi: 10.1016/j.bbadis.2018.12.022

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Chen, Singh, Müller, Bornstein and Kanczkowski. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	REVIEW
published: 31 January 2020
doi: 10.3389/fendo.2020.00025






[image: image2]

The Role of Short-Chain Fatty Acids From Gut Microbiota in Gut-Brain Communication

Ygor Parladore Silva1, Andressa Bernardi2 and Rudimar Luiz Frozza1*


1Laboratory on Thymus Research, Oswaldo Cruz Institute, Oswaldo Cruz Foundation, Rio de Janeiro, Brazil

2Laboratory of Inflammation, Oswaldo Cruz Institute, Oswaldo Cruz Foundation, Rio de Janeiro, Brazil

Edited by:
Ana Rosa Pérez, National Council for Scientific and Technical Research (CONICET), Argentina

Reviewed by:
Claude Knauf, Institut National de la Santé et de la Recherche Médicale (INSERM), France
 Douglas Morrison, University of Glasgow, United Kingdom
 Norbert Sprenger, Nestle Institute of Health Sciences (NIHS), Switzerland

*Correspondence: Rudimar Luiz Frozza, rudimar.frozza@ioc.fiocruz.br

Specialty section: This article was submitted to Neuroendocrine Science, a section of the journal Frontiers in Endocrinology

Received: 31 October 2019
 Accepted: 14 January 2020
 Published: 31 January 2020

Citation: Silva YP, Bernardi A and Frozza RL (2020) The Role of Short-Chain Fatty Acids From Gut Microbiota in Gut-Brain Communication. Front. Endocrinol. 11:25. doi: 10.3389/fendo.2020.00025



A substantial body of evidence supports that the gut microbiota plays a pivotal role in the regulation of metabolic, endocrine and immune functions. In recent years, there has been growing recognition of the involvement of the gut microbiota in the modulation of multiple neurochemical pathways through the highly interconnected gut-brain axis. Although amazing scientific breakthroughs over the last few years have expanded our knowledge on the communication between microbes and their hosts, the underpinnings of microbiota-gut-brain crosstalk remain to be determined. Short-chain fatty acids (SCFAs), the main metabolites produced in the colon by bacterial fermentation of dietary fibers and resistant starch, are speculated to play a key role in neuro-immunoendocrine regulation. However, the underlying mechanisms through which SCFAs might influence brain physiology and behavior have not been fully elucidated. In this review, we outline the current knowledge about the involvement of SCFAs in microbiota-gut-brain interactions. We also highlight how the development of future treatments for central nervous system (CNS) disorders can take advantage of the intimate and mutual interactions of the gut microbiota with the brain by exploring the role of SCFAs in the regulation of neuro-immunoendocrine function.
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INTRODUCTION

The human body is inhabited by a wide variety of commensal microorganisms collectively called the microbiota. This host microbiota colonizes the skin and several mucosal cavities (nasal, oral, pulmonary, and vaginal); however, it is in the gastrointestinal (GI) tract that these organisms reach extraordinary densities since trillions of bacteria, fungi, and viruses coexist in symbiosis with the host for potential mutual benefit (1–3). Despite its significant influence on the state of human health and the development or progression of diseases, it is only in the last 20 years that our gut microbiota has become the focus of intense studies. Therefore, its pivotal roles in protecting against pathogens, regulating metabolic, endocrine, and immune functions and in influencing drug metabolism and absorption have started to be elucidated (4, 5). Further, it was recently unveiled that the influence of the microbiota is not restricted to the GI tract; it plays a major role in the bidirectional communication between the GI tract and the central nervous system (CNS). The growing body of evidence indicating that the gut microbiota exerts a profound influence on key brain processes has led to the development of the microbiota-gut-brain axis concept, which has attracted the interest of researchers worldwide (6–11).

Although the precise mechanisms involved in the crosstalk between the gut microbiota and brain remain to be fully determined, there are a number of potential pathways through which the gut microbiota can influence brain function (9). Microorganisms can influence CNS processes bidirectionally via the vagus nerve (12) and through modulation of the immune system (6), the hypothalamic-pituitary-adrenal (HPA) axis (13, 14), and tryptophan metabolism (15), along with their ability to synthetize a number of neurotransmitters (16–18) and produce metabolites, such as short-chain fatty acids (SCFAs), that possess neuroactive properties (17, 19–21).

The SCFAs acetate, propionate, and butyrate are the main metabolites produced in the colon by bacterial fermentation of dietary fibers and resistant starch (22). In addition to the long-known role of the colon in energy supply and trophic factors (22), as well as the regulation of T regulatory (Treg) cell colonies (23, 24), growing evidence supports the idea that SCFAs also exert crucial physiological effects on several organs, including the brain (17, 20, 21). This hypothesis is supported by studies in animals and humans showing that gut microbiota dysbiosis has been implicated in behavioral and neurologic pathologies, such as depression, Alzheimer's (AD) and Parkinson's (PD) diseases and autism spectrum disorder (ASD) (9, 21, 25–27). Furthermore, microbiota manipulation and SCFA administration have been proposed as treatment targets for such diseases (28).

In this review, we outline the current knowledge about the involvement of acetate, propionate, and butyrate in microbiota-gut-brain interactions. We also highlight how the development of future treatments for CNS disorders can take advantage of the intimate and mutual interactions of the gut microbiota with the brain by exploring the role of SCFAs in the regulation of neuro-immunoendocrine function.



THE MICROBIOTA-GUT-BRAIN AXIS

The modulation of gut physiology by the CNS and its effects on gut function such as motility, secretion, blood flow, nociception, and immune function during neurological stressors are well-documented (17, 29, 30). Further, brain to gut signaling can directly affect the microbiota, either via immune system or gut functions such as motility, release of neurotransmitters and intestinal immune tone (12, 17, 21, 31). Comparatively, gut to CNS signaling has been studied for a short period, and the mechanisms underlying this crosstalk are starting to be understood (13, 32). It is noteworthy that several brain disorders have been linked to imbalances in the microbial composition of the gut (17, 19, 29, 33–37); however, whether these alterations in the microbiota are induced by brain signaling or whether brain dysfunction is driven by changes in the gut microbiota remains to be fully determined.

Although a more compelling causal relationship between altered gut microbial composition and brain dysfunction is still needed, it has been shown that disruption in the neuronal and microbial organization in prenatal and postnatal periods of mammalian development may lead to the onset of neurodevelopmental and other brain disorders later in life (9, 38–40). In a similar way, growing evidence has shown that alterations in maternal microbiome during pregnancy, such as use of antibiotics or probiotics (41, 42), variations in diet (43), immune activation (44, 45), and exposure to stress (46) can modulate the microbiome, neurodevelopment, and behavior of offspring in both rodents and humans (9, 29). Furthermore, delivery mode (47) and early-life occurrences such as feeding changes, infection, and antibiotics treatment (48, 49) have a huge effect on the gut microbiota composition with a long-term impact on brain and behavior (9, 29).

Under physiological conditions, activation of immune cells and production of cytokines can have a minor impact in the CNS. However, chronic systemic inflammation, mostly in the form of infections, has long been associated with behavioral alterations and cognitive dysfunction (50, 51). It is now widely known that peripheral insults that cause a systemic inflammatory response might affect ongoing inflammation in the CNS mainly by microglial activation, production of inflammatory molecules, as well as recruitment of peripheral immune cells into the brain, thus shaping a cerebral inflammatory milieu that may seriously affect neuronal function (50, 52, 53). Noteworthy, during gut pathologies with increased permeability of the intestinal barrier, the translocation of bacterial products can increase the production of cytokines and impact the blood-brain barrier (BBB), leading to more intense harmful effects (37). Further, it has already been shown that several bacterial strains can modify levels of neurotransmitter precursors in the gut lumen and even independently synthesize (or modulate the synthesis of) a number of neurotransmitters, including γ-aminobutyric acid (GABA), serotonin (5-HT), dopamine (DA), and noradrenaline (NA) (16–18). These neurotransmitters can potentially influence microglial activation and several cerebral functions (54). Additionally, the sympathetic branch of the autonomic nervous system is also involved in intestinal homeostasis and immune regulation (30). Conversely, the gut microbiota can interact with the CNS via gut modulation or directly via metabolites and endotoxin translocation from the lumen to the circulation (9, 17, 21). Possible signal transducers involved in the communication of the microbiota with the CNS include enterochromaffin cells, which can bind several microbial products and secrete serotonin into the lamina propria, increasing colonic and blood concentrations of 5-HT (55, 56). Gut-brain communication can also be achieved through vagus nerve signaling (57). Changes in enteric neuron activity perceived by the vagus nerve are essential for mediating satiety, stress, and mood (12, 58, 59). Given the close physical proximity, gut bacteria can interact with and activate the vagus nerve, thereby exerting effects upstream to the CNS. This notion is in full accordance with early studies showing that oral inoculation with pathogens or probiotics induces activation of the vagal sensory neurons that innervate the GI affecting the regulation of CNS functions, and this effect is absent in vagotomized mice (32, 58, 60). However, whether the vagus nerve is activated by physical interaction with bacteria or through soluble microbial components remain to be determined.

Finally, bacterial metabolic byproducts including SCFAs are often considered key candidate mediators of gut-brain communication, and altered SCFA production has been demonstrated in a variety of neuropathologies (19, 21, 33–35).



METABOLISM AND PERIPHERAL EFFECTS OF SCFAS

SCFAs are small organic monocarboxylic acids with a chain length of up to six carbons atoms and are the main products of the anaerobic fermentation of indigestible polysaccharides such as dietary fiber and resistant starch produced by the microbiota in the large intestine (61, 62). Comprised mostly of acetate (C2), propionate (C3), and butyrate (C4) (63, 64) in an approximate molar rate of 60:20:20, respectively (65), approximately 500–600 mmol of SCFAs are produced in the gut per day depending on the fiber content in the diet, microbiota composition, and gut transit time (66, 67). Although anaerobic fermentation of fibers is the largest source of SCFAs, acetate, propionate, and butyrate can also be produced from amino acid metabolism (68). However, less than 1% of the large intestine microbiota uses these metabolic pathways to produce SCFAs (69, 70). Protein fermentation usually takes place in the distal large intestine where carbohydrates are already depleted and also leads to the production of potentially toxic metabolites, such as ammonia, phenols, and sulfides, as well as unique branched-chain fatty acids (BCFA) (69, 71). Further, acetate produced from acetyl-CoA derived from glycolysis can also be transformed into butyrate by the enzyme butyryl-CoA:acetyl-CoA transferase (72, 73), and bovine milk fats also provide a source of butyrate (74).

Following their production, SCFAs are absorbed by colonocytes, mainly via H+-dependent or sodium-dependent monocarboxylate transporters (MCTs and SMCTs, respectively) (75). MCTs show different subtypes and expression patterns in different tissues. SCFAs that are not metabolized in the colonocytes are transported into the portal circulation and are used as an energy substrate for hepatocytes (76), except for acetate that is not oxidized in the liver (76). Therefore, only a minor fraction of colon-derived acetate, propionate, and butyrate reaches the systemic circulation and other tissues (65). In this context, it is important to note that most of the recent works regarding microbial-derived SCFA, mainly in human studies, use fecal concentrations as a proxy of the production in the colon (17, 19, 29, 33–37). Although it represents a valid approach, there are many potential sources of bias, such as intestinal transit and permeability, metabolite transportation, and sample handling (77). Thus, these drawbacks must be taken into account when concluding the effects of administered SCFAs, given that some experiments might be conducted under non-physiological conditions.

SCFAs improve the gut health through a number of local effects, ranging from maintenance of intestinal barrier integrity, mucus production, and protection against inflammation to reduction of the risk of colorectal cancer (78–81). Although a thorough comprehension of signaling triggered by SCFAs is still lacking, it is already known that SCFAs bind to G protein-coupled receptors (GPCRs). The best-studied SCFA receptors are GPR43 and GPR41, later renamed free fatty acid receptor (FFAR2) and FFAR3, as well as GPR109a/HCAR2 (hydrocarboxylic acid receptor) and GPR164, which are expressed in a vast array of cells, from the gastrointestinal mucosa to the immune and nervous systems (82, 83). The effects of activation of these receptors differ greatly depending on the cell on which they are expressed. For instance, binding of SCFAs to their receptors on enteroendocrine cells results in stimulated secretion of glucagon-like peptide 1 (GLP-1) and peptide YY (PYY) (84), while signaling in β-pancreatic cells leads to increased insulin secretion (85).

Another mechanism by which SCFAs regulate systemic functions is through the inhibition of histone deacetylase (HDAC) activity, thus promoting the acetylation of lysine residues present in nucleosomal histones throughout various cell populations (20). This intracellular signaling mechanism has been found in both the gut and associated immune tissue (86), as well as in the peripheral nervous system and CNS (20).

Although only a minor fraction of colon-derived SCFAs reaches the systemic circulation and other tissues, their effects on different organ and systems have recently been widely outlined. One of the best-documented effects of SCFAs is on the immune system since butyrate is capable of inducing Treg differentiation and controlling inflammation (17, 23, 24, 87). Although fine-tuning of the gut immune response to the microbiota is still a matter of debate, microbiota metabolites are capable of alleviating or worsening gut conditions such as inflammatory bowel disease (88). Effects on brown adipose tissue activation (89), regulation of liver mitochondrial function (90), whole-body energy homeostasis (91), and control of appetite (89) and sleep (10) have been attributed to all SCFAs. Further, the influence of the microbiota and the effects of SCFAs on the CNS have been a matter of intense debate in the last few years.



SCFAS AND THE BRAIN

In addition to exerting local effects in the colon and in the peripheral tissues, SCFAs are speculated to play a pivotal role in microbiota-gut-brain crosstalk (Figure 1). The abundant expression of MCTs in endothelial cells (75, 92) might facilitate crossing of the BBB by SCFAs since brain uptake of SCFAs has previously been demonstrated in rats following injection of 14C-SCFAs into the carotid artery (93). Although studies on physiological concentrations of SCFAs in the brain are scarce, all three metabolites are detectable in the human cerebrospinal fluid (CSF), typically in the range of 0–171 μM for acetate, 0–6 μM for propionate, and 0–2.8 μM for butyrate (94). An average concentration of 17.0 pmol/mg of tissue for butyrate and 18.8 pmol/mg of tissue for propionate in the human brain was reported (95). Furthermore, the levels of butyrate in the brain of mice supplemented with live Clostridium butyricum reached a range from 0.4 to 0.7 μmol/g, which was about an order of magnitude higher than concentrations reported in peripheral blood (96, 97). In addition to crossing BBB, SCFAs seem to play an important role in maintaining its integrity, which is tightly associated with controlled passage of molecules and nutrients from the circulation to the brain, playing a central role in brain development and the preservation of CNS homeostasis. Supporting the notion that SCFAs regulate the BBB function, germ-free (GF) mice show reduced expression of tight junction proteins such as claudin and occludin, leading to increased permeability of the BBB from intrauterine life to adulthood (98). Furthermore, recolonization of these adult mice with a complex microbiota or monocolonization with SCFA-producing bacterial strains recovers the integrity of the BBB (98). Similarly, treatment of an in vitro model of cerebrovascular endothelial cells with propionate attenuates the permeabilizing effects of exposure to lipopolysaccharide (LPS) (99).
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FIGURE 1. Potential pathways through which SCFAs influence gut-brain communication. Short-chain fatty acids (SCFAs) are the main metabolites produced by the microbiota in the large intestine through the anaerobic fermentation of indigestible polysaccharides such as dietary fiber and resistant starch. SCFAs might influence gut-brain communication and brain function directly or indirectly. Following their production, SCFAs are absorbed by colonocytes, mainly via H+-dependent monocarboxylate transporters (MCTs) or sodium-dependent monocarboxylate transporters (SMCTs). Through binding to G protein-coupled receptors (GPCRs) such as free fatty acid receptor 2 and 3 (FFAR2 and FFAR3), as well as GPR109a/HCAR2 (hydrocarboxylic acid receptor) and GPR164 or by inhibiting histone deacetylases, SCFAs influence intestinal mucosal immunity, and barrier integrity and function. SCFA interaction with their receptors on enteroendocrine cells promotes indirect signaling to the brain via the systemic circulation or vagal pathways by inducing the secretion of gut hormones such as glucagon-like peptide 1 (GLP1) and peptide YY (PYY), as well as γ-aminobutyric acid (GABA), and serotonin (5-HT). Colon-derived SCFAs reaches the systemic circulation and other tissues, leading to brown adipose tissue activation, regulation of liver mitochondrial function, increased insulin secretion by β-pancreatic cells, and whole-body energy homeostasis. Peripherally, SCFAs influence systemic inflammation mainly by inducing T regulatory cells (Treg) differentiation and by regulating the secretion of interleukins. SCFAs can cross the blood-brain barrier (BBB) via monocarboxylate transporters located on endothelial cells and influence BBB integrity by upregulating the expression of tight junction proteins. Finally, in the central nervous system (CNS) SCFAs also influence neuroinflammation by affecting glial cell morphology and function as well as by modulating the levels of neurotrophic factors, increasing neurogenesis, contributing to the biosynthesis of serotonin, and improving neuronal homeostasis and function. Together, the interaction of SCFAs with these gut-brain pathways can directly or indirectly affect emotion, cognition, and pathophysiology of brain disorders. Figure of this review was created with BioRender (https://biorender.com/).


Accumulating evidence suggests that SCFAs that cross into the CNS have neuroactive properties. Although the precise mechanisms involved in the action of SCFAs on the CNS remain largely unknown, a multitude of animal studies have shown that they exert widespread influence on key neurological and behavioral processes and may be involved in critical phases of neurodevelopmental and neurodegenerative disorders (17, 21, 29, 36, 100).


SCFAs and Microglia

The development of the nervous system is marked by the sculpting of the neuronal networks shaping the functional neural circuitry that is critical for normal cognitive, emotional, and social domains. In this context, glial cells, especially microglial cells, have been increasingly recognized to play a critical role in the elimination of excess or unnecessary synaptic connections, which is necessary for the maturation and refinement of circuits and connections in the nervous system (101, 102). Therefore, control of innate immune function in the CNS is critical for brain development, and the gut microbiota seems to play a pivotal role in the development and functionality of the immune system in the CNS. The results reported by Erny and collaborators shed light on how the microbiota might influence microglial maturation and function (6). While microglia from specific pathogen-free (SPF) mice shows normal maturation and function, non-colonized young GF mice exhibit stunted microglia under homeostatic conditions. It is noteworthy that the oral application of a mixture of the three major SCFAs acetate, propionate, and butyrate was sufficient to drive maturation of microglia in GF mice (6). Although the mechanisms involved in the control of maturation and function of microglia by SCFAs remain to be determined, the activation of FFAR2 could be conceivable since FFAR2-deficient mice displayed microglia reminiscent of those found in GF mice (103).

Neuroinflammation is also an important process shaping brain function. Similar to observations in GF mice, perturbations of the gut microbiota by antibiotics systemically produce altered immune responses in experimental models, notably toward a pro-inflammatory profile (6). This is also true in the CNS, which becomes more prone to extreme inflammatory responses when the microbiota is depleted by antibiotics early in life (104). It was shown that antibiotic-induced perturbations in gut microbial diversity influence neuroinflammation with altered microglial morphology (105–107). On the other hand, several studies have reported that sodium butyrate is capable of decreasing microglial activation and pro-inflammatory cytokines secretion (108–110). Also, butyrate treatment in vitro and in vivo induces morphological and functional changes in the microglia toward a homeostatic profile and inhibits LPS-induced pro-inflammatory modifications (109) and depression-like behavior (110). Likewise, acetate treatment of microglia primary culture has been shown to reduce inflammatory signaling through reduced IL-1β, IL-6, and TNF-α expression and p38 MAPK, JNK, and NF-κB phosphorylation (111). Similarly, acetate was also able to modulate inflammatory cytokines and signaling pathways in astrocyte primary culture (112). Although the precise signaling involved in the effects of SCFAs on microglia remain unveiled, inhibition of HDACs, which results in epigenetically regulated gene expression, has been considered the main effector mechanism triggered by SCFAs (113). In this way, histone acetylation seems to modulate glial cells in an anti-inflammatory and neuroprotective manner. Therefore, taking into account the role of microglia in shaping neuronal networks and the influence of the microbiota on this process, SCFAs might provide new methods to modulate the brain immunity disruption underlying neurodevelopmental and neurodegenerative disorders.



SCFAs and Neurons

Apart from providing the cells with energy and affecting microglia maturation, these microbial metabolites also seem to influence neuronal function. It was described that SCFAs may modulate the levels of neurotransmitters and neurotrophic factors. Acetate has previously been shown to alter the levels of the neurotransmitters glutamate, glutamine and GABA in the hypothalamus and increase anorexigenic neuropeptide expression (114). Propionate and butyrate exert an influence on the intracellular potassium level, which implies the involvement of SCFAs in the operation of cell signaling systems (115). In particular, these SCFAs regulate the expression levels of tryptophan 5-hydroxylase 1, the enzyme involved in synthesis of serotonin, and tyrosine hydroxylase, which is involved in a rate-limiting step in the biosynthesis of dopamine, noradrenaline and adrenaline; therefore, producing an effect on brain neurochemistry (21, 55, 56, 116, 117). Antibiotic depletion of the microbiota also results in hippocampal neurogenesis and memory impairments, which can be partially recovered by the reconstitution of specific SPF microbiota and completely recovered by probiotic treatment or exercise (118). This cognitive deficit might be associated with changes in the expression of cognition-relevant signaling molecules such as brain-derived neurotrophic factor (BDNF), N-methyl-D-aspartate receptor subunit 2B, serotonin transporter and neuropeptide Y system (119).

Neurotrophic factors, such as nerve growth factor (NGF), glial cell line-derived neurotrophic factor (GDNF), and BDNF that regulate the growth, survival and differentiation of neurons and synapses in the CNS also play important parts in learning and memory and in a range of brain disorders have been also shown to be modulated by SCFAs (120–123). BDNF expression, neurogenesis, and neural proliferation in rodents (124–126), as well as facilitation of long-term memory consolidation, were stimulated by sodium butyrate (127). Further, physiological levels of all three SCFAs were shown to increase the growth rate of human neural progenitor cells and induce more cells to undergo mitosis (128), affording some hints of how SCFAs could regulate early neural system development. Further, SCFAs show effects on several neural functions, such as enhancing sleep (10), suppressing the activity of orexigenic neurons that express neuropeptide Y in the hypothalamus (89), and modulating the signaling triggered by the ghrelin receptor (129), contributing to circadian rhythm and appetite control. The seeking for mechanism involved in the modulation of neuronal function by SCFAs has unveiled that some of these effects are likely mediated by the activation of GPR41/GPR43 receptors. Other SCFA effects, especially of propionate and butyrate, are mediated through their HDAC inhibitory activity (108, 116).

Because of the similarity of SCFAs with the ketone bodies aceto-acetate and β-hydroxybutyrate (BHB), studies have been conducted to elucidate their role during fasting. Accordingly, fasting has been shown to sharply influence the gene regulation and protein expression of several MCTs, which alters the uptake of SCFAs in the gut and their transport to the brain (130). The regulation of the transporter is likely related to the direction of energy supplies to tissues during fasting. Moreover, Miletta and colleagues found that butyrate enhances growth hormone (GH) secretion in pituitary cells via GPR41/43 activation and intracellular accumulation of Ca2+ (131). This leads to the hypothesis that butyrate acts as a secondary mediator of metabolic adaptations of GH during fasting, which mainly include increased lipolysis and protein retention.

In summary, SCFAs might directly influence the brain by reinforcing BBB integrity, modulating neurotransmission, influencing levels of neurotrophic factors and promoting memory consolidation. However, further studies are needed to understand the precise mechanisms involved in these neuroactive effects.




SCFAS AND BRAIN DISORDERS

The synthesis of new proteins is necessary for long-term changes in synaptic plasticity and learning (132–134). In this context, learning and long-term memory formation are improved by enhanced histone acetylation (135), which could be improved by HDAC inhibitors (HDACi). Given the HDAC inhibition property of SCFAs, several animal studies have focused mainly on the use of butyrate to elevate histone acetylation in the brain during a critical phase of memory formation. These studies have reported an enhancement of long-term potentiation (LTP) and contextual fear memory induced by HDAC inhibition (124, 127, 136, 137), pointing out enteric SCFAs as a promising learning and memory modulators. Therefore, the discovery that the microbiota can influence brain physiology has led to a plethora of experiments involving neurological disorders. The central hypothesis is supported by experimental and clinical evidence that the microbiota is altered in such diseases, which aggravates the condition, and/or its modulation might prevent or improve the development and progression of CNS pathologies (17, 19, 29, 33–37). Interestingly, several studies have found that the gut microbiome composition and, consequently, metabolome are altered in many brain disorders (138–142). Despite the knowledge that microbiota-gut-brain communication can theoretically occur through multiple systems (including the autonomic nervous system, enteric nervous system, neuroendocrine system, and immune system), increased evidence supports a potential key role of SCFAs in gut-brain axis signaling, and alterations in this signaling might underpin CNS disturbances ranging from neurodevelopmental disorders to neurodegenerative diseases.


SCFAs and Autism Spectrum Disorder

Characterized by behavioral symptoms including communication deficits, repetitive behaviors, and sensitivity to environmental changes, ASD comprises an array of neurodevelopmental disorders (143). Imbalances in the microbial composition of the gut are present in ASD. Support for this notion originates from animal studies and clinical evidence. However, the role of SCFAs in ASD is still controversial. Recently, Sharon and collaborators showed that microbiota transplantation from human ASD donors into mice could transfer ASD-relevant behavioral deficits (27). Although Sharon and coworkers did not evaluate the alteration in SCFAs, children with ASD have been previously reported to have both lower (144) and higher (33) fecal SCFA levels than controls. Interestingly, Wang and coworkers found similar proportions of specific SCFA and protein fermentation metabolites when comparing children with ASD with controls, even though the groups were controlled for gastrointestinal abnormalities, macronutrients intake and usage of probiotics, prebiotics, and antibiotics (33). However, neither of the previous studies performed a comprehensive evaluation of microbiota ecology.

In line with these findings, the microbiota has been suggested to affect the occurrence and severity of the disease through an increase in propionate-producing bacteria and a decrease in butyrate-producing bacteria (145, 146). The study conducted by Finegold and coworkers also found several pathobionts increased in the stool of ASD affected children such as Proteobacteria and hydrogen sulfide producing Desulfovibrio, raising a question for the causality of microbial metabolites unbalance (145, 146). Further, propionate-induced autism has become a validated animal model to study the disease. Administering high amounts of propionate through subcutaneous, intragastric, intraperitoneal, or intracerebroventricular routes to rodents has been suggested to induce high levels of microglia activation, neurotoxic cytokine production, genetic expression alterations, abnormal hippocampal histology, and abnormal neurobehaviors, such as repetitive actions and impaired social interaction (147). On the other hand, butyrate appears to have a beneficial effect on social and repetitive behavior in the BTBR mouse model, a strain-based ASD-like model (148). Epigenetic changes led to enhanced transcription of inhibitory neurotransmitter pathways in the frontal cortex, especially through HDAC inhibition (148). As described above, improvement of BBB impermeability by butyrate may be another mechanism through which butyrate can revert abnormalities in propionic acid-induced autism-like disorder (143). This evidence points to the importance of balance of a microbiota but also highlights the difficulty in drawing conclusions on the role of SCFAs in ASD and the need for more research in patients with ASD.



SCFAs and Mood Disorders

Despite the complex pathophysiology of mood disorders, several studies have indicated the participation of the gut microbiota in the severity of these diseases. Major depression is one of the most common mood disorders, seriously impairing the quality of life of patients and is one of the leading causes of social disability. Untreated depression is associated with an increased risk of morbidity and mortality, including suicide. Monoamine deficiency (149) and neurogenesis disruption (150) are two predominant theories underpinning depression. Furthermore, it has been shown that inflammation biomarkers are increased among patients with depression, and pro-inflammatory cytokines play an important role in the physiopathology of the disease (150). The importance of the microbiota in depression is supported by findings that the levels of SCFAs are decreased in a naturally occurring non-human primate model of depression (26). In line with these findings, clinical evidence has shown that fecal SCFA concentrations are lower in patients with depression than in controls (35, 151). Moreover, current knowledge shows that butyrate possesses an antidepressant-like effect that reverses behavioral alterations in mouse models, such as low energy (126, 152), anhedonia (153), and cognitive and sociability impairments (154). Therefore, taking into account the anti-inflammatory property of SCFAs, dysbiosis followed by decreased levels of these metabolites could play a role in the inflammation process related to the development of depression.

Studies on chronic psychosocial stress have also shown a possible application for prebiotics (154) and SCFAs (8) in reverting sociability impairment while also reducing stress-induced corticosterone release. Sodium butyrate has been shown to be capable of reversing behavioral hyperactivity (155) and depressive-like and manic-like behaviors in rats (156). There is also evidence for butyrate's antimanic effect on a rat model of bipolar disorder induced by intracerebroventricular administration of ouabain (157). Contrarily, a microbiome study in schizophrenic patients at risk of developing psychosis reported enriched Clostridiales, Prevotella, and Lactobacillus ruminis and predicted increased SCFA production (141). However, the study did not perform direct measurement of the metabolites and further research to confirm whether it is a case of SCFA overproduction or a specific metabolite unbalance is needed.



SCFAs and Alzheimer's Disease

Accumulating evidence has demonstrated that key neuropathological processes underlying AD might also be modulated by SCFAs (25, 34, 158, 159). Characterized by progressive cognitive impairment, AD is the most common form of dementia (160). Given that AD has a complex pathology and that therapies that effectively halt the disease progression are still lacking, recent studies have focused on environmental components and diet-based possible prevention strategies by using transgenic animal models (161, 162). In this context, several studies have established the benefits of a healthy microbiome on slowing AD and the correlation of dysbiosis with disease progression (7, 138, 163). Consistent with this notion, a study by Zhang and coworkers showed that the microbiota composition and diversity were perturbed and the level of SCFAs was reduced in AD mice, predicting alterations in more than 30 metabolic pathways, which may be associated with amyloid deposition and ultrastructural abnormalities in the APP/PS1 mouse model (25).

It is worth noting that SCFAs interfere with protein-protein interactions between amyloid-β peptides (Aβ), thereby disrupting their assembly into neurotoxic oligomers (34), the main toxins responsible for synapse dysfunction and cognitive deficits in AD (164). Given the close relation between gut dysbiosis and brain dysfunction, fecal microbiota transplantation (FMT) has been considered a promising therapeutic approach for the reestablishment of a healthy gut microbial community and has been shown to have beneficial effects on a plethora of diseases, including AD. Supporting this hypothesis, APP/PS1 mice exhibited significantly relieved cognitive deficits, Aβ accumulation, synaptic dysfunction, and neuroinflammation, mainly by the microglia, after FMT from healthy wild-type mice (165). These protective effects may be related to reversal of changes in the gut microbiota and SCFAs.

Oral bacteriotherapy through probiotic administration has become a potential treatment option for neurodegenerative diseases such as AD. Accordingly, the 3xTg mouse model of AD treated with probiotics in the early stage showed a promising reduction of inflammatory cytokines and decreased cognitive decline associated with reduced brain damage and Aβ aggregate accumulation (166). Moreover, other studies have shown beneficial effects of butyrate and probiotic treatment on cognition and memory in a D-galactose model of aging, a condition known to correlate with AD occurrence and progression (137, 167). The model consists of a long term administration of D-galactose, which can readily be metabolized but eventually leads to an overproduction of reactive oxygen species, thus causing genetic and cell damage impairing cognition (137, 168). Finally, through HDAC inhibition, butyrate administration recovered memory function and increased expression of genes implicated in associative learning in the APP/PS1 mouse model of AD (158).



SCFAs and Parkinson's Disease

SCFAs play a controversial role in Parkinson's disease (PD), a synucleinopathy and a multifactorial disorder with strong environmental influence characterized by tremors, muscle rigidity, bradykinesia, and impaired gait (169). Aggregation of the protein α-synuclein (αSyn) is thought to be the main pathogenic event in PD, which primarily affects dopaminergic neurons (169). Most PD patients also present gastrointestinal manifestations due to disturbances of the enteric nervous system. Hence, there has been great interest in the relationship between the gut microbiota and the development of the disease. Accordingly, sequencing of the microbiota of fecal samples from PD patients revealed reduced populations of Bacteroidetes and Prevotellaceae in contrast to increased Enterobacteriaceae and reduced production of SCFAs when compared to matched controls (139). However, the presence of gut microbes is necessary to elicit pathophysiological alterations in a mouse model of αSyn overexpression, because elimination of the gut microbiota with antibiotics ameliorated the condition (169). In contrast, FMT from PD patient donors worsens disease progression suggesting the presence of specific disease-promoting microbes (169). Accordingly, Li and colleagues confirmed that PD patients suffer alterations in the microbiota that correlate with disease progression, as there is a continuous decrease in fiber-degrading bacterial strains and an increase in pathobionts (170). This conversion probably leads to a decrease in SCFA production and an increase in endotoxin and neurotoxin production (170). Supporting this hypothesis, growing evidence has shown that FMT from healthy donors (171) as well as butyrate administration in animal models of PD improves motor impairment and dopamine deficiency (172–175).



SCFAs and Sclerosis

Multiple sclerosis (MS) is a neurodegenerative T-cell-mediated autoimmune disease of the CNS that mainly affects the myelin sheath around motor neurons. Among its etiological factors, the imbalance between pro and anti-inflammatory cells in the immune system seems to play an important role, which is highly affected by the gut microbiota composition and can be aggravated by dysbiosis (104, 176, 177). Given that SCFAs, mainly butyrate, are capable of inducing Treg polarization, modulation of the gut microbiota toward increased production of these metabolites could be an interesting therapeutic approach to MS. In fact, it is noteworthy that oral administration of SCFAs ameliorated the disease severity of experimental autoimmune encephalomyelitis (EAE), an animal model of MS (87, 178). Specifically, acetate supplementation is able to induce increased acetyl-CoA metabolism, which increases histone acetylation, resulting in preserved spinal cord lipid content and essentially preventing the onset of clinical symptoms of EAE (179). Furthermore, treatment with butyrate suppresses demyelination and enhances remyelination through oligodendrocyte maturation and differentiation (180).

Efforts to modify the course of amyotrophic lateral sclerosis (ALS) a disease that affects motor neurons but also involves a stronger genetic basis that leads to the premature death of those cells, has focused on the gut microbiota composition and its circulating metabolites (181). A comparative study conducted in human patients showed an elevated relative abundance of pathobionts compared to bacterial strains related to beneficial metabolism function (142). Another study found that transgenic ALS model mice had worse disease progression when raised under antibiotic treatment or GF conditions and identified several bacterial strains correlated with ameliorated or aggravated disease progression. A small assessment of the human microbiome/metabolite configuration was also conducted for comparison (181).



SCFAs and Metabolic Disorders

Much speculation currently surrounds the possible involvement of the gut microbiota in metabolic disorders such as type 2 diabetes and obesity. Compelling evidence have shown that the composition of the gut microbiota is altered in animal models of obesity and subjects with prediabetes or type 2 diabetes compared with controls (182–186). Despite differences in the identification of specific microbiome features responsible for these effects, a shift in the microbiome composition away from species able to produce butyrate was one consistent finding in type 2 diabetes subjects (187). Further, epidemiological and experimental studies have demonstrated that increased intake of dietary fiber reduces the risk for developing metabolic diseases (188–190), possibly by changing gut microbiome composition and diversity with increased production of SCFAs (187–189).

Animal studies suggest that SCFAs have an important role in the prevention and treatment of obesity-associated insulin resistance (89, 114, 191, 192). Mechanisms involved in the effects of SCFAs, mainly propionate and butyrate, in the brain responsible for controlling metabolic disorders include the activation of FFAR2 and FFAR3 receptors (91). It was shown that activation of these receptors leads to suppression of the activity of orexigenic neurons that express neuropeptide Y in the hypothalamus (89), and the modulation of the signaling mediate by the ghrelin receptor (129), contributing to circadian rhythm and appetite control. Studies in rodents show that the administration of prebiotics that influences a shift in the gut microbiome toward increased production of butyrate has beneficial effects associated with higher levels of GLP-1 (193–195), as well as hypothalamic expression of pro-opiomelanocortin (196), thereby influencing the hunger-satiety cycle. Although limited, some of these results were confirmed in human in vivo studies, as showed that acute rectal infusions of sodium acetate and SCFA mixtures increased circulating concentrations of PYY in individuals who were overweight (197–199).




CONCLUDING REMARKS

The gut microbiota has attracted considerable attention in recent years, putting it in the spotlight of biomedical research. Recent studies have suggested that an intestinal bacteria imbalance plays a role in the development of several disorders. The bidirectional communication that occurs between the microbiota and its mammalian host can be mediated through a variety of mechanisms, and it is clear that the biochemical messengers produced by the microbiota are an important facet of this crosstalk. Convincing evidence exists that SCFAs produced by the intestinal microbiota are involved in gastrointestinal physiology, immune function, host metabolism, and even in development and homeostasis of the CNS.

Although our understanding of microbiota-host interactions has considerably increased over recent years, there is still an unmet requirement for a deeper understanding of the complex microbiota-gut-brain communication. Furthermore, since most studies have been conducted in rodents, one must be cautious when translating the effects of SCFAs on humans. Given that SCFAs can regulate CNS processes through direct and indirect means and ultimately shape behavior and cognitive function, a thorough comprehension of how these metabolites participate in these complex gut-brain interactions may aid in developing novel therapeutic targets for treating CNS disorders. Further, through their effects on the development and maintenance of healthy brain function, these metabolites hold the potential for use as dietary interventions with a range of psychological functions.
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Evidence demonstrates the bidirectional communication and regulation between the neuroendocrine and immune systems. Thyroid hormones play key roles in nervous system development and can exert influence on various immune cells contributing to pathophysiological conditions. Octyl methoxycinnamate (OMC) is one of the most commonly used UV filters, and in vitro and in vivo studies have found thyroid disrupting effects. The present study assessed whether OMC administration in mice dams during the lactational period can cause thyroid disruption and generate immunologic alterations in the offspring. Indirect exposure to the OMC (1,000 mg/kg) in the lactational period affected neurodevelopment parameters, such as delayed eye-opening and weight gain in mice of both sexes, and these alterations are corroborated by the decrease in the T4 levels present in the pups' blood. No significant changes were observed in the thymus of these pups, but the number of lymphocytes increased in the spleen of the animals exposed to OMC, similar to the animals treated with propyl-thiouracil (PTU), a well-known thyroid disruptor. OMC modulated the percentage of leukocyte populations in peripheral blood, and the number of circulating polymorphonuclear cells increased two-fold. In vitro, OMC exhibited an inhibitory effect on splenocyte proliferation and IL-2 production induced by anti-CD3 antibody; however, this effect was reversed with the addition of T4 in the cell culture. In summary, the results of the present study demonstrate the influence of OMC on thyroid dysregulation and its impact on the modulation of the immune system in mice pups.

Keywords: sunscreen, UV filter, thyroid disruptor, hypothyroidism, octyl methoxycinnamate, OMC, immune system


INTRODUCTION

The octyl methoxycinnamate (OMC), also known as octinoxate, is probably the organic ultraviolet (UV) filter used most by the cosmetic industry. UV filters, such as OMC, can be bioaccumulated in organisms due to their high lipophilicity and poor degradability (1–5); therefore, they have become contaminants of emerging concern (5). Studies have previously reported that OMC can penetrate through the epidermis and the dermis, spread through the systemic circulation and can have a systemic action on the body, due to its relatively low molecular weight, and lipophilic character (6). Consequently, OMC has been detected in human bodily fluids such as urine and blood after topical application (7). OMC was reported to induce acute toxicities, and a large number of studies, both in vivo and in vitro, found multiple endocrine disrupting effects in the estrogen receptor (ER), androgen receptor (AR), progesterone receptor (PR), and hypothalamus-pituitary-thyroid (HPT) axis (8–10).

Several UV filters have already been cataloged and reported as a HPT function deregulators, especially when exposed to during the early stages of development (11). These actions can directly affect the gland and/or the corresponding regulatory centers, such as the hypothalamus and the pituitary, affecting the levels of thyrotropin releasing hormone (TRH) and/or thyroid-stimulating hormone (TSH), which are directly related to the synthesis of thyroid hormones. Most studies have focused on the estrogenic and anti-androgenic effects of OMC in wild and lab animals (12–14); however only a few studies focused on the influence of OMC upon the HPT function (15–17).

Several studies have demonstrated the importance of thyroid hormones in ontogenesis, acting on embryonic and fetal tissues, via active transport of maternal thyroid hormone across the placenta to ensure normal development, until the fetal thyroid gland reaches maturity (18). Thyroid hormones are an important coordinators of embryonic and early postnatal development, conducing the metabolism, thermogenesis, the stimulation of growth and the development of various tissues; thus, abnormalities of thyroid hormone levels in infancy and childhood may result in dysfunctional effects in adults. Alterations of the thyroid function can also affect the immune system. Most studies assessing the interrelationship between thyroid and immune system are based on pathophysiological models where the immune system is already altered, such as autoimmune thyroid diseases (e.g., hyperthyroidism—Grave's Disease and hypothyroidism—Hashimoto's thyroiditis) (19). Different studies have generally shown that hyperthyroidism increases the immune response, antibody production, cell proliferation and migration, reactive oxygen species production, and downmodulation of proinflammatory markers (20–22). On the other hand, cases of hypothyroidism produce antagonistic effects on parameters of the immune function; such as decreased immune response, lower antibody production, and perturbed migratory and proliferative capacity of immune cells (23, 24).

The sensitivity of immune system to thyroid disruptor compounds is poorly explored in the neonatal period, added to the fact that the effects of chemicals may be different when administered to adults and neonates; therefore, the present study assessed whether OMC administration in mice dams during the lactational period can cause thyroid disruption and generate immunologic alterations in the offspring.



MATERIALS AND METHODS


Materials

Phosphate buffered saline (PBS), ethylenedyaminetetracetic sodium salt (EDTA), HEPES, bovine serum albumin (BSA), RPMI 1640 and Hank's balanced salt solution (HBSS) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The 6-propyl-2-thiouracil (PTU) and 2-ethylhexyl-4-methoxycinnamate (Octyl Methoxycinnamate—OMC) were purchased from Sigma-Aldrich (St. Louis, MO, USA). IgG anti-murine CD3 (clone 145-2C11), APC-conjugated hamster IgG anti-murine CD3, PE-conjugated hamster IgG anti-murine CD8, and FITC-conjugated rat IgG anti-murine CD4 were all obtained from EXBIO Praha (Vestec, Czech Republic). Fetal bovine serum was obtained from Hyclone (Logan, UT, USA). Carboxyfluorescein diacetate-succinimidyl ester (CFSE) was obtained from Invitrogen (Carlsbad, CA, USA). Cell Proliferation Kit I (MTT) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Thyroxine (T4) AccuBind® kit was purchased from Monobind Inc. (Lake Forest, CA, USA).



Mouse Line and Animal Care

The Swiss Webster mice used in this study were provided by the Oswaldo Cruz Foundation breeding unit (Rio de Janeiro, Brazil). The animals were kept under standard laboratory conditions, with free access to food and fresh water in a room with the temperature ranging from 22 to 24°C and a 12 h light/dark cycle. The animals were housed at the INCQS experimental animal facility unit until use. After a 3-days cohabitation period, females were removed from the male's cage, and housed individually. Starting on gestational day 15, the cages were daily checked for deliveries. On post-natal day (PN) 1, pups were sexed and allocated into experimental groups. Twenty-four hours after birth pups were divided into two groups (i.e., 4 males and 4 females). Pups were kept with theirs respective mothers inside individual standard plastic cages with stainless steel coverlids and pinewood shavings as bedding. All experimental procedures were performed according to The Committee on Ethical Use of Laboratory Animals of the Fundação Oswaldo Cruz (FIOCRUZ, Brazil; license LW-30/14).



Post-natal Development, Weight Gain, and Weaning

To evaluate the subacute toxicity of the OMC during the lactation period and to define the dose to be used in subsequent trials, lactating female mice were exposed to different doses of OMC (250, 500, or 1,000 mg/Kg/day), PTU—a known thyrotoxic compound (4 mg/Kg/day) or corn oil (vehicle) by gavage for 22 days (9). One day after birth, the offspring was randomized again into three experimental groups designating one couple/group. The lactating female mice received OMC, PTU or corn oil (vehicle) during the lactational period (PN1 to PN22) daily at 10 a.m. by gavage. To investigate the influence of OMC on their development, pups were observed from PN1 to PN16 to evaluate developmental parameters such as the eruption of the incisors, hair growth and opening of eyes (exact day). On PN23 the Swiss Webster pups, as well as lactating female mice, were euthanized and organs such as thymus and spleen were carefully collected, weighed and processed for cell count and flow cytometry analysis. The peripheral blood from these animals was also collected for leukocyte count and hormone dosage.



Measurement of Total T4 Hormone Serum Levels

Total T4 was determined in mouse serum by enzyme immunosorbent assay (EIA) Thyroxine (T4) AccuBind® kit following the instructions of the manufacturer (Monobind Inc., Lake Forest, CA, USA). Absorbance was read at 450 nm using a Spectramax M5 microplate reader (Molecular Devices, Sunnyvale, CA, USA).



Cell Counts

Total cell counts from the thymus, spleen and peripheral blood were conducted using a Neubauer chamber, under an optical microscope, after dilution in Turk fluid (2% acetic acid). The thymus and spleen cell counts are reported as the number of cells per gram of tissue. The peripheral blood counts are expressed as cells per milliliter.



MTT-Based Proliferation Assay

The splenocyte proliferation was measured by the Cell Proliferation Kit I (MTT) of Sigma-Aldrich (St. Louis, MO, USA) according to the manufacturer's protocol. Splenocytes, recovered from 3 week old male Swiss mice, were treated for 1 h with different concentrations of OMC (1–200 μg/mL) or vehicle; and subsequently cultured in the anti-CD3 mAb-coated wells at a concentration of 105 cells/well in RPMI 1640 medium supplemented with 10% FBS (at 5% CO2 and 37°C). After 72 h, the cells were incubated with the MTT solution for another 4 h. The water insoluble formazan dye was solubilized before the measurement of absorbance using a Spectramax M5 multiwell spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). The absorbance was read at 550 nm (25).



CFSE-Based Proliferation Assay

Splenocytes, recovered from 3 week old male Swiss mice, were labeled with the cell proliferation dye carboxyfluorescein diacetate succinimidyl ester (CFSE) kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol and stimulated for 72 h with anti-CD3 antibody after treatment for 1 h with OMC, T4 (10−5 M), OMC plus T4, or vehicle. Proliferation was assessed by the percentage of CFSE+ high cells (0 h) compared to CFSE+ low cells (72 h) as analyzed by CyFlow Space flow cytometer (Partec GmbH—a Sysmex Company, Münster, Germany) (26).



Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of IL-2 in the supernatants from the proliferation assay were evaluated by sandwich ELISA using matched antibody pairs (Quantikine, R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. The results are expressed as nanograms per milliliter (ng/mL) (26).



Statistical Analysis

All data distributions were used to check normality by Kolmogorov-Smirnov test. In this case, a value of p > 0.1 suggests normal distribution. For the data with normal distribution, mean and standard error of the mean (SEM) were calculated. The treatment groups were compared by Student's t-test for independent samples. For the evaluation of weight gain, we used ANOVAr (ANOVA repeated measure), with sex and group like between-subject factors. For data with free distribution, proper statistical analyses were performed for each type of data. The variables: ear detachment, hair growth, eruption of the incisors, and opening of eyes were analyzed by Chi-Square test. For all tests, a value of p < 0.05 was considered as statistically significant. The statistical analyses were created using Graph Pad Prism Program 3 version 2.01 and SPSS Program version 15.0 for Windows.




RESULTS

Lactating pups fed by females exposed to 1,000 mg/Kg/day of OMC showed a significant reduction in weight gain and a delay in eye opening compared to the vehicle group (Figures 1A,B and Table 1). These data were in agreement with results obtained by our group in rats (unpublished data), where the direct exposition to OMC interfered in diverse developmental parameters in pups, wich were linked to a decrease of thyroid activity. To test whether the observed alterations in the offspring could have any correlation with thyroid disruption, the plasma T4 levels of pups and dams were evaluated.
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FIGURE 1. Weight gain and measurement of total T4 hormone in animals exposed to PTU or OMC. Weight gain of (A) male and (B) female pups following exposure of lactating female mice to different concentrations of OMC. (C) Total T4 hormone serum levels in pups and (D) lactating female mice on PN23. (A) (N = 17); (B) (N = 17); (C) (N = 13); (D) (N = 13); *Significant difference between exposed groups and Control (p < 0.05). Error bars correspond to ± SEM.



Table 1. Parameters of development of pups exposed to PTU or OMC in postnatal period.
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The results showed that dams from PTU (4 mg/Kg/day) and OMC (1,000 mg/Kg/day) groups as well as pups from both groups (PTU and OMC) have significantly decreased total T4 levels when measured on PN23 (Figures 1C,D). The reduction of T4 levels in the offspring was similar in the PTU and OMC group (Figure 1C).

No alteration was found in the thymus for relative weight (data not shown), the relative number of thymocytes, as well as changes in thymocyte subpopulations—double-negative (DN), double-positive (DP), CD4+ cells, and CD8+ cells (Figures 2A,B). On the other hand, the relative spleen weight (data not shown) and the relative number of splenocytes of the OMC and PTU groups significantly increased (Figure 2C). When we analyzed the numbers of B and T lymphocytes in pups' spleen, only the group exposed to PTU presented a significantly increased number of B lymphocytes (Figure 2D); however, both OMC and PTU pups presented an increased, but not statistically significant, number of T lymphocytes compared to the control group (Figure 2E). Hematological examination showed an increased level of total leukocytes counts in the PTU group, with no alteration in the OMC group compared to control (Figure 2F). The number of mononuclear cells in the PTU group increased by 1.37-fold, but no difference was observed between the OMC and control group (Figure 2G). Furthermore, a significant increase occurred in the number of polymorphonuclear (PMN) cells in the groups exposed to PTU (1.86-fold increase) and OMC (1.81-fold increase) over the control group (Figure 2H).
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FIGURE 2. Analysis of thymus, spleen and peripheral blood of animals exposed to PTU or OMC. (A) The number of total thymocytes and (B) flow cytometry analysis of subpopulations from pups on PN23 exposed to PTU or OMC 1,000 mg/kg. (C) The number of total splenocytes, (D) B lymphocytes, and (E) T lymphocytes from the spleen of pups on PN23 exposed to PTU or OMC 1,000 mg/kg. *Significant difference between exposed groups and Control (p < 0.05). (F) Total leukocytes and subpopulation counts of (G) mononuclear cells and (H) polymorphonuclear cells of pups on PN23 exposed to PTU or OMC 1,000 mg/kg. (A) (N = 26); (B) (N = 25); (C) (N = 25); (D) (N = 7); (E) (N = 7); (F) (N = 26); (G) (N = 25); (H) (N = 25); *Significant difference between exposed groups and Control (p < 0.05). Error bars correspond to ± SEM.


Since thyroid hormones may have a direct action on T lymphocytes (27) and considering the ability of the OMC to molecularly modulate the thyroid hormone receptor, we evaluated the in vitro effect of OMC on splenocyte activation and proliferation. As observed in Figure 3A, OMC, in concentrations ranging from 10 to 200 μg/mL, inhibited anti-CD3 induced splenocyte proliferation. To investigate whether T4 addition could block the inhibitory OMC-induced effect, splenocytes were incubated with a medium containing OMC plus T4 and then stimulated to proliferate. The incubation of splenocytes with OMC impaired cell proliferative response induced by anti-CD3 stimulation within 72 h; however, when T4 was added, the proliferative capacity of the cells increased (Figure 3B). Since interleukin (IL)-2 is a critical T-cell growth factor, we evaluated the presence of this cytokine in the supernatant from the splenocytes of the proliferation assay. The treatment of cells with OMC reduced IL-2 production and this effect was reversed when T4 was added (Figure 3C), which is in accordance with the cell proliferation data (Figure 3B). Our results indicate that the addition of T4 was able to reverse the inhibitory effect caused by the OMC.


[image: Figure 3]
FIGURE 3. Effect of OMC on splenocyte proliferation. (A) Effect of different concentrations of OMC on splenocyte proliferation after anti-CD3 stimulation for 72 h. +Significant difference between anti-CD3 stimulated group and non-stimulated (p < 0.05). *Significant difference between OMC treated group and anti-CD3 stimulated non-treated group (p < 0.05). (B) Effect of OMC treatment and T4 supplementation on splenocyte proliferation after anti-CD3 stimulation for 72 h. +Significant difference between anti-CD3 stimulated group and non-stimulated (p < 0.05). #Significant difference between OMC treated group and anti-CD3 stimulated non-treated group (p < 0.05). *Significant difference between OMC treated group and OMC treated and T4 supplemented group (p < 0.05). Error bars correspond to ±SEM. (C) Effect of OMC treatment and T4 supplementation on IL-2 production after anti-CD3 stimulation for 72 h. +Significant difference between anti-CD3 stimulated group and non-stimulated (p < 0.05); #Significant difference between OMC treated group and anti-CD3 stimulated non-treated group (p < 0.05); *Significant difference between OMC treated group and OMC treated and T4 supplemented group (p < 0.05); ns, not significant. Error bars correspond to ±SEM.




DISCUSSION

Our results provide new information on the influence of the OMC on hypothyroxinemia generation and its implications on the immune system in rodents after the lactation phase.

For thyroid hormone support during lactation, the important role of breastfeeding for the passage of T4 through milk is already known (28). The levels of T4 secretion are found to be higher in lactating rats than after weaning (29). Lactating mice pups whose mothers received dietary thyroxine supplementation had higher serum T4 levels than those without this diet, and this supplementation was responsible for restoring the brain myelination process of the litter (30). Just as thyroid hormones can pass through milk, some authors have also found the presence of the UV filter OMC in breast milk (31, 32), and this has raised concern given its ability to modulate hormones. The data presented here corroborate the findings of several authors in wich OMC led to a hypothyroxinemia condition (15, 17, 32, 33). In our study, the lactating females treated with the OMC had lower T4 levels, which could transfer less T4 to their pups. However, since OMC is an inhibitor of thyroid function in the mother, it could act with the same mechanisms in the pups. The amount of T4 transferred through the milk might not be sufficient to influence T4 serum levels in the pups. It was not possible to determine whether the reduction in puppies T4 levels was due to the lower T4 intake from the mothers, or a direct effect of OMC being passed through the milk and affecting the pups' thyroid or both in a synergistic effect. In any case, the deregulation of thyroid hormones in offspring led to developmental changes similar to those observed by other authors, such as lower body weight gain in animals (9, 34). Moreover, our data indicates that OMC induced an increase in eye-opening time and was similar to results from our group using an experimental rat model (unpublished data). This developmental change in eye-opening time correlates with the formation of the central nervous system. On the other hand, even with a reduction in T4 levels, animals exposed to PTU did not have significant changes in the evaluated developmental parameters. However, even without noticeable developmental changes due to the generated hypothyroxinemia, the PTU group presented other changes that were similar to the animals exposed to the OMC, such as alterations in splenocyte counts and in subpopulations of circulating leukocytes. Another factor that may have to do with the lack of clear signs of developmental change in PTU-treated animals may be the dose used in our study. Mallela et al. (35) administrated different doses of PTU (10–100 mg/kg/day) in pregnant rats and mice. Individual fetuses did not have gross malformations from PTU treatment. Fetuses from rats presented body weights lower in the 100 mg/kg PTU treated group compared to the control group, and weights with lower PTU doses were not significantly different than the control group. In mice, PTU had no adverse effects, such as on placental weight, litter size, resorption rates, or body weights of fetuses after maternal treatment. In addition, histopathological evaluations of mice fetuses did not reveal any significant abnormalities with PTU treatment. In this sense, the lower PTU dose that we used (4 mg/kg/day) was able to induce hypothyroxinemia and correlate with the developmental findings of the study in mice by Mallela et al. (35).

Several neurodevelopmental phenomena are influenced by thyroid hormones, such as axonal and dendritic growth, migration, synaptogenesis, neural survival, oligodendrocyte proliferation and myelinization, as well as synaptic efficacy (36). Several studies have observed that hypothyroidism induced by PTU could significantly compromise rodents in memory and learning tests (37–39); moreover, changes in motor skills and learning related to the effect of the OMC have been described by Axelstad et al. (9).

Experimental and clinical evidence suggests the bidirectional interactions between the neuroendocrine system and the thymus, especially the thymus hormone activity appears to be strongly modulated by thyroid hormone signals (40, 41). Hyperthyroidism increases numbers of thymocytes, leading to thymic hyperplasia in humans, and mice exogenously injected with triiodothyronine have an increase in thymocyte proliferation and volume of the thymus (42, 43). In our study, no changes were found in total numbers of thymocytes or subpopulations of DP, DN, CD4+ and CD8+ T cells. The differences found in our results from other data in the literature could be associated with two factors, indirect exposure to endocrine disruptors through mothers and the fact that animals are in the neonatal phase. The neonatal period can generate different response pattern from those observed in adult mice. The pups from the group exposed to the OMC presented a higher number of splenocytes in contrast to unaltered number of circulating mononuclear cells in peripheral blood. The increase in splenocyte number also seems to occur with the PTU group, although this group exhibited a considerable leukocyte increase in all cell populations in the peripheral blood. Both cases of hypothyroxinemia generated by OMC or PTU did not present a reduction in leukocytes compared to the control group. Some studies found that rats and chickens with induced hypothyroidism exhibit a reduction in the number of peripheral blood lymphocytes and low responsiveness to mitogenic stimuli (44, 45). The main difference from these studies to ours is that they were performed in adult animals, and our model evaluated the neonatal period, which can lead to a difference in sensitivity and in some generated effects.

In clinical cases of hypothyroidism, PMNs have low migratory capacity when compared to healthy individuals (46); however, individuals with hyperthyroidism present PMN migratory activity similar to normal (47). A curious result was the increased number of circulating PMN cells in both PTU and OMC groups. The increased number of PMNs in the PTU group seems to be associated with a generalized increase in total leukocytes. On the other hand, the OMC group presented higher numbers of circulating PMN, with an imbalance between mononuclear and PMN cells compared to control animals. This increase in the number of circulating PMNs may be due to the accumulation of mononuclear cells in the lymphoid organs (as observed in the spleen) or a compensatory mechanism of the innate immune system to the detriment of a possible low functional activity of lymphocytes affected by low levels of T4 and/or a toxic effect of the OMC.

Some authors have already pointed to a positive correlation between hypothyroxinemia and a decrease in humoral and cell-mediated immune responses (45, 48). Our results indicate that the OMC has a direct dose-dependent blocking effect on the proliferative capacity of T lymphocytes. Curiously, T4 treatment was able to reverse the blocking effect of OMC on lymphocyte proliferation in vitro, suggesting that the OMC somewhat perturbs the ability of T lymphocyte activation and proliferation directly rather than by indirect mechanism via interactions between the endocrine and immune systems. Lymphocytes express thyroid receptors, produce TSH, and have enzymes for converting T4 to triiodothyronine (49–52), moreover, studies have shown that thyroid hormones modulate in an autocrine/paracrine mechanism the expression of soluble interleukin-2 receptor (sIL-2R), a marker of T lymphocyte activation (53, 54). Corroborating these data, Klecha et al. demonstrated after antigen challenge that IL-2 and interferon (IFN)-γ release increased in lymphocytes from hyperthyroid mice, while decreasing in cells from hypothyroid animals compared to control (24). We showed that diminished IL-2 production was closely related to inhibited proliferation in OMC-treated splenocytes, and the addition of T4 was able to rescue the cells from an anergic state, allowing IL-2 synthesis and proliferation. The addition of T4 alone without anti-CD3 stimulation failed to induce IL-2 synthesis and cell proliferation. Similar results were observed by Barreiro Arcos et al. (27), where thyroid hormones did not induce cell proliferation in resting T lymphocytes, but promotes cell proliferation in mitogen-stimulated T lymphocytes in a dose-dependent manner.

Surprisingly, our data show that T4 did not alter the proliferation of splenocytes stimulated with anti-CD3 antibody, unlike findings that demonstrated that T4 stimulates mitogen/antigen-induced proliferation of murine T cells (27, 55). We observed a subtle and non-significant increase in the anti-CD3 plus T4 stimulated group compared to the anti-CD3 group (58.9 + 1.8 vs. 53.1 + 1.1%), similarly, IL-2 production data correlate with these findings. The difference among our results and the findings of other groups may be linked to the proliferative stimuli used as well as the mouse strain/cell origin adopted in the studies. Both Barreiro Arcos and Varedi (27, 55) used the BALB/c inbreed strain, while we used the Swiss webster outbreed strain. This difference may imply the proliferative response pattern of the cells analyzed. Another difference was the proliferative stimulus used by us, the anti-CD3 monoclonal antibody, in contrast to the use of Concanavalin A (ConA) (27) and inactivated vírus HSV-1 (55). Anti-CD3 is specific for T lymphocyte stimulation, whereas ConA stimulates indistinctly different kinds of cells, besides, ConA and anti-CD3 have been shown to require activated differential pathways for calcium influx (56). Interestingly, Varedi et al. (55) demonstrated that the presence of T4 was ineffective to significant increase the antigen-induced proliferation of the cells from hyperthyroid animals. Also, the effect on the response to the ConA stimulus was similar to the inactivated vírus HSV-1 (55). Our results showed that the in vitro presence of T4 potentiated small increase in cell proliferation and IL-2 production, a similar effect was observed on splenocytes from hyperthyroid mice (55), however, in both cases, the potentiation was not significant.

Many of the immunologic effects of hypothyroidism can be reversed by administering thyroid hormones (40, 57). Data reported by other investigators demonstrated that in vitro T4 treatment or alterations in the normal state of the thyroid gland impacted the proliferative and cytokines production of lymphocytes (22, 25–27). Treatment of murine lymphocytes in vitro with T4 has been shown to increase the proliferative response to mitogens (27, 55). Klecha et al. (24) achieved similar results by reversing the inhibitory effect of PTU on lymphocyte proliferation following triiodothyronine treatment; nevertheless, the question remains whether the effects generated by the OMC in vivo can be reversed by treatment with thyroid hormones. At the same time, some contradictory results demonstrate that the thyroid hormones can have a negative influence on the immune response. Rats with induced hyperthyroidism presented a decrease in the peripheral blood helper/suppressor T cell ratio, while in thyroidectomized rats, this ratio increased, suggesting that thyroid hormones suppress the immune system and that thyroid hormone deficiency is associated with an increase of T lymphocyte activation (48).

In summary, this paper studied the effects of OMC using the non-autoimmune hypothyroidism model to better understand of the role of the thyroid on immune system homeostasis. Our results indicate that the OMC can act directly on lymphocyte functions; however, T4 supplementation could revive these functions. Our future research will functionally assess the in vitro and in vivo status of these different cell populations in the immune system in animals exposed to the OMC. The effects of OMC on innate and acquired immunity must be better understood.
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Microtubule-associated protein tau assists in stabilizing microtubules and has been particularly implicated in Alzheimer's disease (AD). Given the importance of tau to AD pathogenesis and therapies, it is important to understand non-classic physiological functions for this protein inside and outside the central nervous system (CNS). Our group has previously shown that tau ablation triggers glucose intolerance and pancreatic dysfunction in mice, suggesting that tau plays a role in peripheral metabolic regulation. Little is known about the role of tau in anxiety. Moreover, inconsistent results have been generated regarding the effects of tau deletion in memory. Here, we characterize systemic insulin resistance, anxiety-related behavior and memory in 15 to 20 weeks old Wild-Type (WT), Tau knockout (TauKO) and a distinct hTau mouse model consisting of tau knockout expressing the longest isoform (2N4R) of a non-mutant WT human Tau protein under the prion promoter (hTau). Our findings demonstrate that tau deletion leads to anxiety-related behavior, impaired contextual and cued fear memory. The presence of a human Tau transgene did not ameliorate the phenotypes observed in animals lacking the mouse tau protein and it elicited impairments in learning, memory, and peripheral insulin sensitivity. Our results suggest that tau protein plays a role in memory and anxiety-related behavior. Our findings also indicate that previously unrecognized functions for tau protein may be a complicating factor in using animal models on the TauKO background. Understanding the link between tau pathophysiology and cognitive and metabolic alterations is of great importance to establish the complete contribution of tau protein to AD pathogenesis.

Keywords: Alzheimer's disease, MAPT, Tau protein, insulin, anxiety, metabolism, memory


INTRODUCTION

Tau is a microtubule-associated protein abundant in the Central Nervous System (CNS) with its most well-characterized biological function being microtubules polymerization (1, 2). Hyperphosphorylated tau is the main component of Neurofibrillary tangles (NFT) in Alzheimer‘s Disease (AD) brains (3). In AD, the six Braak stages of the pathology are based on the sequential appearance of NFT in the brain in a hierarchical pattern that correlates with disease severity (4, 5). Tau pathology in the form of NFT correlates with memory loss in normal aging and mild cognitive impairment (MCI) (6, 7). Soluble tau oligomer species isolated from AD patient brains have been implicated in memory impairment, synaptic dysfunction and disease propagation (8–10).

A predominant hypothesis in the AD field is that tau hyperphosphorylation, oligomerization, misfolding, and aggregation into tangles impair synaptic plasticity and contribute to neurodegeneration. These events are probably a result of combined tau gain of toxic function and loss of key physiological function (11, 12). Elucidating unrecognized physiological functions for tau protein is important to better understand the role of this protein in diseases.

The neuropathological spectrum of AD is complex and neuropsychiatric symptoms, particularly depression-related and anxiety, are both reported in patients and considered predictors of disease progression (13–15). Similarly, metabolic alterations are a risk factor and a feature of the AD pathogenesis (16–19). Our group and others have shown that tau ablation triggers glucose intolerance, brain insulin resistance and pancreatic dysfunction in mice, suggesting a physiological role for tau protein in metabolic regulation (20, 21). The effects of tau ablation in mood-related behavior remains to be better elucidated and thus far, inconsistent results have been generated (22–29). Here, we complement our previous metabolic findings on TauKO mouse by investigating the impact of tau loss of function on systemic insulin sensitivity, anxiety-related behavior and memory. We investigate tau gain of toxic function by analyzing the same parameters in a murine Tau knockout mouse expressing the longest isoform of a non-mutant wild type human Tau protein under the prion promoter (hTau).

Our findings show that in the absence of tau, mice develop anxiety-related behavior and memory impairment. Moreover, the insertion of a wild type human tau transgene in TauKO triggered systemic insulin resistance, aggravated memory impairment and did not rescue anxiety phenotype. Notably, hTau present AD-relevant phosphorylation of tau protein and tau oligomers in the neocortex, hippocampus and hypothalamus, when compared to wild type (WT) and TauKO animals.



METHODS


Animal Care

All experiments were approved by the Animal Care Committee at the University of Toronto. TauKO (B6.129X1-Mapttm1Hnd/J) were purchased from Jackson Labs and have been previously described (30). Mice expressing the longest isoform of the microtubule-associated protein tau (MAPT) gene (2N4R) under the control of cos-tet prion promoter were developed using the same technology as previous described (31). Human Tau expressing mice were crossed with TauKO resulting in hTau/TauKO animals on the C57BL/6 background. C57BL/6 mice are referred to as WT and hTau/TauKO as hTau. TauKO and hTau animals were littermates. Male mice were 15 weeks old at the beginning of the experiments. Euthanasia and tissue collection were performed when animals completed 20 weeks of age.



Behavioral Analysis

To evaluate anxiety-like behavior and memory, WT, TauKO, and hTau mice were tested for the Open field, Elevated zero maze, Forced swim, Tail suspension, Fear conditioning, Novel object recognition, and Barnes maze behavior tests. Animals were habituated to the testing room at least 1 h prior to testing. The experimenter was blinded to the genotype of the animals for all behavioral studies. All tests were performed between 9:00 and 16:00 in the lights-on cycle. Behavioral effects for each test were observed in at least two independent experiments.


Open Field Test

Open field experiments were carried out in an open field arena measuring 0.3 (w) × 0.3 (d) × 0.45 (h) m and divided into nine squares equal in size as previously described (32, 33). During behavioral sessions, each animal was placed at the center of the open field apparatus in which they were allowed to freely explore the empty arena for a 5-min-long session. The time spent exploring the center vs. the periphery of the arena was recorded by a video camera. Total distance traveled and average speed were evaluated to verify possible effects on locomotor exploratory activities.



Elevated Zero Maze

The elevated zero maze apparatus consists of an annular platform divided into four equal quadrants: Two opposite enclosed and two opposite opened, as previously described (34). In this study, we used a 50 cm in diameter platform elevated 50 cm above the floor. As previously described (35), during behavioral sessions, each animal was placed on one open arm, facing one of the closed arms of the maze, and was then allowed to freely explore the arena for 5 min. The time spent exploring the closed vs. open arms of the apparatus was recorded by a trained researcher blinded to the genotypes.



Forced Swim Test

As previously described (36, 37), one day before the test day, each animal was placed in a 2 L Pyrex glass beaker containing 1,6 L of water at 24 ± 1°C and allowed to freely swim for 15 min. After the 15 min period, the animals were returned to their home cages. On the test day, each mouse was placed individually in a 2 L Pyrex glass beaker containing 1,6 L of water at 24 ± 1°C, for 6 min. A trained researcher blinded to the genotypes recorded immobility time using a stopwatch. The last 4 min of immobility time are plotted in the result graphs. The water was changed between each animal‘s session.



Tail Suspension Test

As previously described (38, 39), each animal was suspended from a tape on the tail for 6 min and the immobility time was recorded by a trained researcher blinded to the genotypes.



Fear Conditioning

As previously described (40), mice were trained and tested in chambers on three consecutive days in the cued and contextual fear conditioning paradigm. On Day 1, mice were placed into Context A for a total of 180 s. A tone started at the 60th second and lasted for 90 seconds. A 2 s 0.6 mA foot shock was delivered at 88 and 148th s. On Day 2, mice were placed into Context A and were allowed to explore for 300 s without the tone. Freezing was defined as the absence of movement except that which is required for respiration. On Day 3, mice were placed into Context B and were allowed to explore for 300 s. The tone started at the 120th s and lasted for 180 s. Fear memory for the context (contextual memory) or the tone (cued memory) was obtained by calculating the percentage of freezing on day 2 or 3, respectively. Freezing behavior was recorded by measuring beam breaks in 1 s intervals and analyzed using Freeze Monitor (San Diego Instruments). In our analysis, we set a threshold of two beam breaks to be considered as movement.



Novel Object Recognition Test

As previously described (41, 42), object recognition experiments were carried out in an open field arena measuring 0.3 (w) × 0.3 (d) × 0.45 (h) m3. Test objects were made of plastic and had different shapes, colors, sizes and textures. During behavioral sessions, objects were fixed with tape to the floor so that the animals could not move it. None of the objects used in our experiments evoked innate preference. Before training, each animal was submitted to a 5-min-long habituation session, in which they were allowed to freely explore the empty arena. Training consisted of a 5-min-long session during which animals were placed at the center of the arena in the presence of two objects. The time spent exploring each object was recorded by a trained researcher. Sniffing and touching the object were considered as exploratory behavior. The arena and objects were cleaned thoroughly between trials with 50% alcohol (vol/vol) to ensure minimal olfactory cues. One hour after training, animals were reinserted into the arena for the test session, when one of the two objects used in the training session was replaced by a new one. The time exploring familiar and novel objects were measured. Results were expressed as percentage of time exploring each object during the training or test sessions.



Barnes Maze

As previously described (43), the Barnes Maze paradigm consists of an elevated and circular platform with 18 equally spaced holes. Under one of the holes, named ‘target‘, a small dark recessed chamber was positioned which the animals could access to escape from the platform. Bright light was used as the aversive stimuli. Visual cues were placed surrounding the maze. Learning, short and long-term memory retention were evaluated. The test consisted of: i. Adaptation period: The animals were placed in the middle of the maze in a cylindrical black chamber for 10 s and then were gently guided to the target hole with the aversive stimuli on. Once the animals reached the target hole, the aversive stimuli were turned off and the animals were kept inside the escape box for 2 min. ii. Spatial acquisition: The animals were placed in the middle of the maze in a cylindrical black chamber for 10 s and then were allowed to freely explore the maze for 3 min with the aversive stimulus on. Primary errors, total errors, primary latency, total latency, were measured by the experimenter. When the animal reached the target hole or when 3 min had elapsed, the mouse was allowed to stay in the target box for 1 min. Animals received 4 trials per day for 4 days, with an inter-trial interval of 15 min. iii. Probe day (short- and long-term memory retention): On day 5 and on day 12, 24 h and 8 days after the last training day, respectively, the probe trials were conducted. The target hole was closed, and the animals were allowed to explore the maze for 90 s. Number of pokes (errors) and latency to reach the virtually target hole, were measured.




Immunoblot Analyses

Mice were euthanatized and the neocortex, hippocampus and hypothalamus were rapidly dissected and frozen in dry ice. For total protein extraction, samples were homogenized in RIPA lysis buffer containing protease and phosphatase inhibitors. Protein concentration was determined using the Pierce BCA Protein Assay Kit. Aliquots containing 20 ug of protein were resolved in 4–20% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad) and were eletrotransferred to nitrocellulose membranes for 90 min at 100 V. Blots were blocked for 1 h with 10% skim milk in TBS-T at room temperature and were incubated overnight at 4C with primary antibodies diluted in TBS-T. 10 uL of molecular weight markers were run in one lane in every gel (Precision Plus Protein Kaleidoscope, Bio-Rad). The primary antibodies used were the rabbit polyclonal anti-Tau AB0024 (1:100000; DAKO), rabbit polyclonal anti-Tau oligomer T22 (1:100000; Millipore), rabbit polyclonal anti-TauSer199Ser202 (1:1000; ThermoFisher) and mouse monoclonal anti-beta Actin (1:10000; Abcam). After incubation with primary antibodies, membranes were incubated with horseradish peroxidase-conjugated secondary antibody (anti-mouse or anti-rabbit; 1:5000) diluted in TBS-T at room temperature for 2 h. Chemiluminescence was detected using ECL substrate (Amersham) for 5 min and imaged using Azure Biosystems.



Insulin and Leptin Enzyme-Linked Immunosorbent Assay (ELISA)

After 4 h fast, blood was collected in EDTA-coated microvettes (Sarstedt) from tail vein and plasma was isolated. Insulin levels from brain lysates (neocortex, hippocampus, and hypothalamus) and plasma were measured using ultrasensitive insulin ELISA (ALPCO Diagnostics). Leptin levels were measured using a Mouse Leptin ELISA Kit (Crystal Chem).



Insulin Tolerance Test

Following 4 h fast, insulin (1 IU/kg body weight) was injected intraperitoneally and plasma glucose was measured at 0, 15, 30, and 60 from tail vein blood using a glucometer.



Statistical Analysis

Values are expressed as means +/– SEM. Significance was determined using Student's t-test or one-way ANOVA followed by Holm-Sidak post-hoc test. All analyses were performed with GraphPad Prism6® (GraphPad Software).




RESULTS


Peripheral Insulin Sensitivity and Brain Insulin Levels of TauKO and hTau Mice

Tau ablation in mice leads to pancreatic beta cell dysfunction and glucose intolerance (20, 21). In agreement with our previous study (21), here we show that Tau deletion does not affect systemic insulin sensitivity in 20 weeks old mice. WT and TauKO did not show differences in the percentage of blood glucose reduction after intraperitoneal injection of insulin during the Insulin Tolerance Test (ITT) (Figures 1A,B). Fasting plasma insulin levels (Figure 1C) and HOMA-IR index (Figure 1D) also did not differ between WT and TauKO mice. Surprisingly, the insertion of a transgene that encodes the longest isoform of human Tau (2N4R) triggered insulin resistance in TauKO animals. hTau mice displayed insulin resistance in the ITT (Figures 1A,B), increased fasting plasma insulin levels (Figure 1C) and higher HOMA-IR index (Figure 1D) when compared to WT and TauKO.
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FIGURE 1. Peripheral insulin sensitivity and brain insulin levels of TauKO and hTau mice. (A) Insulin Tolerance Test (ITT) with 20 weeks old WT, TauKO, or hTau mice. After 4 h fasting, mice received 1U/kg of intraperitoneal insulin and blood glucose levels were measured at the designated time points from tail vein blood (n = 11 WT; 13 TauKO; 9 hTau). (B) Bar graphs representing the kinetic constants for glucose disappearance (Kitt) calculated from the time course plot (n = 11 WT; 13 TauKO; 9 hTau). (C) Plasma insulin levels after fasting measured by ELISA (n = 8 WT; 7 TauKO; 3 hTau). (D) HOMA-IR calculated from glucose (mMol/L) and insulin (mU/L) levels, using the formula: HOMA = fasting glucose (mMol/L) x fasting insulin (mU/L)/22.5 (n = 8 WT; 7 TauKO; 3 hTau). (E) Plasma leptin levels after fasting measured by ELISA (n = 8 WT; 7 TauKO; 3 hTau). (F) Body weight (n = 11 WT; 13 TauKO; 9 hTau). (G–I) Levels of insulin in lysates from the neocortex (n = 8 WT; 6 TauKO; 9 hTau), hippocampus (n = 9 WT; 5 TauKO; 9 hTau), and hypothalamus (n = 9 WT; 6 TauKO; 8 hTau), measured by ELISA. Data are representative of two independent experiments. *p < 0.5.


Augmented body weight and hyperleptinemia were previously reported following tau ablation in mice (20, 21). Interestingly, although in our current study the hTau transgene aggravates hyperleptinemia (Figure 1E), hTau expression seems to correct the increase in body weight resulted from tau deletion (Figure 1F). Therefore, hyperleptinemia in hTau mice might result from other factors than increased fat mass.

Brain insulin has been implicated in the modulation of metabolism and neurobehavior in rodents (44, 45). Moreover, tau ablation promotes insulin resistance in the brain of mice (20). To investigate whether insulin levels were altered in the brains of TauKO and hTau, the levels of insulin in the neocortex (Figure 1G), hippocampus (Figure 1H) and hypothalamus (Figure 1I) were determined by ELISA. However, no statistical differences were observed between the experimental groups.

In summary, our results show that the presence of a hTau transgene impairs peripheral insulin sensitivity and systemic leptin levels at 20 weeks of age, without affecting insulin levels in different brain regions.



Patterns of Anxiety-Related Behaviors in TauKO and hTau Mice

Impaired metabolic regulation is associated with anxiety symptoms (46, 47). Therefore, we investigated anxiety-related behavior in 15–19 weeks old WT and TauKO mice at the open field (OF), elevated zero maze (EZM), forced swim, and tail suspension behavior tests. TauKO spent significantly less time in the open arms of the EZM (Figure 2A), and in the central area of the OF apparatus (Figure 2B), when compared to WT animals. In addition to that, TauKO moved more in the periphery of the OF arena (Figure 2C). The reduced time exploring the center of the OF and open arms of the EZM indicate higher anxiogenic behavior in TauKO when compared to WT mice (33, 35). Tau ablation also affected the locomotor exploratory activity of mice during the OF test indicated by increased total ambulatory distance (Figure 2D) and average speed (Figure 2E). Unexpectedly, the insertion of a human tau transgene did not correct anxiety-related behaviors of TauKO animals. Similar to TauKO, hTau mice spent less time in the open arms of the EZM and in the center of the OF apparatus (Figures 2A,B), exhibited increased peripheral (Figure 2C) and total ambulatory distance (Figure 2D), and augmented average speed (Figure 2E).
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FIGURE 2. Patterns of anxiety-related behaviors in TauKO and hTau mice. (A) Analysis of the time spent in the open arms of the elevated zero maze expressed in percentage of time relative to the 5 min' test length. Test performed with 15–19 weeks old WT, TauKO, and hTau mice (n = 8 WT; 9 TauKO; 6 hTau). (B–E) Open field test performed with 15–19 weeks old WT, TauKO, and hTau mice (n = 12–16 WT; 9–13 TauKO; 6–8 hTau). (B) Analysis of the time spent in the center of the apparatus expressed in percentage of time relative to the 5 min' test length. (C) Analysis of the total distance moved in the periphery of the apparatus. (D) Analysis of the total distance traveled in the whole apparatus. (E) Analysis of the average speed during the test. (F) Time of immobility during the forced swim test performed with 15–19 weeks old WT, TauKO, and hTau mice (n = 13 WT; 7 TauKO; 3 hTau). (G) Time of immobility during the tail suspension test performed with 15–19 weeks old WT, TauKO, and hTau mice (n = 14 WT; 8 TauKO; 6 hTau). (H) Correlation of immobility time during the TST and time spent in the center of the OF for each mouse. Values expressed in percentage of time relative to the total length of the tests. Data are representative of at least two independent experiments.


The tail suspension (TST) and forced swim (FST) tests are commonly used for the detection of behavior despair in mice and for the screening of antidepressants (48). In this context, increased immobility time indicates depressive-like behavior (36, 39). However, studies have suggested the use of TST and FST for the detection of anxiety-related behavior arguing that reduced immobility time in these tests results from exacerbated escape-directed behavior caused by an anxiogenic phenotype (49). Here, we report reduced immobility time of 15–19 weeks old TauKO and hTau mice in the FST (Figure 2F) and TST (Figure 2G) when compared to WT animals. We believe that these results do not represent an antidepressant-like response but is instead caused by the anxiogenic effect of knocking out Tau that is not corrected by the addition of the hTau transgene in the hTau mice. In agreement with this idea, linear regression analysis showed a positive correlation between immobility time in the TST and time spent in center of the OF arena (Figure 2H). Similar to previous reports (50, 51), we observed an inverse relationship between behavior despair and anxiety-related behavior in our mouse cohort. In summary, our results indicate that whole-body murine tau deletion leads to anxiety-related behavior that is not corrected by the presence of a human tau transgene.



Performance in the Fear Conditioning, Novel Object Recognition and Barnes Maze Behavior Tests

Poor glycemic control is associated with cognitive decline (52, 53). Therefore, to determine the effect of tau deletion on memory, 15–19 weeks old WT and TauKO mice were subjected to the Fear conditioning (FC), Novel object recognition (NOR) and Barnes maze tests.

Fear conditioning was performed to assess hippocampal and amygdala learning and memory. In contextual fear conditioning, TauKO mice displayed reduced freezing behavior when compared to WT animals (Figure 3A). In cued fear, when animals were placed in a new context but with the same auditory conditioned stimulus, TauKO showed a more pronounced reduction in freezing than WT animals (Figure 3B). Similarly, hTau mice had reduced freezing when compared to WT in both tests.
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FIGURE 3. Performance in the Fear Conditioning, Novel Object Recognition and Barnes Maze behavior tests. (A,B) Fear conditioning test performed with 15–19 weeks old WT, TauKO, and hTau mice (n = 7 WT; 6 TauKO; 7 hTau). Percentage of freezing behavior during the (A) contextual and (B) cued FC. (C) Novel object recognition test performed with 15–19 weeks old WT, TauKO, and hTau mice (n = 11 WT; 9 TauKO; 6 hTau). Exploration time of familiar and novel objects during the test phase. Time expressed in percentage. (D–G) Barnes maze test performed with 15–19 weeks old WT, TauKO, and hTau mice (n = 9 WT; 8 TauKO; 6 hTau). (D) Total number of errors and (E) Total latency to find the target zone in 4 different trials/day, for 4 days during the acquisition/training phase of the Barnes maze test. (F) Latency to find and (G) time in the target zone 24 h after the last training trial as a measure of spatial reference memory. Data are representative of at least two independent experiments. *p < 0.5.


The novel object recognition (NOR) test involves several brain regions of learning and memory. During the acquisition/training phase, WT, TauKO and hTau mice were exposed to two objects for 5 min and no object preference was observed (Figure S1A). After 1-h interval, each animal was individually reintroduced to the apparatus and allowed to explore one familiar and one novel object for 5 min. By definition, animals that recognize the familiar object (i.e., normal learning) explore the novel object for a time significantly higher than 50% of the total time. Our results show that while WT and TauKO mice correctly discriminated between familiar and novel object (Figure 3C), hTau mice displayed impaired object recognition memory indicated by the lack of preference for the novel object over the familiar one (Figure 3C). Total exploration time and time exploring the new object did not exhibit statistically significant differences for the various test groups (Figures S1B,C).

Lastly, Barnes maze was performed to assess non-hippocampal contributions to spatial memory. During the acquisition training phase of the test, while WT and TauKO mice displayed similar total latency and errors to enter the target hole during the trials, hTau mice showed impaired learning indicated by increase in total errors and total latency (Figures 3D,E). The latency to find the target zone (Figure 3F) and the time spent in this area 24 h (Figure 3G) after the last training trial, probe day 5, did not differ between the experimental groups. Histograms representing the mean number of nose pokes in each hole of the Barnes Maze during the probe day 5 are depicted (Figure S2A) and no statistical difference was detected regarding the % of pokes in the target hole (p = 0.7537 between WT and TauKO; p = 0.6480 between WT and hTau; p = 0.7537 between TauKO and hTau. One-way ANOVA). Similar results were observed when these parameters were analyzed 8 days after the last training trial, probe day 12 (Figures S2B–D). Primary errors (Figure S2E) and primary latency (Figure S2F) were also similar between the experimental groups.

In summary, our results indicate that Tau deletion leads to defective associative fear memory in mice that is not corrected by a hTau transgene. On the other hand, object recognition and spatial memory are not affected by tau ablation and are impaired after the addition of a hTau transgene in the hTau mice.



Phospho-Tau and Tau Oligomers Are Increased in Multiple Brain Regions of hTau Mice

Tau oligomers and pTauSer199Ser202 are detected in post-mortem AD brains and are believed to play a role in AD pathophysiology (54, 55). Therefore, to investigate a possible gain of toxic function for tau as an underlying mechanism for the behavioral alterations observed in hTau mice, we investigated the presence of AD-relevant phosphorylation of tau protein and tau oligomers in the neocortex, hippocampus and hypothalamus of hTau mice. Immunoblotting results targeting total tau protein confirmed the absence of tau in the TauKO mice and the presence of tau in the neocortex, hippocampus and hypothalamus of 20 weeks old WT and hTau mice (Figure 4). Tau Oligomers (Figures 4A–C) and phosphorylated tau at the Serine-202 and Serine-199 residues (Figures 4D–F) were detected in the neocortex, hippocampus and hypothalamus of hTau mice by immunoblotting analysis. Intriguingly, while phospho-tau levels were elevated in the neocortex and hippocampus of hTau mice when compared to WT animals, no changes were observed in the hypothalamus. Conversely, tau oligomers were consistently elevated in the different brain regions.
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FIGURE 4. Phospho-tau and tau oligomers are increased in multiple brain regions of hTau mice. Immunoblot analysis of Tau Oligomers in (A) cortical, (B) hippocampal, and (C) hypothalamic lysates from 20 weeks old WT, TauKO, and hTau mice. Immunoblot analysis of pTauSer199Ser202/TotalTau ratio in (D) cortical (n = 8 WT; 6 hTau), (E) hippocampal (n = 7 WT; 9 hTau) and (F) hypothalamic (n = 6 WT; 6 hTau) lysates from 20 weeks old WT, TauKO, and hTau mice.





DISCUSSION

The present study provides evidence for a role of tau protein in anxiety and memory. Tau ablation in mice led to anxiety-related behavior and memory impairment. We also showed that the insertion of a human tau transgene in TauKO mice triggered peripheral insulin resistance, aggravated memory impairment and did not ameliorate anxiety phenotype in 15–20 weeks old animals.

Tau protein was first described in 1975 as a factor essential for microtubule assembly and polymerization in the porcine brain (1). In 1986, hyperphosphorylated tau was identified as one the main constituents of neurofibrillary tangles in the AD brain (3). The timeline of the scientific discoveries involving tau led to investigations on the role of this protein in the brain and in diseases. However, tau is expressed in a variety of tissues (56–58) and understanding unknown physiological functions for this protein inside and outside the CNS is key to understand the role of tau in the pathophysiology of diseases. Although tau deletion is not lethal (59), tau knockout mice have been instrumental to the understanding of novel functions for tau protein in physiology and in pathology (60).

Metabolic syndrome and insulin resistance are associated with cognitive dysfunction and AD (53, 61–65). Therefore, because of our previous publication showing impaired glucose-stimulated insulin secretion in TauKO and hTau mice (21), and our recent finding demonstrating insulin resistance in hTau animals, we initially hypothesized that the levels of insulin getting to the brain of these mouse models would be reduced. However, we did not find statistical differences in the levels of insulin in the neocortex, hippocampus and hypothalamus between the experimental groups. Considering the proposed role for tau protein in the regulation of insulin signaling in the hippocampus (20), it is likely that the behavioral alterations of TauKO and hTau result from impaired insulin signaling instead of reduced hormonal levels in the brain. Further studies aiming to investigate insulin signaling pathway in different brain regions of hTau mice are warranted.

Anxiety is reported in up to 75% of AD patients (66) and it is associated with increased rates of conversion from MCI to AD (14). Here, we show that 15–19 weeks old TauKO and hTau mice displayed anxiety-related behavior in the elevated zero maze, open field, forced swim and tail suspension tests. Hyperactivity was also observed, characterized by increased total ambulatory locomotion and average speed in the OF arena. Interestingly, a positive correlation was found between the time spent in the center of the OF apparatus and the immobility time during the tail suspension test. As suggested by a recent commentary (49), and in validation of our correlational results, we believe that the reduced immobility in the FST and TST is a measure of anxiety behavior/hyperactivity rather than an antidepressant effect of tau deletion in mice. The mechanisms underlying the increase in anxiety-like behavior following tau ablation in mice are unknown and may involve several mechanisms. Conversely, other studies did not detect an anxiogenic phenotype in 6 or 7-months-old TauKO mice in the zero maze (29) and open field (26) behavior tests. These differences in results might be due to the age, strain and sex of the animals, as well as behavior test protocol used in each study.

Impaired metabolic regulation is associated with anxiety behavior (46, 47). Therefore, it is possible that the severe glucose intolerance in TauKO and hTau mice (21) is involved in the increase of anxiety-related behavior reported in this study. Moreover, leptin is an adipokine-derived hormone upregulation of which triggers anxiolytic phenotype in mice (67) and deficiency results in anxiogenic-like behavior (68, 69). Plasma leptin levels are associated with the emotional state of individuals throughout the day (70) and serum leptin and leptin resistance correlated with anxiety symptoms in patients with type 2 diabetes (T2D) (71). Therefore, the augmented circulating leptin levels reported in TauKO and hTau mice (Figure 1E) could be involved in the anxiogenic phenotype observed in these animals, probably as a consequence of leptin resistance following chronic hyperleptinemia.

The dopaminergic system plays an important role in the modulation of anxiety behaviors (72). The enzyme tyrosine hydroxylase (TH) catalyzes the reaction of L-DOPA formation, which precedes its conversion in dopamine. In line with that, although one study reported mild dopaminergic deficits in aged but not in adult TauKO mice (24), other investigators have showed reduced TH-positive nigral neurons and decreased TH expression in the substantia nigra of adult TauKO animals (22, 73). Therefore, it is possible that tau ablation impacts the homeostasis of the dopaminergic system resulting in anxiety-behavior in mice.

Memory loss is a widely known clinical manifestation of AD. However, conflicting results have been generated regarding the impact of tau deletion on memory in mice (22–29). In this study, we investigated memory integrity using three distinct behavior tests. Fifteen to nineteen weeks old TauKO mice showed impaired associative learning in the fear conditioning (FC) paradigm and no alterations in object recognition or spatial and learning memory in the novel object recognition (NOR) and Barnes maze, respectively. Impaired performance in the FC test is associated with defective hippocampal and amygdala function (74, 75), while memory defects in the NOR task are sensitive to cortical injuries (76). Therefore, our results suggest that tau ablation in mice differently impacts memory-related brain regions.

Tau protein plays a role in the regulation of synaptic function (11). Accordingly, a role for tau in synaptic plasticity has been suggested by reports showing deficits in hippocampal long-term potentiation (LTP) and/or long-term depression (LTD) (26, 29, 77), as well as reduced hippocampal brain-derived neurotrophic factor (BDNF) levels following tau deletion or knockdown in mice (22, 78). Therefore, impairments in synaptic plasticity might be involved in the behavioral alterations reported in TauKO and hTau, in this study.

Tau is an intrinsically unfolded and soluble protein that undergoes a number of post-translational modifications that affect its structure and therefore its function inside the cells. Among these modifications, hyperphosphorylation has been implicated in the pathogenesis of AD due to its capability of affecting tau self-assembly, aggregation and its accumulation into Neurofibrillary tangles (NFT) (3). The phosphorylation of tau at Ser199/Ser202 is particularly increased in human AD brains (54) and tau oligomers were isolated from the brains of patients (8, 55). The cerebral accumulation of soluble small oligomeric tau species correlates with neuronal loss, synaptic dysfunction and behavior alterations associated with AD (9, 10). Therefore, in addition to the physiological function of tau in synaptic activity, pathological tau can induce synaptic damage in AD.

In conjunction with the behavioral changes, elevated tau oligomers were observed in cognitive-related (neocortex and hippocampus) and metabolic-related (hypothalamus) brain regions of hTau mice. Increased tau phosphorylation at Serine-199 and Serine-202 residues were also detected in the neocortex and hippocampus of these animals. Therefore, toxic gain of tau function in hTau mice might be elicited by the phosphorylated and oligomeric tau species detected in these animals. In terms of loss of function, because tau isoforms differ between humans and rodents (79), human tau might not compensate for the absence of endogenous murine tau in the humanized mice. Therefore, an imbalance in the tau isoforms expressed in different brain and peripheral tissues of hTau mice might explain the lack of compensation of this model.

Collectively, our results from TauKO mice suggest a physiological role for tau in anxiety-related behavior and memory. Results from hTau mice demonstrate that the presence of a non-mutant WT human tau triggers insulin resistance, elicit impairments in spatial learning and object recognition memory, and does not restore anxiety, memory and metabolic alterations in mice lacking endogenous murine tau (Figure 5). Our findings also suggest that previously unrecognized functions for tau protein is a potentially complicating factor in using animal models on the TauKO background. Understanding the link between tau pathophysiology, and cognitive and metabolic alterations is of great importance to establishing the complete contribution of tau protein to AD pathogenesis.
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FIGURE 5. Behavioral and metabolic alterations in TauKO and hTau mice. Here, we hypothesize that tau loss of function in the knockout, and a combined loss and gain of toxic function for tau in the hTau mice, underlie the behavioral and metabolic alterations observed in both mouse models in this study.
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Pulmonary tuberculosis (PTB), caused by Mycobacterium tuberculosis (Mtb), is a major health problem worldwide, further aggravated by the convergence of type 2 diabetes mellitus (DM) which constitutes an important risk factor for TB development. The worse scenario of patients with PTB and DM may be partly related to a more unbalanced defensive response. As such, newly diagnosed PTB patients with DM (TB+DM, n = 11) or not (TB, n = 21), as well as DM (n = 18) patients and pair matched controls (Co, n = 22), were investigated for the circulating immuno-endocrine-metabolic profile (ELISA), along with studies in peripheral blood mononuclear cells (PBMC) analyzing transcript expression (RT-qPCR) of mediators involved in glucocorticoid functionality. Given the hyperglycemic/hypercortisolemic scenario of TB+DM patients, PBMC were also exposed to stress-related cortisol concentrations (0.1 and 1 μM) and supraphysiologic glucose doses (10, 20, and 40 mM) and assessed for the specific response against Mtb stimulation (lymphoproliferation, -thymidine incorporation-, and cytokine production -bead-cytometry). All TB patients displayed increased plasma amounts of cortisol, growth hormone -hGH-, and proinflammatory mediators. In turn, TB+DM showed even higher levels of interferon gamma -IFN-γ- and hGH (vs. TB), or IL-6, C reactive protein, cortisol and hGH (vs. DM). Both DM groups had equally augmented values of IL-10. All TB patients showed decreased dehydroepiandrosterone- sulfate concentrations, even more in TB+DM cases. Leptin was also decreased in both TB cases, particularly in the TB group, revealing a lower body mass index, as well. Unlike PBMC from TB cases showing a decreased relationship between the glucocorticoids receptor (GR) isoforms (GRα/GRβ; functional isoform/negative isoform), cells from TB+DM patients had no changes in this regard, along with an increased expression of 11-beta hydroxysteroid dehydrogenase type-1, the enzyme facilitating intracellular cortisone to cortisol conversion. TB+DM patients also showed an increased Mtb antigen-driven lymphoproliferation. Compared to TB, DM and HCo counterparts, PBMC from TB+DM patients had a biased Th1 response to Mtb stimulation (increased IL-2 and IFN-γ production), even when exposed to inhibitory cortisol doses. TB+DM patients show a more unbalanced immuno-endocrine relationship, respect the non-diabetic counterparts, with a relative deficiency of cortisol immunomodulatory influences, despite their more favorable microenvironment for cortisol-mediated immune effects.

Keywords: pulmonary tuberculosis, diabetes mellitus type 2, immune-endocrine alterations, cortisol, glucose


INTRODUCTION

Pulmonary tuberculosis (PTB) is a major health problem around the world and the leading cause of death due to a pathogen, Mycobacterium tuberculosis (Mtb). In 2017, WHO reported 10 million new PTB cases, 15% of them attributed to the TB-type 2 diabetes mellitus (TB-DM) comorbidity (1). Tuberculosis clinical manifestations result from a complex interaction between its etiologic agent, and the defensive reactions developed to control infection, but its proper basis is not fully understood (2). Endocrine disturbances are likely to contribute to disease pathology, since DM increases more than three times the possibility of developing active PTB, which otherwise develop in 5–10% of Mtb-infected individuals. In addition to this increased risk, PTB patients with concomitant diabetes are at higher rates of treatment failure and death (3–6). Within this setting, we have recently demonstrated that patients with TB+DM showed a more pronounced adverse immune-endocrine profile than those with PTB alone (TB group) (7), for instance higher circulating amounts of cortisol.

Besides its metabolic functions, cortisol acts as an extrinsic regulator of the immune response (IR) inhibiting, at supraphysiologic concentrations, the proinflammatory response as well as the specific cellular IR against Mtb (8). Glucocorticoids (GC) are known to reduce the production of various cytokines such as tumor necrosis factor alpha (TNF-α), interleukins, as well as inflammatory enzymes, e.g., cyclooxygenase 2 and inducible nitric oxide synthase (9). Most immunological effects of GC are mediated by GRα isoform, whereas GRβ lacks the ability to bind GC and seems to function as an inhibitor of GRα-mediated transcriptional activation through the formation of GRα/GRβ heterodimers (10). It follows that this ratio may be related with GC functionality.

While increased susceptibility to PTB in DM patients may be linked to alterations on macrophage and lymphocyte functions (11, 12), partly related to a higher cortisol production, other factors like hyperglycemia and insulin resistance are also likely to account for such detrimental influence (3). Several studies indicate that diabetes and hyperglycemia coexist with impaired innate immune responses like phagocytosis, cytokine secretion and macrophage activation (13–17). Nevertheless, in a more recent in vitro study, Lachmandas et al. provided evidence that hyperglycemia failed to affect the functional capacity of macrophages against Mtb while being able to increase cytokine production upon mycobacterial and LPS stimulation (18).

Given this background, in the present study we sought to analyze various systemic mediators involved in the immuno-endocrine-metabolic interrelation: IFN-γ, IL-6, IL-10, IL-4, IL-1β, cortisol, dehydroepiandrosterone-sulfate (DHEA-S), prolactin, growth hormone (hGH), adiponectin, and leptin. In addition, we also quantified the expression levels of transcripts, related to the GC activity (α and β isoforms of the GC receptor -GR-), and the 11 beta hydroxysteroid dehydrogenase type 1 (11βHSD1) and type 2 (11βHSD2) enzymes. Experiments were also carried out to analyze whether high doses of cortisol (mirroring a stressful situation) along with physiological and supraphysiological glucose concentrations, or not, modified the Mtb-induced response of peripheral blood mononuclear cells (PBMC) from patients with TB+DM when compared to the ones yielded by TB cases, patients with DM and sex and age matched controls (Co). Assessments included lymphoproliferation studies and production of pro and anti-inflammatory cytokines as well as the Th1/Th2/Th17 profiles.



MATERIALS AND METHODS


Sample Population

Patients (14 females and 18 males) with no HIV co-infection and newly diagnosed PTB were included. Diagnosis was based on clinical and radiological examinations together with the identification of Mtb bacilli in sputum. Eleven of these patients were diagnosed as also having DM (TB+DM) and 21 with only PTB (TB). For DM diagnosis, the criteria of the American Diabetes Association of 2009 were considered. Those were hyperglycemia (based on two fasting glucose levels >125 mg/dL or a random glucose level equal to or higher than 200 mg/dL) evaluated on EDTA-anticoagulated blood specimens.

The control groups were composed of 22 pair matched Co and 18 individuals with DM, sharing the same socioeconomic conditions of TB patients, unexposed to TB patients, with no clinical or radiological evidence of PTB. Patients and Co had no other respiratory disease, nor immune-compromising diseases.

The control group (Co) was composed of 22 individuals. Another group of 18 patients with DM was also included for comparison purposes. All of them were sex- and age-matched and shared the same socioeconomic conditions of TB patients, in addition to being unexposed to TB patients, with no clinical or radiological evidence of PTB. All volunteers had no other respiratory disease, nor immune-compromising diseases.

Participants were sampled by applying a consecutive non-probabilistic approach. As such, the Co group had a median BMI which fell within the range of overweight, as defined by WHO.

Blood samples were obtained on study admission, in the case of TB patients immediately before the initiation of anti-tuberculosis treatment. Samples were collected at 8 a.m. to avoid differences due to circadian variations. Exclusion criteria included disease states affecting the adrenal glands or the Hypothalamus—Pituitary- Adrenal (HPA) axis, corticosteroid treatment, pregnancy, and age below 18 years. The body mass index (BMI) was also calculated (weight/square of height). The Bioethical Committee of the School of Medical Sciences, National University of Rosario, approved the protocol. All participants gave their consent to participate in the study.



PBMC Isolation and Lymphoproliferation

Plasma and PBMC were obtained from fresh EDTA-treated blood. Samples were centrifuged at 2000 rpm during 30 min and plasma was collected and stored at −20°C. The buffy coat was separated and diluted 1:1 in RPMI 1640 (PAA Laboratories GmbH, Austria), containing standard concentrations of L-glutamine, penicillin, and streptomycin (culture medium, CM). The cell suspension was layered over a Ficoll-Paque Plus gradient (density 1.077, Amersham Biosciences, NJ, USA), and centrifuged at 400 g for 30 min at room temperature (19–22°C). PBMC recovered from the interface were washed three times with CM and resuspended in CM containing 10% heat-inactivated pooled normal AB human sera (PAA Laboratories GmbH, Germany). Cells were cultured in quadruplicate in flat-bottomed microtiter plates (2 × 105 cells/well in 200 μl) with or without addition of γ-irradiated H37Rv M. tuberculosis strain (Mtbi; 8 μg/ml, Colorado University, USA). Concanavalin A (ConA; 2.5 μg/ml, Sigma-Aldrich) was used as a proliferation positive control. PBMC cultures were incubated for 5 days at 37°C, in a 5%, CO2 humidified atmosphere and pulsed with 3H-thymidine for 18 h before cell harvesting. The average counts per minute (cpm) of stimulated and non-stimulated cultures were calculated.



Quantification of Cytokines and Hormones in Plasma

Plasma levels of cytokines: IFN-γ (BD Pharmingen, detection limit-DL: 4.7 pg/ml), IL-10 (BD Pharmingen, DL:3.9 pg/ml), IL-6 (DRG Diagnostics, DL: 2 pg/ml), IL-4 (BD Pharmingen, DL: 7.8 pg/ml), IL-1β (BD Pharmingen, DL: 3.9 pg/ml), and hormones like Cortisol (DRG Diagnostics, DL: 2.5 ng/ml), DHEA-S (DRG Diagnostics, DL: 0.108 ng/ml), prolactin (DRG Diagnostics, DL: 0.35 ng/ml), hGH (DRG Diagnostics, DL: 0.17μIU/ml), adiponectin (Invitrogen, DL: 100 pg/ml), and leptin (Invitrogen, DL: 3.5 pg/ml) were assessed by commercial enzyme immune analysis according to the manufacturer instructions. C reactive protein (CRP) levels were measured by high-sensitivity Turbitest (Wiener Lab, DL: 2.5 mg/l). All samples were processed individually and assayed in duplicate.



Studies on the In vitro Effects of Cortisol and Glucose

PBMC were cultured as above described (section PBMC Isolation and Lymphoproliferation) with the addition of various concentrations of cortisol (0.1 μM y 1 μM) (19) and/or D-Glucose (Glc; physiological dose−5 mM- and supraphysiological doses−10, 20, 40 mM- Sigma Aldrich) and further stimulated with Mtbi, or not. PBMC were seeded in 96-well flat-bottomed microtiter plates for the lymphoproliferation assay as previously described (section PBMC Isolation and Lymphoproliferation). The same protocol was performed in 24-well flat-bottomed microtiter plates (1 × 106 cells/well). Supernatants were obtained, fractionated and preserved at −20°C until the assessment of different cytokine patterns by means of the Cytometric Bead Array Kit (LTCD4+ cells, CBA).



RNA Isolation, cDNA Synthesis and qPCR

Total RNA was isolated from PBMC using TRIreagent (Genbiotech). RNA pellets were dissolved in Diethyl pyrocarbonate (DEPC) sterile water and stored at −80°C. RNA quantity and integrity was assessed as reported earlier (20). cDNA was synthesized from 2 μg of total RNA by extension of oligodT primers with M-MuLV reverse transcriptase (Thermo) in a final volume of 40 μl DEPC sterile water. cDNA was stored at −80°C until use. qPCR was performed with the StepOnePlus (96-well) Real-Time PCR Systems (Applied Biosystems) using 3 μl of cDNA dilution, 0.4 μM of each primer and 3 μl of 5x HOT FIREPol® EvaGreen qPCR Mix Plus (ROX) (Solis BioDyne), final volume of 15 μl. Thermal cycling conditions were as follows: 10 min at 95°C followed by 45 PCR cycles of denaturing at 95°C for 20 s, 30 s for annealing at 60°C and 30 s for elongation at 72°C. Fluorescence readings were performed during 10 s at 80°C before each elongation step. To normalize the expression of every gene, the transcript of peptidylprolyl isomerase A was used as an endogenous control on each mononuclear cell sample (21). Serially diluted cDNA samples synthesized from Jurkat and NCI-H295R cell line expressing GRα, GRβ and 11βHSD1 and 11βHSD2 mRNA, respectively (22, 23), were used as relative external standards curve in each run, to make “The Relative Standard Curve Method” for the relative quantification of gene expression, as performed formerly (20). Similarity and homogeneity of PCR products from samples were confirmed by automated melting curve analysis (StepOne Software, Applied Biosystems), revealing melting temperature values of the PCR products. Primers were designed as described by D'Attilio et al. (24), Table 1. Data were expressed as fold change of the relative expression levels of the gene of interest (GOI) normalized by the relative expression levels of PPIA.


Table 1. Sequence of qPCR primers.
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Cytometric Bead Array

Cytokine quantification was done using the Human Th1/Th2/Th17 CBA kit (BD Biosciences) which allowed the simultaneous detection of IL-2, IL-4, IL-6, IL-10, TNF-α, IFN-γ, and IL-17A (DL: 2.6; 4.9; 2.4; 4.5; 3.8; 3.7 and 18.9 pg/ml, respectively). CBA analysis was performed according to the manufacturer's instructions. Cytokine supernatant levels were calculated using BD CBA software (version 4.0, BD Biosciences).



Statistical Analysis

Comparisons between groups were made by non-parametric methods: Kruskall–Wallis followed by post-hoc comparisons when applicable. Qualitative variables were compared by the chi square test. Related samples were analyzed by means of Wilcoxon and Friedman tests. Associations between variables were analyzed using the Spearman correlation test. A value of p < 0.05 was considered as statistically significant.




RESULTS


General Features of Study Groups

Table 2 shows the general characteristics from the different study groups and diabetes-related biochemical findings. A lower percentage of BCG vaccination was seen in the DM and TB+DM groups with respect to Co, with the TB+DM group showing the lowest percentage of a BCG scar. The TB group showed a significant decrease in the BMI if compared to Co and TB+DM. Patients with DM showed the highest BMI, but their values did not differ from the ones recorded in Co counterparts. Mainly because, by chance, 23% of Co volunteers presented a BMI within the normal weight range, whereas 55% and a 22% of them had values that fell in the overweight and obesity categories, respectively. Regarding diabetes-related biochemical findings (Table 2), DM and TB+DM groups had elevated blood glucose levels (much higher in the latter group). The percentage of glycosylated hemoglobin (HbA1c) was higher in both groups of DM patients more pronounced in those with the TB+DM comorbidity. Basal insulinemia was found increased only in the TB+DM group, statistically different from the remaining groups. When calculating the HOMA index (≥3.2 compatible with insulin resistance), 67% of DM patients and 73% of TB+DM fell in this category. It is worth reminding that most DM were under treatment with metformin and fenofibrate. In addition, the erythrocyte sedimentation rate (ESR) was increased in both groups of patients with TB in relation to their respective controls, while the DM group differed from the Co-individuals (Table 2).


Table 2. Main features of subjects participating in the study.
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Plasma Quantification of Immunologic Mediators and Hormones


Plasma Levels of Pro and Anti-inflammatory Cytokines, Adiponectin, Leptin, Prolactin and hGH

Both groups of TB patients showed elevated values of IL-6, CRP, and IFN-γ (Figures 1A–C), with TB+DM patients showing even higher amounts of IFN-γ if compared to TB counterparts. Patients with DM also displayed increased CRP levels. As regards IL-10, this cytokine was increased in both groups of DM patients (Figure 1D), as well as in the group of TB patients with severe disease (data not shown). Assays for IL-4 and IL-1β yielded values below the detection limits.


[image: Figure 1]
FIGURE 1. Plasma levels of IL-6 (A), IFN-γ (B), C reactive protein (CRP; C) and IL-10 (D) in controls (Co), patients with type 2 diabetes (DM), with pulmonary tuberculosis (TB) or with TB and DM (TB-DM). Box plots show median values, 25–75 percentiles from data in each group with maximum and minimum values.


While adiponectin and prolactin concentrations showed no differences among study groups (Figures 2A,C, respectively), leptin levels appeared decreased in both TB patient groups, much lower in those without DM (Figure 2B). hGH levels were increased in both TB groups particularly in TB+DM cases (Figure 2D).


[image: Figure 2]
FIGURE 2. Plasma levels of adiponectin (A), leptin (B), prolactin (C) and human growth hormone (hGH, D) in controls (Co), patients with type 2 diabetes (DM), with pulmonary tuberculosis (TB) or with TB and DM (TB-DM). Box plots show median values, 25–75 percentiles from data in each group with maximum and minimum values.


An additional analysis by sex revealed that decreased levels of leptin prevailed between both groups of men with TB even more in those cases without DM. Regarding hGH, men with TB+DM were the ones showing significantly increased amounts of this hormone (data not shown).



Plasma Levels of Cortisol, DHEA and DHEA-S

As reported earlier, patients with TB had a higher cortisol concentration (*p < 0.04 vs. Co, Figure 3A), as did patients with TB+DM (p < 0.04 vs. Co and p < 0.02 vs. DM). Plasma concentrations of DHEA were significantly lower in TB group compared to Co, but not in patients with TB+DM, who even showed values higher than TB cases (Figure 3B). However, DHEA-S levels were diminished in both groups of TB patients, particularly the TB+DM ones, as well as DM cases (Figure 3C). When analyzing the Cort/DHEA ratio (Figure 3D), this was significantly increased in the three groups of patients compared with those from Co, a bit less pronounced in the TB+DM group. The same was true when comparing the Cort/DHEA-S ratio (Figure 3E), with TB+DM differing in turn from DM.


[image: Figure 3]
FIGURE 3. Plasma levels of cortisol (A), dehydroepiandrosterone (DHEA, B), dehydroepiandrosterone-sulfate (DHEA-S, C), cortisol/DHEA ratio (D) and cortisol/DHEA-S ratio (E) in controls (Co), patients with type 2 diabetes (DM), with pulmonary tuberculosis (TB) or with TB and DM (TB-DM). Box plots show median values, 25–75 percentiles from data in each group with maximum and minimum values.





Relative Levels of mRNAs Expression for GRα, GRβ and the Enzymes 11βHSD1 and 11βHSD2 in PBMC From the Study Groups

As depicted in Figures 4A,B there were no significant differences in transcript expression levels for GRα and GRβ, although the GRα/GRβ ratio was found to be diminished in patients with TB when compared with Co (Figure 4C). Regarding the 11βHSD1 mRNA, its levels were increased in both groups of patients with DM, respect to those of Co, as well as TB+DM patients if compared to TB (Figure 4D). In general terms the 11βHSD2 enzyme was not expressed, or at very low levels, even with optimized reaction conditions (24).


[image: Figure 4]
FIGURE 4. Relative expression of mRNA glucocorticoids receptor (GR) isoforms α (GR α, A) and β (GRβ, B), 11βHSD1 enzyme (D), and the GRα/GRβ ratio (C) in peripheral blood mononuclear cells (PBMC) from controls (Co), patients with type 2 diabetes (DM), with pulmonary tuberculosis (TB) or with TB and DM (TB-DM). Data are expressed as fold change respect to PPIA. Box plots show median values, 25–75 percentiles from data in each group with maximum and minimum values.




Lymphoproliferation Studies

The effects of different Glc doses on the proliferative capacity of PBMC against Mtbi are shown in Figure 6. Regardless of the Glc dose, the blastogenic response of cells, expressed as Stimulation Index (SI), from each study group showed a similar pattern (Figure 5). For instance, the SI of the TB group was lower than that from Co, and negatively correlated with IL-10 levels (r = −0.54, p < 0.03), while both groups of DM patients showed the highest responses, in the case of TB+DM statistically significant from TB and Co groups. In essence, increasing Glc concentrations did not modify the Mtbi-driven blastogenesis in the four study groups (Figure 5). Data from studies by adding cortisol in presence of different Glc concentrations are summarized in Figure 6. The higher dose of cortisol (1 μM) decreased proliferation regardless of the study group or Glc concentration, being significantly lower than the results obtained when using a lower cortisol dose (0.1 μM; Figures 6A–D). Between group differences in the blastogenic response continued to show the pattern described in Figure 6, regardless of the Glc or cortisol doses (Figures 6A–D). Notably, hyperglycemia did not modify the inhibitory cortisol effect (Figures 7A,B).


[image: Figure 5]
FIGURE 5. Effects of supraphysiological glucose doses on Mtbi-induced proliferation of peripheral blood mononuclear cells (PBMC) from controls (Co), patients with type 2 diabetes (DM), with pulmonary tuberculosis (TB) or with TB and DM (TB-DM). Mtbi: γ-irradiated H37Rv M. tuberculosis strain. Results are shown as Stimulation index (SI: average of counts per minute -cpm- in Mtbi stimulated cultures/average of cpm in unstimulated cultures). Box plots show median values, 25–75 percentiles from data in each group with maximum and minimum values. +different from HCo, p < 0.02; &different from TB, p < 0.003; #different from DM, p < 0.05; in each case when comparing with the same glucose dose.
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FIGURE 6. Effects of glucose doses (5 mM, A; 10 mM, B; 20 mM, C; 40 mM, D) on cortisol-induced inhibition of Mtbi-blastogenesis by peripheral blood mononuclear cells (PBMC) from controls (Co), patients with type 2 diabetes (DM), with pulmonary tuberculosis (TB) or with TB and DM (TB-DM). Mtbi: γ-irradiated H37Rv M. tuberculosis strain. Results are shown as Stimulation index (SI: average of counts per minute -cpm- in Mtbi stimulated cultures/average of cpm in unstimulated cultures). Box plots show median values, 25–75 percentiles from data in each group with maximum and minimum values. +different from Co, p < 0.04; &different from TB, p < 0.02; #different from DM, in each case when comparing the same treatment between groups, p < 0.05; *different from cultures without cortisol and from those treated with 0.1 uM cortisol within the same group, p < 0.05.
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FIGURE 7. Effects of glucose doses on Mtbi-blastogenesis of peripheral blood mononuclear cells (PBMC) from in controls (Co), patients with type 2 diabetes (DM), with pulmonary tuberculosis (TB) or with TB and DM (TB-DM) treated with cortisol 0.1 μM (A) or 1 μM (B). Mtbi: γ-irradiated H37Rv M. tuberculosis strain. Results are shown as Stimulation index (SI: average of counts per minute -cpm- in Mtbi stimulated cultures/average of cpm in unstimulated cultures). Box plots show median values, 25–75 percentiles from data in each group with maximum and minimum values. +different from Co, p < 0.04; &different from TB, p < 0.02; #different from DM, p < 0.05; in each case when comparing with the same glucose dose.




Quantification of Mediators in Culture Supernatants of PBMC

According to the study purposes, 24 h culture supernatants from PBMC subjected to the above described treatments (Materials and Methods section Studies on the In vitro Effects of Cortisol and Glucose), were assessed for the levels of proinflammatory (TNF-α, IL-1β, IL-6), and anti-inflammatory (IL-10) cytokines as well as the ones representing the Th1 (IL-2, IFN-γ), Th2 (IL-4) and Th17 (IL-17A) profiles. According to data from the lymphoproliferation studies, we decided to quantify cytokines in six parallel cultures undergoing one of the following stimulation procedures: Glc 5 mM, Glc 20 Mm, Glc 5 mM+ Mtbi, Glc 20 Mm+ Mtbi, Glc 5 mM + Cortisol 1 μM + Mtbi, Glc 20 mM + Cortisol 1 μM + Mtbi. All Mtbi-stimulated cultures contained increased levels of TNF-α, IL-1β, IL-2, IFN-γ, and IL-10 which remained unmodified by Glc treatment even at the 20 μM dose, except for IL-1β production from PBMC of Co (Table 3). IL-6 levels were largely increased before stimulation, beyond the upper detection limits of the Kit, whereas IL-4 and IL-17A remained undetectable.


Table 3. Effect of glucose doses on cytokine production by Mtbi-stimulated peripheral mononuclear cells from the different study groups.
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When comparing cytokine production, cultured PBMC of patients with TB+DM had the highest levels of IL-2 (Figure 8) and IFN-γ (Figure 9), in the case of IL-2 statistically different from the remaining groups (Figures 8A,B). Levels of TNF-α, IL-1β, and IL-10, in stimulated cultures were similar for all study groups (data not shown). Cortisol treatment decreased the production of all above described cytokines, regardless of subject groups or Glc doses (Figures 8, 9). As regards to IL-2 (Figures 8A,B), although their levels dropped, they remained significantly elevated in the TB+DM group respect to the remaining groups. The same was true when analyzing IFN-γ concentrations, although differences were only significant in relation to Co and DM (Figures 9A,B).


[image: Figure 8]
FIGURE 8. IL-2 production by cultures of peripheral blood mononuclear cells (PBMC) from in controls (Co), patients with type 2 diabetes (DM), with pulmonary tuberculosis (TB) or with TB and DM (TB-DM), stimulated with Mtbi and treated with glucose 5 mM (A) and 20 mM (B) with or without cortisol (1 μM). Mtbi: γ-irradiated H37Rv M. tuberculosis strain. Box plots show median values, 25–75 percentiles from data in each group with maximum and minimum values. +different from Co, p < 0.03; &different from TB, p < 0.04; #different from DM, p < 0.04; in each case when performing between-group comparisons for the same treatment; *different from cultures without cortisol within the same group. p < 0.03.



[image: Figure 9]
FIGURE 9. IFN-γ production by cultures of peripheral blood mononuclear cells (PBMC) from controls (Co), patients with type 2 diabetes (DM), with pulmonary tuberculosis (TB) or with TB and DM (TB-DM), stimulated with Mtbi and treated with glucose 5 mM (A) and 20 mM (B) with or without cortisol (1 μM). Mtbi: γ-irradiated H37Rv M. tuberculosis strain. Box plots show median values, 25–75 percentiles from data in each group with maximum and minimum values. +different from Co, p < 0.04; #different from DM, p < 0.05; in each case when performing between-group comparisons for the same treatment; *different from cultures without cortisol within the same group p < 0.03.





DISCUSSION

TB-DM comorbidity became more relevant in recent decades due to the diabetic population marked increase; particularly in low and middle-income countries, where PTB is prevalent. Both pathologies present, by themselves, alterations in the bidirectional communication between the immune and neuroendocrine systems, with an important impact on the metabolic component (25–27).

Our work evidenced that both groups of PTB patients presented an important inflammatory response, reflected in high systemic levels of IL-6, CRP, and IFN-γ. Several reports indicate a greater increase of proinflammatory mediators in PTB patients suffering DM compared to non-diabetic patients (28, 29). This may reinforced by the increased presence of hGH in plasma from TB+DM cases, considering that this hormone exerts a contributory role for the development of the IR and the accompanying inflammation (30, 31).

As in previous studies (32–34), patients with only TB showed decreased blastogenesis, which in turn correlated negatively with IL-10 levels, a cytokine of recognized inhibitory effect on lymphoproliferation (35). Such decreased specific proliferation may be partly attributed to a recruitment of cells committed toward the site of the lesion (19). This mechanism seems to be altered in diabetic patients with active PTB (27, 36) and could to account for the increased Mtb-driven mitogenesis of PBMC.

The systemic increase of IL-10 from TB+DM patients, also reported by Kumar and collaborators (37), may be mirroring a regulatory mechanism of IR, given its well-known anti-inflammatory and anti-proliferative effects (35, 38). At the same time, IL-10 seems to be detrimental in mouse and human TB, as it favors mycobacterial survival in macrophages by inhibiting phagosome maturation, reducing NO production (39) and in turn blocking IFN-γ (40, 41) signaling. Some studies suggest that IL-10 would be a marker of disease progression (42–46). In our cases, analysis according to disease severity showed a significant increase of IL-10 in TB+DM patients with progressive pulmonary involvement (data not shown).

Notably, IL-10 levels were also augmented in DM patients who also displayed increased amounts of CRP together with a high ESR resembling some sort of pro- and anti-inflammatory influences.

As seen in former studies (33, 34, 47, 48), the unbalanced relationship between steroid hormones recorded in TB patients, increased and decreased levels of cortisol and DHEA-DHEA-S, respectively, was also found in TB+DM patients. This may be explained by assuming that the adrenal gland is trying to preserve cortisol production at the expense of DHEA synthesis, to counteract the inflammatory response accompanying active disease. Decreased levels of DHEA and DHEA-S, may be detrimental in TB, since they preferentially favor the Th1 profile of the IR in addition to exerting anti-inflammatory activities (49–52). DHEA-S is not bioactive; but constitutes the natural reservoir of DHEA being therefore a stable marker of its availability.

As regards GR isoforms, while high GC-responsiveness would typically reduce GRα increasing GRβ and therefore dampening GC effects, this was not so evident in TB, probably because of its chronic nature and several endocrine alterations. The reduced GRα/GRβ ratio seen in TB patients is compatible with a certain degree of resistance to GC endogenous function. In a recent study, Martins et al. reported that GRβ expression levels were dramatically increased in PBMC of patients with the metabolic syndrome compared to lean controls (53). Our present lack of GRβ transcript alterations in control subjects may be explained by considering that their BMI situated below the ones displayed by the group of dysmetabolic Brazilian patients. Mouse studies revealed that GRβ causes higher glucose levels along with and increased immune-inflammatory response (54), but in our hands GRβ expression was not associated to any particular change in the profile of metabolic or immune-endocrine mediators. Despite TB+DM cases showed no differences in the GRα/GRβ ratio, transcriptional levels of 11βHSD1, which favors the availability of cortisol at the cellular level, were clearly elevated in both groups of DM patients. The fact that TB+DM patients presented high levels of plasma cortisol, along with 11βHSD1 transcripts and IFN-γ values points out to some degree of HPA axis dysfunction and/or GC resistance in them (55, 56).

The lower BMI from TB patients is in line with our former demonstrations in this regard, in which we also documented a negative association between BMI and IL-6 levels, probably reflecting the high-energy demand required to support the chronic inflammatory response (48, 57). In the case of TB+DM patients they exhibit a negative association between cortisol levels and BMI (data not shown). With regard to TB+DM patients, 60% of them fell within the overweight category in line with some evidence indicating an association between overweight and obesity with an increased risk for DM and pre-DM development (58–60). While 77% of individuals from the Co group had a high BMI, our findings are in line with a report from WHO (GLOBAL STATUS REPORT on non-communicable diseases 2014), referring to an increase in BMI in most developing countries between the 2010–2014 period, in our country from 27.2 to 27.8 (61).

Present results in TB patients are consistent with our earlier studies (48), revealing an orexigenic pattern characterized by low and high levels of leptin and adiponectin, respectively. This not being the case of TB+DM patients in whom leptin levels appeared diminished to a lesser extent, with no changes in adiponectin concentrations. Reduced levels of leptin in both groups of patients with TB may be partly due to the high systemic amounts of proinflammatory mediators, known to suppress leptin synthesis (62, 63). The different pattern seen in TB+DM patients may have to do with their preserved or even increased BMI, implying a greater adiposity. Likewise, leptin has been reported as facilitating the cellular response, particularly that of the Th1 profile (64). Adiponectin was found reduced in dysregulated diabetic patients, compared to slim controls (65), but in our study we found differences in this regard. Between study differences may be explained by considering that most DM patients were being treated for their diabetes, and their BMI was comparable to the one recorded in Co group.

The inflammatory component observed in DM and TB+DM patients is likely to account for their insulin resistance, mainly in the former group (66–68). Decreased amounts of both androgens (DHEA and DHEA-S) may be also implied in insulin resistance, since they favor body weight (69, 70) and adipose tissue reduction (71) while stimulating Glc uptake (70, 72).

Moving to the immune-metabolic communication, innate and adaptive immune cells must respond rapidly in the presence of noxious stimuli, for which they must drastically alter their metabolism to achieve a high rate of cell division, as well as the synthesis and secretion of various molecules necessary for the development of a protective IR. While leukocytes use several types of energy sources (fatty acids, cholesterol, vitamins, trace elements, amino acids, monosaccharides), Glc and glutamine emerge as the main metabolic substrates, representing 70% of energy sources (73).

Studies assessing the immune status of DM patients against several microbial antigens showed a dysfunctionality of innate and adaptive cells, particularly in cases with chronic hyperglycemia (high HbA1c levels) (14, 74). Such alterations appeared to reverse under a proper glycemic control (14, 75–77), although transient and chronic hyperglycemia induce epigenetic modifications, known under the term “metabolic memory” likely to influence substantially immunocompetent cell activity (78, 79).

In the present study, Mtbi-stimulated PBMCs from TB+DM patients showed the highest mitogenic response together with an abundant production of IL-2 and IFN-γ. Present results are in line with the study by Restrepo et al. showing a predominant Th1 profile upon PPD stimulation of PBMC from patients with this comorbidity (28). Kumar et al. reported the presence of a Th1/Th17 profile when studying cells from TB+DM cases (80), while Stalenhoef et al. found no differences in IFN-γ production levels when comparing TB patients with or without DM (81). Such dissimilarities may be due to ethnical differences, control status of DM and experimental conditions, among others.

In line with the well-known immunostimulant effects of IL-2 (82), in our case IL-2 levels were positively associated with Mtb-driven proliferation in DM and Co individuals, as well as with IFN-γ in all study groups. The increased in vitro synthesis of IFN-γ by stimulated PBMC from TB+DM patients was paralleled by augmented amounts of this cytokine in circulation. While being critical for mycobacterial elimination (83, 84), IFN-γ also exerts proinflammatory effects likely to mediate tissue damage when improperly regulated. As such, and over-expansion of cells with a Th1 profile may constitute a double-edged sword in the context of TB+DM.

Hyperglycemia can lead to an inflammatory state through several pathways (85–87) with advanced glycation end products playing a substantial role is this regard. These products, which are abundant in uncontrolled diabetic patients, promote inflammation not only by activating NF-kB (88) but also by working in combination with other inflammatory mediators like the high mobility group box 1 protein to aggravate the inflammatory process (89, 90). Consequently, DM individuals with uncontrolled hyperglycemia are likely to show a greater inflammatory and lymphoproliferative response upon exposure to an infectious agent, increasing tissue damage as well. In our hands, both groups of DM patients had the greatest SI, statistically significant in TB+DM, who in turn showed an increased IL-2 and IFN-γ production.

In vitro studies have shown an increased release of inflammatory cytokines by PBMC from healthy individuals when exposed to supraphysiological doses of Glc (91, 92). Lachmandas et al. observed that PBMC from healthy people produced higher levels of TNF-α, IL-1β, and IL-6 before stimulation in a hyperglycemic microenvironment, without changes in the levels of IFN-γ, IL-17A, and IL-22, suggesting that Glc would have a greater effect on monocytes than in lymphocytes (18, 83, 84).

In our case, specific stimulation under a hyperglycemic scenario led to an increased IL-1β production only in Co cells, with the specific lymphoproliferation and production of other mediators being unmodified no matter the study groups. Differences in technical approaches, i.e., stimulation procedures and time point evaluations, may account for inconsistencies between present studies and former reports.

Our former demonstration that cortisol treatment, at doses resembling an acute stress situation, inhibited the specific proliferative response and synthesis of IFN-γ by PBMC of TB patients and Co (19) along with the increased systemic levels of cortisol of TB+DM patients, prompted us to analyze cortisol effects in them. As seen in TB patients, high cortisol doses inhibited proliferative capacity and production of TNF-α, IL-1β, IL-2, IFN-γ, and IL-10, in TB+DM and DM patients as well as Co. Although TB+DM continued to show a remarkable response despite this steroid treatment. Cortisol inhibitory effects on pro-inflammatory cytokine production are achieved by several transcriptional repression mechanisms (93–97), with some inconsistencies as to its role in the production of anti-inflammatory mediators in light of evidence reporting a stimulating or inhibitory influences on IL-10 in vitro synthesis (98–102). Whether the present diminished IL-10 production is to some extent related to the decreased TNF-α and IFN-γ synthesis, which by themselves may promote IL-10 production (103), remains to be established.

Although the effects of Glc and cortisol on IR have been extensively analyzed, their combined effect on PBMC had not been studied so far. As shown, high Glc doses did not modify the cortisol-induced inhibition on mitogenesis, nor cytokine production from different study groups.

The bulk of presented results points out that the deregulated immune-endocrine-metabolic status from DM patients becomes more pronounced in those with the TB comorbidity. This is supported not only by the further increased systemic proinflammatory response of TB+DM patients but also for the demonstration that PBMC are more likely to develop an exacerbated response against Mtb, reflected in a more pronounced Th1 profile. A better control of the diabetic status will promote a more favorable course of TB in the context of TB+DM comorbidity.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/supplementary material.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by The Bioethical Committee of the School of Medical Sciences, National University of Rosario. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

RF, AD, BB, GG, and LD'A designed and carried out experimental procedures. DB, WG, SL, YB, and RG selected voluntaries and performed blood samples extraction. RF, LD'A, MB, and OB performed data analysis and wrote the paper.



FUNDING

This work was supported by grants from the Foundation for Scientific and Technological Research–FONCyT– (PICT 2012-1523, PICT 2016-0279), the Ministry of Science, Technology and Productive Innovation of Santa Fe Province, Rosario, Argentina (IO-2017-00142) and the Foundation for Medical Sciences of Rosario, Argentina. Grant for accredited projects of the National University of Roario (1MED485).



ACKNOWLEDGMENTS

The authors thank Wiener Labs, Rosario, for providing a CRP Turbitest High-Sensitivity kit and the Federada Foundation, Rosario, Argentina.



REFERENCES

 1. Global Tuberculosis Report (2018). Geneva: World Health Organization. Licence: CC BY-NC-SA 3.0 IGO. Available online at: https://apps.who.int/medicinedocs/documents/s23553en/s23553en.pdf (accessed March 9, 2020).

 2. Ernst JD. The immunological life cycle of tuberculosis. Nat Rev Immunol. (2012) 12:581–91. doi: 10.1038/nri3259

 3. Dooley KE, Chaisson RE. Tuberculosis and diabetes mellitus: convergence of two epidemics. Lancet Infect Dis. (2009) 9:737–46. doi: 10.1016/S1473-3099(09)70282-8

 4. Stevenson CR, Forouhi NG, Roglic G, Williams BG, Lauer JA, Dye C, et al. Diabetes and tuberculosis: the impact of the diabetes epidemic on tuberculosis incidence. BMC Public Health. (2007) 7:234. doi: 10.1186/1471-2458-7-234

 5. Jeon CY, Murray MB. Diabetes mellitus increases the risk of active tuberculosis: a systematic review of 13 observational studies. PLoS Med. (2008) 5:1091–101. doi: 10.1371/journal.pmed.0050152

 6. Lonnroth K, Roglic G, Harries AD. Improving tuberculosis prevention and care through addressing the global diabetes epidemic: from evidence to policy and practice. Lancet Diabetes Endocrinol. (2014) 2:730–9. doi: 10.1016/S2213-8587(14)70109-3

 7. Fernández R, Díaz A, D'Attilio L, Bongiovanni B, Santucci N, Bertola D, et al. An adverse immune-endocrine profile in patients with tuberculosis and type 2 diabetes. Tuberculosis (Edinb). (2016) 101:95–101. doi: 10.1016/j.tube.2016.09.001

 8. Bottasso O, Bay ML, Besedovsky H, Del Rey A. The immuno-endocrine component in the pathogenesis of tuberculosis. Scand J Immunol. (2007) 66:166–75. doi: 10.1111/j.1365-3083.2007.01962.x

 9. Barnes PJ. Glucocorticosteroids: current and future directions. Br J Pharmacol. (2011) 163:29–43. doi: 10.1111/j.1476-5381.2010.01199.x

 10. Cain DW, Cidlowski JA. Immune regulation by glucocorticoids. Nat Rev Immunol. (2017) 17:233–47. doi: 10.1038/nri.2017.1

 11. Martinez N, Kornfeld H. Diabetes and immunity to tuberculosis. Eur J Immunol. (2014) 44:617–26. doi: 10.1002/eji.201344301

 12. Restrepo BI, Schlesinger LS. Host-pathogen interactions in tuberculosis patients with type 2 diabetes mellitus. Tuberculosis (Edinb). (2013) 93 (Suppl. 0):S10–4. doi: 10.1016/S1472-9792(13)70004-0

 13. Gomez DI, Twahirwa M, Schlesinger LS, Restrepo BI. Reduced association of mycobacteria with monocytes from diabetes patients with poor glucose control. Tuberculosis (Edinb). (2013) 93:192–7. doi: 10.1016/j.tube.2012.10.003

 14. Lecube A, Pachón G, Petriz J, Hernández C, Simó R. Phagocytic activity is impaired in type 2 diabetes mellitus and increases after metabolic improvement. PLoS ONE. (2011) 6:e23366. doi: 10.1371/journal.pone.0023366

 15. Sun C, Sun L, Ma H, Peng J, Zhen Y, Duan K, et al. The phenotype and functional alterations of macrophages in mice with hyperglycemia for long term. J Cell Physiol. (2012) 227:1670–9. doi: 10.1002/jcp.22891

 16. Liu HF, Zhang HJ, Hu QX, Liu XY, Wang ZQ, Fan JY, et al. Altered polarization, morphology, and impaired innate immunity germane to resident peritoneal macrophages in mice with long-term type 2 diabetes. J Biomed Biotechnol. (2012) 2012:867023. doi: 10.1155/2012/867023

 17. Devaraj S, Venugopal SK, Singh U, Jialal I. Hyperglycemia induces monocytic release of interleukin-6 via induction of protein kinase C-α and -β. Diabetes. (2005) 54:85–91. doi: 10.2337/diabetes.54.1.85

 18. Lachmandas E, Vrieling F, Wilson LG, Joosten SA, Netea MG, Ottenhoff TH, et al. The effect of hyperglycaemia on in vitro cytokine production and macrophage infection with Mycobacterium tuberculosis. PLoS ONE. (2015) 10:e0117941. doi: 10.1371/journal.pone.0117941

 19. Mahuad C, Bay ML, Farroni M, Bozza V, Del Rey A, Besedovsky H, et al. Cortisol and dehydroepiandrosterone affect the response of peripheral blood mononuclear cells to mycobacterial antigens during tuberculosis. Scand J Immunol. (2004) 60:639–46. doi: 10.1111/j.0300-9475.2004.01514.x

 20. D'Attilio L, Trini E, Bongiovanni B, Dídoli G, Gardeñez W, Nannini LJ, et al. mRNA expression of alpha and beta isoforms of glucocorticoid receptor in peripheral blood mononuclear cells of patients with tuberculosis and its relation with components of the immunoendocrine response. Brain Behav Immun. (2011) 25:461–7. doi: 10.1016/j.bbi.2010.11.006

 21. He J-Q, Sandford AJ, Wang I-M, Stepaniants S, Knight DA, Kicic A, et al. Selection of housekeeping genes for real-time PCR in atopic human bronchial epithelial cells. Eur Respir J. (2008) 32:755–62. doi: 10.1183/09031936.00129107

 22. Mazzocchi G, Rossi GP, Neri G, Malendowicz LK, Albertin G. 11β-Hydroxysteroid dehydrogenase expression and activity in the human adrenal cortex. FASEB J. (1988) 12:1533–9. doi: 10.1096/fasebj.12.14.1533

 23. Orii F, Ashida T, Nomura M, Maemoto A, Fujiki T, Ayabe T, et al. Quantitative analysis for human glucocorticoid receptor alpha/beta mRNA in IBD. Biochem Biophys Res Commun. (2002) 296:1286–94. doi: 10.1016/S0006-291X(02)02030-2

 24. D'Attilio L, Díaz A, Santucci N, Bongiovanni B, Gardeñez W, Marchesini M, et al. Levels of inflammatory cytokines, adrenal steroids, and mRNA for GRα, GRβ and 11βHSD1 in TB pleurisy. Tuberculosis (Edinb). (2013) 93:635–41. doi: 10.1016/j.tube.2013.07.008

 25. Hackett RA, Steptoe A. Type 2 diabetes mellitus and psychological stress — a modifiable risk factor. Nat Rev Endocrinol. (2017) 13:547–560. doi: 10.1038/nrendo.2017.64

 26. Bottasso O, Bay ML, Besedovsky H, del Rey A. The immune-endocrine-metabolic unit during human tuberculosis. Curr Immunol Rev. (2010) 6:314–22. doi: 10.2174/1573395511006040314

 27. Vallerskog T, Martens GW, Kornfeld H. Diabetic mice display a delayed adaptive immune response to Mycobacterium tuberculosis. J Immunol. (2010) 184:6275–82. doi: 10.4049/jimmunol.1000304

 28. Restrepo BI, Fisher-hoch SP, Pino P, Salinas A, Mohammad H, Mora F, et al. Tuberculosis in poorly controlled Type 2 diabetes: altered cytokine expression in peripheral white blood cells. Clin Infect Dis. (2008) 47:634–41. doi: 10.1086/590565

 29. Kumar NP, Banurekha VV, Nair D, Sridhar R, Kornfeld H, Nutman TB, et al. Coincident pre-diabetes is associated with dysregulated cytokine responses in pulmonary tuberculosis. PLoS ONE. (2014) 9:e112108. doi: 10.1371/journal.pone.0112108

 30. Besedovsky H, Del Rey A. Immune-neuro-endocrine interactions: facts and hypotheses. Endocr Rev. (1996) 17:64–102. doi: 10.1210/edrv-17-1-64

 31. Saito H, Inoue T, Fukatsu K, Ming-Tsan L, Inaba T, Fukushima R, et al. Growth hormone and the immune response to bacterial infection. Horm Res. (1996) 45:50–4. doi: 10.1159/000184759

 32. Leung CC, Lam TH, Chan WM, Yew WW, Ho KS, Leung GM, et al. Original contribution diabetic control and risk of tuberculosis: a cohort study. Am J Epidemiol. (2008) 167:1486–94. doi: 10.1093/aje/kwn075

 33. Díaz A, Bongiovanni B, D'Attilio L, Santucci N, Dídoli G, Fernández RdV, et al. The clinical recovery of tuberculosis patients undergoing specific treatment is associated with changes in the immune and neuroendocrine responses. Pathog Dis. (2017) 75:ftx087. doi: 10.1093/femspd/ftx087

 34. Bongiovanni B, Díaz A, D'Attilio L, Santucci N, Dídoli G, Lioi S, et al. Changes in the immune and endocrine responses of patients with pulmonary tuberculosis undergoing specific treatment. Ann N Y Acad Sci. (2012) 1262:10–5. doi: 10.1111/j.1749-6632.2012.06643.x

 35. Del Prete G, de Carli M, Almerigogna F, Giudizi MG, Biagiotti R, Romagnani S. Human IL-10 is produced by both type 1 helper (Th1) and type 2 helper (Th2) T cell clones and inhibits their antigen-specific proliferation and cytokine production. J Immunol. (1993) 150:353–60.

 36. Stew SS, Martinez PJ, Schlesinger LS, Restrepo BI. Differential expression of monocyte surface markers among TB patients with diabetes co-morbidity. Tuberculosis (Edingb). (2013) 93:S78–82. doi: 10.1016/S1472-9792(13)70015-5

 37. Pavan Kumar N, Sridhar R, Banurekha VV, Jawahar MS, Fay MP, Nutman TB, et al. Type 2 diabetes mellitus coincident with pulmonary tuberculosis is associated with heightened systemic Type 1, Type 17, and other proinflammatory cytokines. Ann Am Thorac Soc. (2013) 10:441–9. doi: 10.1513/AnnalsATS.201305-112OC

 38. Sabat R, Grütz G, Warszawska K, Kirsch S, Witte E, Wolk K GJ. Biology of interleukin-10. Cytokine Growth Factor Rev. (2010) 21:331–44. doi: 10.1016/j.cytogfr.2010.09.002

 39. Schreiber T, Ehlers S, Heitmann L, Rausch A, Mages J, Murray PJ, et al. Autocrine IL-10 induces hallmarks of alternative activation in macrophages and suppresses anti-tuberculosis effector mechanisms without compromising T cell immunity. J Immunol. (2009) 183:1301–12. doi: 10.4049/jimmunol.0803567

 40. de Paus RA, van Wengen A, Schmidt I, Visser M, Verdegaal EME, van Dissel JT, et al. Inhibition of the type I immune responses of human monocytes by IFN-α and IFN-β. Cytokine. (2013) 61:645–55. doi: 10.1016/j.cyto.2012.12.005

 41. Dallagi A, Girouard J, Hamelin-Morrissette J, Dadzie R, Laurent L, Vaillancourt C, et al. The activating effect of IFN-γ on monocytes/macrophages is regulated by the LIF–trophoblast–IL-10 axis via Stat1 inhibition and Stat3 activation. Cell Mol Immunol. (2015) 12:326–41. doi: 10.1038/cmi.2014.50

 42. Olobo JO, Geletu M, Demissie A, Eguale T, Hiwot K, Aderaye G, et al. Circulating TNF-alpha, TGF-beta, and IL-10 in tuberculosis patients and healthy contacts. Scand J Immunol. (2001) 53:85–91. doi: 10.1046/j.1365-3083.2001.00844.x

 43. Jamil B, Shahid F, Hasan Z, Nasir N, Razzaki T, Dawood G, et al. Interferonγ/IL10 ratio defines the disease severity in pulmonary and extra pulmonary tuberculosis. Tuberculosis (Edingb). (2007) 87:279–87. doi: 10.1016/j.tube.2007.03.004

 44. Barnes PF, Lu S, Abrams JS, Wang E, Yamamura M MR. Cytokine production at the site of disease in human tuberculosis. Infect Immun. (1993) 61:3482–9. doi: 10.1128/IAI.61.8.3482-3489.1993

 45. Awomoyi AA, Marchant A, Howson JMM, McAdam KPWJ, Blackwell JM, Newport MJ. Interleukin-10, polymorphism in SLC11A1 (formerly NRAMP1), and susceptibility to tuberculosis. J Infect Dis. (2002) 186:1808–14. doi: 10.1086/345920

 46. Abdalla AE, Lambert N, Duan X, Xie J. Interleukin-10 family and tuberculosis: an old story renewed. Int J Biol Sci. (2016) 12:710–7. doi: 10.7150/ijbs.13881

 47. Del Rey A, Mahuad CV, Bozza VV, Bogue C, Farroni MA, Bay ML, et al. Endocrine and cytokine responses in humans with pulmonary tuberculosis. Brain Behav Immun. (2007) 21:171–9. doi: 10.1016/j.bbi.2006.06.005

 48. Santucci N, D'Attilio L, Kovalevski L, Bozza V, Besedovsky H, del Rey A, et al. A multifaceted analysis of immune-endocrine-metabolic alterations in patients with pulmonary tuberculosis. PLoS ONE. (2011) 6:e26363. doi: 10.1371/journal.pone.0026363

 49. Suzuki T, Suzuki N, Daynes RA, Engleman EG. Dehydroepiandrosterone enhances IL2 production and cytotoxic effector function of human T cells. Clin Immunol Immunopathol. (1991) 61:202–11. doi: 10.1016/S0090-1229(05)80024-8

 50. Kipper-Galperin M, Galilly R, Danenberg HD, Brenner T. Dehydroepiandrosterone selectively inhibits production of tumor necrosis factor α and Interlukin-6 in astrocytes. Int J Dev Neurosci. (1999) 17:765–75. doi: 10.1016/S0736-5748(99)00067-2

 51. Hazeldine J, Arlt W, Lord JM. Dehydroepiandrosterone as a regulator of immune cell function. J Steroid Biochem Mol Biol. (2010) 120:127–36. doi: 10.1016/j.jsbmb.2009.12.016

 52. Svec F, Porter JR. The actions of exogenous dehydroepiandrosterone in experimental animals and humans. Proc Soc Exp Biol Med. (1998) 218:174–91. doi: 10.3181/00379727-218-44285

 53. Martins CS, Elias D, Colli LM, Couri CE, Souza MCLA, Moreira AC, et al. HPA axis dysregulation, NR3C1 polymorphisms and glucocorticoid receptor isoforms imbalance in metabolic syndrome. Diabetes Metab Res Rev. (2017) 33:e2842. doi: 10.1002/dmrr.2842

 54. Marino JS, Stechschulte LA, Stec DE, Nestor-Kalinoski A, Coleman S HTJ. Glucocorticoid receptor β induces hepatic steatosis by augmenting inflammation and inhibition of the Peroxisome Proliferator-Activated Receptor (PPAR) α. J Biol Chem. (2016) 291:25776–88. doi: 10.1074/jbc.M116.752311

 55. Bottasso O, Bay ML, Besedovsky H, del Rey A. Adverse neuro-immune-endocrine interactions in patients with active tuberculosis. Mol Cell Neurosci. (2013) 53:77–85. doi: 10.1016/j.mcn.2012.11.002

 56. Straub RH, Besedovsky HO. Integrated evolutionary, immunological, and neuroendocrine framework for the pathogenesis of chronic disabling inflammatory diseases. FASEB J. (2003) 17:2176–83. doi: 10.1096/fj.03-0433hyp

 57. Mahuad C, Bozza V, Pezzotto SM, Bay ML, Besedovsky H, Del Rey A, et al. Impaired immune responses in tuberculosis patients are related to weight loss that coexists with an immunoendocrine imbalance. Neuroimmunomodulation. (2007) 14:193–9. doi: 10.1159/000110646

 58. Leung CC, Lam TH, Chan WM, Yew WW, Ho KS, Leung G, et al. Lower risk of tuberculosis in obesity. Arch Intern Med. (2007) 167:1297. doi: 10.1001/archinte.167.12.1297

 59. Kim SJ, Ye S, Han YJ, Ha E, Chun EM. The association of body mass index with incidence of tuberculosis in Korea. Eur Respir J. (2017) 50(Suppl. 61):PA2715.

 60. Hanrahan CF, Golub JE, Mohapi L, Tshabangu N, Modisenyane T, Chaisson RE, et al. Body mass index and risk of tuberculosis and death. AIDS. (2010) 24:1501–8. doi: 10.1097/QAD.0b013e32833a2a4a

 61. World Health Organization. Global Status Report on Noncommunicable Diseases (2014). Available online at: https://www.who.int/nmh/publications/ncd-status-report-2014/en/

 62. Popa C, Netea MG, Radstake DS, van Riel PL, Barrera P, van JWM, et al. Markers of inflammation are negatively correlated with serum leptin in rheumatoid arthritis. Ann Rheum Dis. (2005) 64:1195–8. doi: 10.1136/ard.2004.032243

 63. Thaler JP, Choi SJ, Schwartz MW, Wisse BE. Hypothalamic inflammation and energy homeostasis: Resolving the paradox. Front Neuroendocrinol. (2010) 31:79–84. doi: 10.1016/j.yfrne.2009.10.002

 64. Martín-Romero C, Santos-Alvarez J, Goberna R, Sánchez-Margalet V. Human leptin enhances activation and proliferation of human circulating T Lymphocytes. Cell Immunol. (2000) 199:15–24. doi: 10.1006/cimm.1999.1594

 65. Liu C, Feng X, Li Q, Wang Y, Li Q, Hua M. Adiponectin, TNF-α and inflammatory cytokines and risk of type 2 diabetes: a systematic review and meta-analysis. Cytokine. (2016) 86:100–9. doi: 10.1016/j.cyto.2016.06.028

 66. Pradhan AD, Manson JE, Rifai N, Buring JE, Ridker PM. C-reactive protein, interleukin 6, and risk of developing type 2 diabetes mellitus. JAMA. (2001) 286:327–34. doi: 10.1001/jama.286.3.327

 67. Duncan BB, Schmidt MI, Pankow JS, Ballantyne CM, Couper D, Vigo A, et al. Low-grade systemic inflammation and the development of type 2 diabetes: the atherosclerosis risk in communities study. Diabetes. (2003) 52:1799–805. doi: 10.2337/diabetes.52.7.1799

 68. Spranger J, Kroke A, Mo M, Hoffmann K, Bergmann MM. Inflammatory cytokines and the risk to develop Type 2 diabetes results of the prospective population-based european prospective investigation into cancer and nutrition (EPIC)-potsdam study. Diabetes. (2003) 52:812–7. doi: 10.2337/diabetes.52.3.812

 69. Gómez-Santos C, Hernández-Morante JJ, Tébar FJ, Granero E, Garaulet M. Differential effect of oral dehydroepiandrosterone-sulphate on metabolic syndrome features in pre- and postmenopausal obese women. Clin Endocrinol (Oxf). (2012) 77:548–54. doi: 10.1111/j.1365-2265.2011.04306.x

 70. Villareal DT, Holloszy JO. Effect of DHEA on abdominal fat and insulin action in elderly women and men. JAMA. (2004) 292:2243. doi: 10.1001/jama.292.18.2243

 71. Hernández-Morante JJ, Pérez-de-Heredia F, Luján JA, Zamora S, Garaulet M. Role of DHEA-S on body fat distribution: gender- and depot-specific stimulation of adipose tissue lipolysis. Steroids. (2008) 73:209–15. doi: 10.1016/j.steroids.2007.10.005

 72. Casson P, Hornsby P, Buster J. Adrenal androgens, insulin resistance, and cardiovascular disease. Semin Reprod Med. (1996) 14:29–34. doi: 10.1055/s-2007-1016306

 73. Wolowczuk I, Verwaerde C, Viltart O, Delanoye A, Delacre M, Pot B, et al. Feeding our immune system: impact on metabolism. Clin Dev Immunol. (2008) 2008:639803. doi: 10.1155/2008/639803

 74. Foss-Freitas MC, Foss NT, Donadi EA, Foss MC. Effect of metabolic control on interferon-gamma and interleukin-10 production by peripheral blood mononuclear cells from type 1 and type 2 diabetic patients. Brazilian J Med Biol Res. (2007) 40:671–7. doi: 10.1590/S0100-879X2007000500010

 75. Bagdade JD, Nielson KL, Bulger RJ. Reversible abnormalities in phagocytic function in poorly controlled diabetic patients. Am J Med Sci. (1972) 263:451–6. doi: 10.1097/00000441-197206000-00005

 76. Bagdade JD, Stewart M, Walters E. Impaired granulocyte adherence A reversible defect in host defense in patients with poorly controlled diabetes. Diabetes. (1978) 27:677–81. doi: 10.2337/diabetes.27.6.677

 77. MacRury SM, Gemmell CG, Paterson KR, MacCuish AC. Changes in phagocytic function with glycaemic control in diabetic patients. J Clin Pathol. (1989) 42:1143–7. doi: 10.1136/jcp.42.11.1143

 78. Berezin A. Metabolic memory phenomenon in diabetes mellitus: achieving and perspectives. Diabetes Metab Syndr Clin Res Rev. (2016) 10:S176–83. doi: 10.1016/j.dsx.2016.03.016

 79. Bianchi C, Miccoli R, Del Prato S. Hyperglycemia and vascular metabolic memory: truth or fiction? Curr Diab Rep. (2013) 13:403–10. doi: 10.1007/s11892-013-0371-2

 80. Kumar NP, Sridhar R, Banurekha VV, Jawahar MS, Nutman TB, Babu S. Expansion of pathogen-specific T-helper 1 and T-helper 17 cells in pulmonary tuberculosis with coincident type 2 diabetes mellitus. J Infect Dis. (2013) 208:739–48. doi: 10.1093/infdis/jit241

 81. Stalenhoef JE, Alisjahbana B, Nelwan EJ, Ven-Jongekrijg J, Ottenhoff THM, Meer JWM, et al. The role of interferon-gamma in the increased tuberculosis risk in type 2 diabetes mellitus. Eur J Clin Microbiol Infect Dis. (2008) 27:97–103. doi: 10.1007/s10096-007-0395-0

 82. Kelso A, MacDonald HR, Smith KA, Cerottini JC, Brunner KT. Interleukin 2 enhancement of lymphokine secretion by T lymphocytes: analysis of established clones and primary limiting dilution microcultures. J Immunol. (1984) 132:2932–8.

 83. Scriba TJ, Coussens AK, Fletcher HA. Human immunology of tuberculosis. Microbiol Spectr. (2016) 4:1–23. doi: 10.1128/microbiolspec.TBTB2-0016-2016

 84. Flynn JL, Chan J, Triebold KJ, Dalton DK, Stewart TA, Bloom BR. An essential role for interferon gamma in resistance to Mycobacterium tuberculosis infection. J Exp Med. (1993) 178:2249–54. doi: 10.1084/jem.178.6.2249

 85. Ahmed M, de Winther MPJ, van den Bossche J. Epigenetic mechanisms of macrophage activation in type 2 diabetes. Immunobiology. (2017) 222:937–43. doi: 10.1016/j.imbio.2016.08.011

 86. Chang S-C, Yang W-CV. Hyperglycemia, tumorigenesis, and chronic inflammation. Crit Rev Oncol Hematol. (2016) 108:146–53. doi: 10.1016/j.critrevonc.2016.11.003

 87. Ramasamy R, Yan SF, Schmidt AM. Receptor for AGE (RAGE): signaling mechanisms in the pathogenesis of diabetes and its complications. Ann N Y Acad Sci. (2011) 1243:88–102. doi: 10.1111/j.1749-6632.2011.06320.x

 88. Guglielmotto M, Aragno M, Tamagno E, Vercellinatto I, Visentin S, Medana C, et al. AGEs/RAGE complex upregulates BACE1 via NF-κB pathway activation. Neurobiol Aging. (2012) 33:196.e13–27. doi: 10.1016/j.neurobiolaging.2010.05.026

 89. Ingels C, Derese I, Wouters PJ, Van den Berghe G, Vanhorebeek I. Soluble RAGE and the RAGE Ligands HMGB1 and S100A12 in critical illness. Shock. (2015) 43:109–16. doi: 10.1097/SHK.0000000000000278

 90. Nogueira-Machado JA, Volpe CM de O, Veloso CA, Chaves MM. HMGB1, TLR and RAGE: a functional tripod that leads to diabetic inflammation. Expert Opin Ther Targets. (2011) 15:1023–35. doi: 10.1517/14728222.2011.575360

 91. Morohoshi M, Fujisawa K, Uchimura I, Numano F. Glucose-dependent interleukin 6 and tumor necrosis factor production by human peripheral blood monocytes vitro. Diabetes. (1996) 45:954–9. doi: 10.2337/diabetes.45.7.954

 92. Hu R, Xia C-Q, Butfiloski E, Clare-Salzler M. Effect of high glucose on cytokine production by human peripheral blood immune cells and type I interferon signaling in monocytes: implications for the role of hyperglycemia in the diabetes inflammatory process and host defense against infection. Clin Immunol. (2018) 195:139–48. doi: 10.1016/j.clim.2018.06.003

 93. Brattsand R, Linden M. Cytokine modulation by glucocorticoids: mechanisms and actions in cellular studies. Aliment Pharmacol Ther. (1996) 10(Suppl. 2):81–90–2. doi: 10.1046/j.1365-2036.1996.22164025.x

 94. He Y, Luo Y, Lao X, Tan L, Sun E. Cytokine signatures of human whole blood for monitoring immunosuppression. Cent Eur J Immunol. (2014) 39:271–8. doi: 10.5114/ceji.2014.45936

 95. Liu Z, Yuan X, Luo Y, He Y, Jiang Y, Chen ZK, et al. Evaluating the effects of immunosuppressants on human immunity using cytokine profiles of whole blood. Cytokine. (2009) 45:141–7. doi: 10.1016/j.cyto.2008.12.003

 96. Devin LH, Remick DG. Delayed addition of glucocorticoids selectively suppresses cytokine production in stimulated human whole blood. Clin Vaccine Immunol. (2010) 17:979–85. doi: 10.1128/CVI.00404-09

 97. Rhen T, Cidlowski JA. Antiinflammatory action of glucocorticoids — new mechanisms for old drugs. N Engl J Med. (2005) 353:1711–23. doi: 10.1056/NEJMra050541

 98. Mozo L, Suárez A, Gutiérrez C. Glucocorticoids up-regulate constitutive interleukin-10 production by human monocytes. Clin Exp allergy. (2004) 34:406–12. doi: 10.1111/j.1365-2222.2004.01824.x

 99. Olnes MJ, Kotliarov Y, Biancotto A, Cheung F, Chen J, Shi R, et al. Effects of systemically administered hydrocortisone on the human immunome. Sci Rep. (2016) 6:23002. doi: 10.1038/srep25215

 100. Kunicka JE, Talle MA, Denhardt GH, Brown M, Prince LA, Goldstein G. Immunosuppression by glucocorticoids: inhibition of production of multiple lymphokines by in vivo administration of dexamethasone. Cell Immunol. (1993) 149:39–49. doi: 10.1006/cimm.1993.1134

 101. Fushimi T, Okayama H, Seki T, Shimura S, Shirato K. Dexamethasone suppressed gene expression and production of lnterleukin-10 by human peripheral blood mononuclear cells and monocytes. Int Arch Allergy Immunol. (1997) 112:13–8. doi: 10.1159/000237425

 102. Borish L, Aarons A, Rumbyrt J, Cvietusa P, Negri J, Wenzel S. Interleukin-10 regulation in normal subjects and patients with asthma. J Allergy Clin Immunol. (1996) 97:1288–96. doi: 10.1016/S0091-6749(96)70197-5

 103. Saraiva M, O'Garra A. The regulation of IL-10 production by immune cells. Nat Rev Immunol. (2010) 10:170–81. doi: 10.1038/nri2711

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Fernández, Díaz, Bongiovanni, Gallucci, Bértola, Gardeñez, Lioi, Bertolin, Galliano, Bay, Bottasso and D'Attilio. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	CASE REPORT
published: 15 April 2020
doi: 10.3389/fnins.2020.00331





[image: image]

Hashimoto’s Encephalopathy Mimicking Viral Encephalitis: A Case Report

Miaomiao Yu, Yu Yang, Xianyi Ma, Yinyin Xie, Ningning Sun and Hongmei Meng*

Department of Neurology and Neuroscience Center, The First Hospital of Jilin University, Changchun, China

Edited by:
Ana Rosa Pérez, National Scientific and Technical Research Council (CONICET), Argentina

Reviewed by:
Kumaran Deiva, Hôpitaux Universitaires Paris-Sud (APHP), France
Tadanori Hamano, University of Fukui, Japan

*Correspondence: Hongmei Meng, hongmeiyp@126.com

Specialty section: This article was submitted to Neuroendocrine Science, a section of the journal Frontiers in Neuroscience

Received: 21 October 2019
Accepted: 20 March 2020
Published: 15 April 2020

Citation: Yu M, Yang Y, Ma X, Xie Y, Sun N and Meng H (2020) Hashimoto’s Encephalopathy Mimicking Viral Encephalitis: A Case Report. Front. Neurosci. 14:331. doi: 10.3389/fnins.2020.00331

Hashimoto’s encephalopathy (HE) is a rare neuropsychiatric syndrome characterized by elevated levels of anti-thyroid antibodies. Diverse manifestations make timely diagnosis of HE difficult. Herein, we report a case of HE, in which the clinical symptoms and laboratory test results mimicked viral encephalitis. A 59-year-old male patient, who presented with a fever, headache, slow and unclear speech, sentence confusion, elevated levels of anti-thyroid antibodies in the serum, an increased white blood cell count, and positivity for anti-thyroid antibodies in the CSF, was finally diagnosed with HE and responded well to a small dose of methylprednisolone. This report helps bring the attention of clinicians to the fact that HE should be considered when cases of unexplained encephalopathy are encountered.
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BACKGROUND

Hashimoto’s encephalopathy (HE) is a rare neuropsychiatric syndrome associated with thyroid antibodies and was first reported by Brain in 1996 (Brain et al., 1966). HE presents with a broad range of clinical symptoms, including neurological manifestations such as stroke-like episodes, seizures, confusion, myoclonus, ataxia, tremors, and dementia, as well as psychiatric manifestations, including acute psychosis, depressive disorders, personality changes, hallucinations, and schizophrenia (Kirshner, 2014; Menon et al., 2017). In this case report, we describe a patient with HE whose clinical symptoms and laboratory test results mimicked viral encephalitis.



CASE REPORT

A 59-year-old man who presented with fever, headache, and awkward speech which specifically manifested as slow and unclear speech, was admitted to the hospital. He denied recent infections such as flu or gastroenteritis, travel, and other possible reasons, which could be responsible for the fever, which peaked at 39.5°C. Previous medical history revealed gout for 20 years, but no drugs were prescribed. His neurological examination and cranial computed tomography (CT) and magnetic resonance imaging (MRI) (Figure 1) scans were normal. EEG results showed minor irregularities in waves (5–20 μv 14–20 Hz β) emitted from the bilateral hemispheres. Blood routine, C-reactive protein, serum vitamin B12, and folic acid, as well as other autoimmunity makers containing antinuclear antibody (ANA), anti-neutrophil cytoplasmic antibodies (ANCA), and rheumatoid factors were all unremarkable. The cerebrospinal fluid (CSF) showed an increased white blood cell (WBC) count (104 × 106/L, reference range 0–8 × 10^6/L) and elevated protein levels (1.68 g/L, reference range 0.15–0.45 g/L). Culture, smear, and bacterial, fungal, viral, and tubercle bacillus antibodies in the serum and CSF were negative. He was diagnosed with viral encephalitis and treated with antiviral agents. His symptoms eased within a week and he was discharged from the hospital. Five months later, he was referred to our hospital again due to a fever of 38.5°C and occasional sentence confusion. Another lumbar puncture was performed; the CSF had a WBC count of 39 × 10^6/L and the protein content was 1.32 g/L. The cranial MRI and laboratory test findings were almost normal except for decreased thyroid function and increased anti-thyroid autoantibody (ATA) levels in the serum and CSF. The initial findings were as follows: in the serum, the thyroid stimulating hormone (TSH) concentration was 43.39 uIU/ml (reference range (RR): 0.27–4.2 uIU/ml), free triiodothyronine (FT3) concentration was 2.89 pmol/ml (RR: 3.1–6.8 pmol/ml), free thyroxine (FT4) concentration was 7.18 pmol/ml (RR: 12.0–22.0 pmol/ml), total triiodothyronine (TT3) concentration was 1.17 pmol/ml (RR: 1.3–3.1 pmol/ml), and total thyroxine (TT4) concentration was 44.26 pmol/ml (RR: 66–181 pmol/ml); the titer of anti-thyroglobulin autoantibodies (TgAb) was 1274 IU/ml (RR: < 115 IU/ml) and the titer of anti-thyroperoxidase autoantibodies (TPOAb) was 600 IU/ml (RR: < 35 IU/ml). In the CSF, ATA was positive (TPOAb 17.06 IU/ml, TgAb 16.02 IU/ml). Ultrasound imaging indicated diffuse lesions of the thyroid. Antibody analysis of anti-NMDAR, AMPA1, AMPA2, LGI1, CASPR2, GABA, GAD, anti-Hu, Yo, Ri, MAI, MA2, CV2, Amphiphysin, SOX-1, Tr, Zic4, and GAD65, were all negative in both the serum and CSF. The patient was ultimately diagnosed with HE, Hashimoto’s Thyroiditis, and hypothyroidism and prescribed methylprednisolone and Euthyrox. Methylprednisolone was started at a dose of 80 mg/day for 1 week and reduced to 40 mg/day in the 2 week; subsequently, oral prednisolone was prescribed, which was weaned at a rate of 5 mg per week, that is oral prednisolone was used for a total of 8 weeks. His symptoms were relieved in 3 days. The patient remained healthy during a follow up period of 1 year.
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FIGURE 1. MRI imaging of brain. There are no abnormal findings in the brain MRI imaging of the patient. (A) T1-weighted image; (B) T2-weighted image; (C) FLAIR image.




DISCUSSION

The estimated prevalence rate of HE is 2.1 in 100,000 and the sex ratio (female to male) is 4:1 (Ferracci et al., 2004). The course of HE may be progressive, relapsing-remitting, or even self-limiting. In the present case, the patient appeared to have a relapsing-remitting course.

Combined with the patient’s symptoms, normal MRI results, high titers of ATA in the serum and ATA positivity of the CSF, the patient was finally diagnosed with HE after excluding other potential causes including stroke, tumor, central nervous system infection, autoimmune encephalitis, and paraneoplastic syndrome.

Overall, the pathophysiology of HE is still inconclusive. On the basis of the neuropathological findings, an autoimmune vasculitis mechanism has been proposed. In a previous study, brain biopsies revealed that lymphocytic infiltration around the venules and arterioles may be involved (Duffey et al., 2003). Another possible mechanism involved is that ATAs attack antigens that are shared by the thyroid and the brain, and for this reason high titers of ATAs including TPOAb, TgAb, and anti-TSH receptor (TSH-R) antibodies in the serum, and sometimes in CSF, are considered hallmark features of HE (Yoneda, 2018). Similarly, high titers of ATA and CSF-ATA were found in our case. In a previous study, plasma exchange therapy resulted in a profound improvement of the patients’ symptoms (Tran et al., 2018). Together, these findings suggest that ATA plays an important role in HE. However, elevated ATA levels in the serum are also found within the general population and are especially common in elderly individuals. Further, the extent of ATA elevation is not related to the severity of HE. Although the patients’ serum ATA levels still remained high after methylprednisolone therapy, his symptoms were resolved (titer of anti-thyroglobulin autoantibodies (TgAb): 041 IU/ml, RR: < 115 IU/ml; titer of anti-thyroperoxidase autoantibodies (TPOA): 600 IU/ml, RR: <35 IU/ml). Our results confirm that there is no relationship between the extent of ATA elevation and the severity of HE.

Although the correlation between ATA and HE is still unclear (Kirshner, 2014), diagnostic criteria for HE were proposed by a team of experts in Lancet Neurology in 2016. The criteria are as follows: (1) encephalopathy with seizures, myoclonus, hallucinations, or stroke-like episodes; (2) subclinical or mild overt thyroid disease (usually hypothyroidism); (3) normal findings or non-specific abnormalities shown by brain MRI; (4) presence of thyroid antibodies in the serum (thyroid peroxidase, thyroglobulin); (5) absence of well-characterized neuronal antibodies in the serum and CSF; and (6) reasonable exclusion of alternative causes. HE can be diagnosed if a patient meets all the criteria (Graus et al., 2016). Our patient met all the above criteria, and he could therefore be diagnosed with HE. Most patients with HE respond well to steroids; however, when patients are steroid-resistant, other immunosuppression therapies including plasma exchange, IVIg, methotrexate, and mycophenolate have been shown to be effective. High doses of methylprednisolone (500–1000 mg) are most frequently used. Because the patient showed mild symptoms and refusal the use of high dose of methylprednisolone, we prescribed a low dose of methylprednisolone. Our patient underwent steroid therapy and has since remained healthy. The patient did not receive any other immunotherapy treatments during follow-up. In a retrospective observational study performed by Mamoudjy et al. (2013) the research results indicated that some HE patients underwent a relapse, even a third attack, which had a shorter interval time (mean 18 days) compared with that of the second attack (mean 213 days). Patients with relapses needed methylprednisolone or immunosuppressive therapy again (Mamoudjy et al., 2013). Our patient suffered one relapse about 150 days after the first attack and steroid therapy was effective. Sequelae, such as headache, memory disorders and so on, was also frequent (Mamoudjy et al., 2013), however, our patient did not have any sequelae left luckily.

Hashimoto’s encephalopathy is difficult to diagnose accurately, because of its association with a broad range of clinical symptoms, as well its non-specific neuroimaging and electroencephalogram presentation. A previous article reported a case of HE that was initially misdiagnosed as viral encephalitis (He et al., 2013), in which the patient presented with progressively impaired cognitive function and uncontrolled seizures without fever. In our case, the increased WBC count and CSF protein combined with a fever and headache lead us to diagnose it as viral encephalitis. Fever has been described in several patients with HE with and without thyroid disorders (Huang et al., 2011; Lu et al., 2015). Although the reason for fever in HE is unclear, Lu et al. (2015) suggested it may be a direct result of inflammation combined with the autoimmune vasculitis.

Hashimoto’s encephalopathy can manifest in many different ways, including stroke-like episodes, seizures, confusion, myoclonus, acute psychosis, depressive disorders, and hallucinations, causing HE to be confused with other diseases. Uwatoko et al. (2018) reported a case of a patient who presented with parkinsonism and a tumor-like lesion revealed by brain MRI. After biopsy, it was found that the lesion was not a tumor, and HE was finally confirmed (Uwatoko et al., 2018). Patients with HE can also present with unusual symptoms such as pseudobulbar palsy, sensorimotor polyneuropathy, catatonic symptoms, vertigo, muscle weakness, chorea, opsoclonus, and a trigeminal neuralgia type headache, among others (Beckmann et al., 2011; Salazar et al., 2012; Sharan et al., 2015; Ueno et al., 2016; Karthik et al., 2017; Emeksiz et al., 2018; Oz Tuncer et al., 2018). Rapidly progressive dementia, as a common manifestation of HE, makes it necessary to distinguish HE from other diseases caused by vascular, infectious, toxic-metabolic, and autoimmune factors, metastasis/neoplasia, iatrogenic/inborn errors of metabolism, neurodegenerative diseases, and systemic diseases/seizures (Paterson et al., 2012).



CONCLUSION

In conclusion, the diagnosis of HE is rather complex but valuable because of its dramatic response to immunosuppressive therapy. When clinicians are faced with unexplained encephalitis, thyroid function and ATA levels should be considered as conventional tests. HE can be excluded as a diagnosis for patients with normal serum levels of ATA. For patients with increased levels of ATA, HE should be considered after ruling out other possible diseases.
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Atypical antipsychotics (AAP) or second-generation antipsychotics are the clinical option for schizophrenia treatment during acute psychoses, but they are also indicated for maintenance during lifetime, even though they are being used for other psychiatric conditions in clinical practice such as affective disorders and autism spectrum disorder, among others. These drugs are differentiated from typical antipsychotics based on their clinical profile and are a better choice because they cause fewer side effects regarding extrapyramidal symptoms (EPS). Even though they provide clear therapeutic benefits, AAP induce peripheral effects that trigger phenotypic, functional, and systemic changes outside the Central Nervous System (CNS). Metabolic disease is frequently associated with AAP and significantly impacts the patient's quality of life. However, other peripheral changes of clinical relevance are present during AAP treatment, such as alterations in the immune and endocrine systems as well as the intestinal microbiome. These less studied alterations also have a significant impact in the patient's health status. This manuscript aims to revise the peripheral immunological, endocrine, and intestinal microbiome changes induced by AAP consumption recommended in the clinical guidelines for schizophrenia and other psychiatric disorders.

Keywords: atypical antipsychotics (AAP), peripheral effects, inflammatory response, endocrine response, microbiome


INTRODUCTION

Antipsychotics have been widely used in clinical psychiatry and neuroscience research for over 68 years since chlorpromazine demonstrated sedative effects in psychotic patients (1). Antipsychotics drugs are classified as typical or atypical according to the clinical effects that they cause (2). Atypical (AAP) or second-generation antipsychotics (SGA) are effective against positive and negative symptoms and improve some domains of cognition of schizophrenia. AAP are the first clinical option to treat various psychiatric conditions because they produce significantly fewer EPS and pose a lower risk of pseudo-parkinsonism and catalepsy in comparison to typical antipsychotics (3, 4).

Even though AAP were initially prescribed for psychotic disorders like schizophrenia, the Food and Drug Administration (FDA) has approved the use of these drugs for the treatment of other psychiatric conditions, including bipolar disorder, major depressive disorder with psychotic features, acute agitation, Tourette syndrome, borderline personality disorder, dementia, and substance-induced psychotic disorder (5) as well as diagnosed psychiatric conditions in children (6).

The pharmacological and adverse effects related to AAP consumption are due to the affinity of these drugs to a broad range of neurotransmitter receptors located in the CNS, peripheral organs, tissues, and cells. Each AAP has its own unique affinity pattern that generates psychiatric and peripheral effects acting at dopamine (DA) D1, D2, D3, D4, adrenergic α-1 and α-2, serotoninergic 5-HT2A and 5-HT2C, histaminergic, and muscarinic receptors (7). Despite their enormous efficacy on psychiatric symptoms and their low rate of EPS, AAP are not without adverse side effects. It is well-known that AAP produce peripheral effects related with metabolic alterations (8) like weight gain, type 2 diabetes, dyslipidemia, and subsequent cardiovascular complications (9, 10).

However, AAP consumption induces other peripheral changes that are clinically relevant but commonly dismissed, such as alterations in the immune and endocrine function as well as the intestinal microbiome. These sets of changes play a significant role in triggering inflammatory and metabolic chronic changes that affect the adequate recovery of patients and their quality of life.

A wide variety of hormones show alterations in their circulatory levels in human and animal models during AAP consumption. Among the affected hormones are those related to glucose metabolism, orexigenic and anorexigenic molecules, and hormones secreted by the hypothalamus or pituitary (11–14).

In patients and experimental models, AAP consumption modifies leukocyte phenotype, and cell count. The evidence demonstrates that macrophages (MQs), dendritic cells (DCs), T and B lymphocytes, neutrophils, and other leukocytes modify their function as well as cytokine production and release, apoptosis, phagocytosis, and Th1-Th2 differentiation (15–17). Additionally, other reports show AAP can change the peripheral levels of pro-inflammatory, anti-inflammatory, and growth factors molecules like C-reactive protein (CRP), interleukin (IL)-1β, IL-6, IL-12, IL-10, tumor necrosis factor (TNF)-α, interferon (IFN)-γ, and other molecules, affecting the systemic condition of the organism (18, 19).

Changes in hormonal and inflammatory levels in patients that consume AAP impact intestinal microbiota. It is important to note that the growing evidence suggests the intestinal microbiome could be involved in the treatment response. Moreover, gut microorganisms might be necessary to the occurrence of adverse effects such as weight gain (20).

In this review, we summarize the clinical and experimental studies that demonstrated the immunological, endocrine, and intestinal microbiome changes induced by the consumption of each AAP approved by the FDA for the treatment of schizophrenia and other psychiatric disorders.


Why Is It Important to Make Evident the Neuroendocrine Effects Induced by AAP Consumption?

Antipsychotic therapy prevails as a standard and fundamental component for major psychiatric disorders like acute episode of psychoses and the maintenance phase of schizophrenia and schizoaffective disorders (21). These drugs do not act exclusively on the CNS, and the more evident problem related with AAP treatment is the higher risk of developing hyperphagia, hyperglycemia, dyslipidemia, weight gain, diabetes mellitus, and insulin resistance (22), which further develops metabolic and cardiac complications with subsequent reduction in life expectancy, poor patient compliance, and sudden death (4).

Daily clinical practice not only identifies metabolic problems but also three clinically relevant issues that are the result of the chronic consumption of AAP by patients (23), often disregarded by healthcare professionals. The first are the endocrine and immune effects that AAP cause in patients and that will be listed in subsequent sections. The second is that the effects of the cotreatment with AAP and psychiatric medication, despite being more common than which is acknowledged (approximately 66% of psychiatrists use AAPs in combination), (24). The most common causes of co-treatment are: Patients seemed resistant to treatment instead of a monotherapy assay with clozapine or had been diagnosed with two or more psychiatric diagnoses, the clinician overlapped one antipsychotic while another was titrated (switching medication because of lack of response or better security profile), and finally, an effective dose of an AP was not achieved because of intolerance or side effects. Finally, the third issue is the joint effect of AAP consumption together with other drugs as benzodiazepines (adjunctive therapy for acute agitation, comorbid anxiety, or distress), antidepressants (as the adjunctive therapy in schizophrenia for persistent negative symptoms, comorbid major depressive disorder, and suicide risk) (25), APs also are used as adjunctive therapy for treatment-resistant major depressive disorder and major depressive disorder with psychotic features, and mood stabilizers as adjunctive therapy in bipolar disorder, schizoaffective disorder, and ultra-resistant schizophrenia (26).

This evidences the wide therapeutic use of AAP, which have become first-choice drugs to treat schizophrenia and other psychoses due to the lower risk of developing EPS. However, these drugs are highly promiscuous in their interaction with several neurotransmitter receptors as 5-HT and D, expressed in different peripheral cell types, such as leukocytes and gland cells (27–30), which constitutively express these receptors AAP can bind to.

To understand the diversity of effects these drugs systemically induce, we must consider that AAP do not behave equivalently, as shown in Figure 1. They are structurally heterogeneous, and the therapeutic effects, albeit generally equivalent, have particularities firstly explained by their heterogeneous physicochemical interactions with several receptors (see Table 1). The interactions between these drugs and their receptor firstly induces the conformational changes within the receptor structure that result in the activation of the associated heterotrimeric G protein (GPCR) and its consequent activation (53).


[image: Figure 1]
FIGURE 1. Chemical structure of atypical antipsychotics.



Table 1. Characteristics of APPs interaction with different neurotransmitter receptors.
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In addition, over the past decade new mechanisms associated with GPCR function have been discovered, such as the ability of β-arrestins to act as multifunctional proteins and activate multiple mediators like ERK, proto-oncogene tyrosine-protein kinase SRC, nuclear factor-κB, and phosphoinositide 3-kinase (54). The capacity of a ligand to preferentially activate either G protein-dependent signaling or G protein-independent signaling is called “biased agonism” or “functional selectivity.” This innovative new concept reflects the heterogeneity and complexity of the different receptor conformation states it can be transitioning when specifically interacting with stimulants (55). In addition, recent data have demonstrated how receptor functional selectivity is a dynamic and adaptable process, which can also be modified by physiopathological conditions (56).

In addition, it must be considered that, in cases such as cotreatment, the combined effect of two or more AAP or polypharmacy can induce a phenomenon called Convergence of signaling pathways occurring in cells. It can change the overall outcome of signals initiated with different relative strengths of signal, while initial events at the cell membrane may also pose differential consequences for the whole cell (57). These phenomena are reflected in the fluctuations of soluble mediators such as cytokines and hormones in AAP consumers.



Immunoendocrine Peripheral Effects Induced by AAP

In this section we will exhibit the specific immunoendocrine peripheral effects of the 10 most prescribed APs drugs approved by the FDA: olanzapine, clozapine, quetiapine, asenapine, aripiprazole, risperidone, paliperidone, iloperidone, ziprasidone, and lurasidone.




CLOZAPINE

Clozapine was the first AAP developed in 1958 and it was approved by the FDA in 1989 after 31 years of investigations and clinical trials for treatment-resistant schizophrenia (58). Currently, it is considered to be one of the most effective antipsychotics for the treatment of schizophrenia, psychosis, and depression. Nevertheless, it is not the first-line drug of choice due to its range of adverse effects, making compliance an issue for many patients (59).

Clozapine is often discontinued (18) since it has some other potentially dangerous and life-threatening side effects, such as myocarditis, seizures, agranulocytosis, or granulocytopenia, and gastrointestinal hypomotility. It is a 5-HT2A and D4 receptor antagonist. It also shows affinity to D1, D2, D3, D5, α-adrenergic, histaminergic H1, and cholinergic receptors (37) (see Table 1). This fact hinders the understanding of its molecular mechanisms of action and the identification of drug response predictors (60). In addition, this drug is an antagonist of other receptors, such as H1, 5-HT2C, and M3, leading to weight gain and metabolic side effects (61) that include both glycemic dysregulation and insulin resistance (62) (see Table 1).

Clozapine may have several interactions with other drugs as it is metabolized by the hepatic cytochrome P450 (CYP) system. Clozapine is transformed into norclozapine by CYP3A4 and 1A2 and clozapine N-oxide by CYP3A4. Nevertheless, CYP2C19 is also significant at clozapine therapeutic concentration (24%) while the influence of CYP2C9 (12%) and 2D6 (6%) is more modest. Then, blood-level monitoring of clozapine may be needed when inhibitors (such as antifungals, oral contraceptives, fluvoxamine, ciprofloxacin, caffeine, and disulfiram) or inducers (such as rifampicin, omeprazole, phenytoin, phenobarbital, and tobacco smoke) of CYP1A2 and both inhibitors (such as cimetidine, erythromycin, and clarithromycin) and inducers (as carbamazepine and rifampicin) of CYP13A4 are used. It is important to note that tobacco smoking may affect clozapine metabolism through CYP1A2 induction (59).

Endocrine alterations induced in animal models by clozapine administration have been observed at doses of 1–10 mg/kg (63), 7.5 mg/kg (64), 10 mg/kg (65), and 2–20 mg/kg (66). Additionally, clozapine significantly increased leptin levels (67) due to its affinity to M3 receptors, which have been linked to decreased insulin released by β-cells (63, 68), regulated glucose homeostasis, and body weight (69, 70). Indeed, studies have shown that only olanzapine and clozapine have a substantial affinity to M3 receptors. In this sense, the overall increase in leptin levels and its association with BMI suggest that leptin acts as a negative feedback signal in the event of fat increase (63).

A potential metabolic impairment by clozapine via the hypothalamic insulin signaling pathway has been reported in vitro. Using mHypoE-46 and rHypoE-19 neuron cell lines, clozapine impaired insulin-induced phosphorylation of AKT (63). Although clozapine is known to inhibit 5-HT2AR signaling through G protein-dependent mechanisms, it differs from classic GPCR antagonists in that it also induces 5-HT2AR internalization and activates AKT signaling through a 5-HT2AR-mediated event (71). An animal model, where this drug (2.5, 5, 10 mg/kg) was applied intravenously to Wistar rats, showed an acute increase in corticosterone and glucagon levels, which explains the establishment of hyperglycemia (72).

The vasoactive intestinal peptide (VIP) of parasympathetic origin may contribute to clozapine (muscarinic M1-receptor)-induced sialorrhea, an adverse effect created by its synergistic interaction with the antipsychotic in some patients with schizophrenia (73). Therapeutic doses of clozapine may induce reproductive dysfunction through mechanisms involving ovarian mitochondrial dysfunction and oxidative stress (74), an effect explained by the impairment of the mitochondrial respiratory chain. This phenomenon is supported by a study with thirty adult female albino rats that received clozapine (20 mg/kg/day) for 28 days. It was observed that reduced complex I activity (25%) resulted in a 35% decrease in ATP and mitochondrial respiration, thus severely impairing energy production and leading to apoptosis (75).

Resistin is a biomarker of systemic inflammation and likely plays a role as a marker of cardiovascular comorbidity. A study showed that Clozapine (40 μM) inhibited resistin mRNA expression in mouse brown adipocytes (76). However, in 121 schizophrenia patients treated with clozapine (403 mg/day), high serum levels of resistin were associated with smokers in comparison with non-smokers (77).

The interaction between clozapine and its pharmacological target in leukocytes induced inflammatory alterations in cell lines, primary cultures, animal models, and humans. The principal immune alteration associated with clozapine is agranulocytosis (neutrophils <500 cells/mm3), the most severe form of leukopenia affecting approximately 3.9% of users, and others as neutropenia (neutrophil count <1,500 cells/mm3) (78). The risk of neutropenia/agranulocytosis is 0.38% approximately with monitoring and 2.5% without it (79). This was mainly observed in female patients and was directly associated with the time of clozapine use (37, 80). Clozapine by itself was not directly toxic to neutrophils or their progenitors at therapeutic concentrations (79). However, the bioactivation/oxidation of clozapine in neutrophils produced reactive and unstable clozapine metabolites, which induced toxic oxidative stress, leading to neutrophil apoptosis. Metabolites may be cytotoxic to bone marrow stroma, potentially leading to accelerated neutrophil or myelocyte precursor apoptosis (81, 82). An associated genetic susceptibility was detected in 31 patients who developed clozapine-induced agranulocytosis and 38 patients who developed neutropenia in a group of 310 clozapine users. The most significant association was found with mutation NQO2 G1541A, making it one of the candidate markers for the prediction of these adverse effects (83).

The current pharmacovigilance processes, carried out worldwide, have allowed for the identification of three uncommon cases of clozapine-induced drug reaction with eosinophilia and systemic symptoms (84). These three reported cases took place in adults older than 57 years, all of them consuming different drugs previously. Two patients were diagnosed with acute exacerbation of a chronic paranoid schizophrenia and the third presented schizoaffective disorder. In the three cases, 15–22 days into the treatment (200–400 mg/day), the blood levels of clozapine were within the toxic range, while eosinophilia, leukocytosis, and liver abnormalities were detected along with a significant increase in CRP without infection (85, 86).

The phenomenon observed in these patients was secondary to the inflammatory process leading to an increase in circulatory levels of clozapine. It is known that cytokines can inhibit the metabolism of clozapine through cytochrome 4501A2 inhibition (87).

Clozapine is also associated with changes in lymphocyte phenotype and differentiation as well as changes in cytokine secretion. Some evidence showed that clozapine primarily inhibited the expression of 5-HT2A/2C on the membrane of primary T cell cultures and Jurkat and CEM cell lines (29, 72). Additionally, it is known that clozapine in vitro (1.5–7.5 μg/mL) inhibits Th1 differentiation by preventing the expression of transcription factor T-bet but not that of STAT-4 in T cells; clozapine also inhibited Th1 differentiation by blocking the AKT activation pathway (88). Moreover, clozapine (20 μM) promoted the in vitro differentiation of Treg cells and the expression of Foxp3 in splenocytes and lymph node cells from C57BL6/J mice in a model of experimental autoimmune encephalomyelitis (EAE) (15).

Regarding the effects of clozapine in MQs it has been described that clozapine increased IL-10 production and decreased IL-12 secretion in MQs after 5 days of incubation and when it is stimulated with lipopolysaccharide (LPS) for 24 h (89). Similarly, clozapine (10–100 μM) reduced nitric oxide (NO) and IL-12p40 production by LPS-stimulated bone marrow-derived macrophages (BMDM) from female C57BL/6 mice (90).

In studies carried out in animal models, similar effects to those described above in cell cultures have been observed in MQs. In a perinatal phencyclidine rat model, the administration of clozapine increased IL-6 and TNF-α with sex-specific changes (91), which can fit in the theory of “cytokine signature” observed in blood leukocytes from healthy volunteers incubated with clozapine (1 μM) (92). It has also been reported that, in Wistar rats, clozapine (45 mg/kg/day) induced myocarditis related with lymphocytic infiltrates, which induced the release of reactive oxygen species (ROS), cytokines, and TNF-α (93). Additionally, a perinatal model of 90 day-old Wistar rats prenatally treated with LPS reported that daily clozapine (10 mg/kg) significantly reduced IL-1β, TNF-α, and IL-2 levels (60, 94).

Finally, consideration should be given to the changes in the profile of circulating cytokines induced by clozapine consumption. For instance, nine patients with diagnosed schizophrenia or schizoaffective disorder, who were treated with clozapine 100–400 mg/day, showed increased risk of developing fever after the first intake, and IL-6 might play a specific role in the interaction effect between treatment duration and fever development (94, 95). Clozapine has also been shown to increase soluble IL-2 receptor (sIL-2R) and IL-6 levels (96, 97). Similarly, the adipokine resistin was associated with several acute and chronic inflammatory states and promoted the expression of TNF-α and IL-6 by human mononuclear cells (97) (see Table 2).


Table 2. Immunoendocrine peripheral effects induced by atypical antipsychotics.
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RISPERIDONE

Risperidone was the second AAP approved by the FDA and is among the most prescribed worldwide (98). Its use was authorized for the treatment of schizophrenia in 1993; it was approved to treat acute manic or mixed episodes of bipolar I disorder as monotherapy or adjunctive drug in 2003 and autism-related irritability in 2006 (99). There are also many varied non-FDA approved uses for risperidone, such as Tourette syndrome (100), major depressive disorder (MDD) (101), anorexia nervosa (102), dementia (103), borderline personality disorder (104), Parkinson's disease psychosis (105), posttraumatic stress disorder (106), and some other psychiatric conditions (107). This drug has liver metabolism; it mainly undergoes 9-hydroxylation that produces active 9-hydroxy-risperidone (OH-RIS) metabolite by CYP2D6 and CYP3A4 to a lesser extent (107). The available formulations of risperidone in the market are oral solution formulation, oral disintegrating tablets, and long-acting injectable (LAI) formulation (108).

The presumed action mechanism of risperidone is associated with the combination of 5-HT2A agonist and D2 antagonist effects with a strong binding affinity for the first one (see Table 1) (109). This drug is also active as an antagonist for other receptors with a lower affinity, such as dopamine D3 and D4, serotonin 5-HT6, 5-HT7, and α-1 and α-2 adrenergic. Risperidone acts as agonist on 5-HT2C serotoninergic receptors and H1 histaminergic receptors (43).

Risperidone consumption has demonstrated to generate hormone alterations in human and animal models. Reports on this AP refer to hormones related with glucose metabolism, adipokines, appetite, and those linked to the adrenal, and gonadal axes, among others. One of the main effects associated with risperidone consumption is elevated PRL levels in patients (110), having a significant incidence of HPRL compared with other APs (111–113). In human and adult studies, the drug caused significant PRL elevation after 44 days of treatment (1–6 mg/day) in 27 of 37 schizophrenic patients, while in a 1 year follow-up (1–6 mg/day) 6 out of 20 patients reported HPRL with decreased PRL, without reaching baseline levels (114). These results were similar to those obtained by Perez-Islas et al., whose report showed that 90% of the men and 87% of the women in the study had PRL levels above the reference range 3 months into the treatment (unspecified dose). These levels were still elevated in 70% of the subjects at 1 year of follow-up with a tendency to decrease (115).

During an acute follow-up (4 weeks), the patients with an increase of more than 20% in PRL levels had a better chance of responding to risperidone (116). However, the chronic consumption gave more information on PRL concentration and its effects; the reports proved that risperidone is associated with chronic HPRL (117). Female patients presented a significant incidence of HPRL as compared with their male counterparts (118). Elevated PRL by risperidone consumption could be associated to higher concentrations of osteocalcin in both genders (119), breast symptoms, discomfort, menstrual changes, and erectile dysfunction (120). In fact, patients who consumed risperidone and showed menstrual disorders had a significant increase in serum PRL levels, showing a correlation between the incidence of elevated PRL and menstrual disorders (121). Other organic and rare alterations, in adult and/or children patients, as granulomatous mastitis (122), amenorrhea (123), galactorrhea (124), acute pancreatitis (125), and pituitary adenoma (126) have also been associated with risperidone consumption.

The reports on PRL levels in children and adolescent patients have shown that these populations present elevated HPRL, which has been reported in 44.9% of autism spectrum disorder (ASD) patients as unrelated to the duration of risperidone treatment (0.25–5 mg/kg, 1.03–158.03 months) (127). Still, there is evidence exposing the possible relation between plasma metabolite levels of risperidone and elevated PRL concentrations (128). Patients from the same population presented an increase in serum PRL during 3 months of follow-up (0.5–4 mg/day); gender, pubertal status, risperidone dosage, psychiatry diagnosis, and personal/family history of autoimmune diseases also affected PRL elevation during treatment (129). Similarly, a meta-analysis reported that pediatric patients treated with risperidone (4–6 mg/day) were found to experience the most significant increase in PRL, followed by patients treated with 1–3 mg/day of risperidone compared with other APs at a different dose (130). In fact, the occurrence of HPRL in this population has been associated to the presence of the C allele of the rs6318 single nucleotide polymorphism (SNP) of the HTR2C gene (0.25–6 mg/day, 0.1–143 months) (131). In addition, HPRL during treatment with risperidone/paliperidone in schizophrenic patients showed an association with rs40184 and rs3863145 variants in SLC6A3 gene of blood leukocyte DNA (132). All the studies that showed elevated PRL levels in the pediatric population are in accordance with a meta-analysis that presented a relation between risperidone treatment and high PRL (130). The possible mechanism by which risperidone causes HPRL is associated with the transcriptional upregulation of neuropeptide Y (NPY) secreted by the arcuate hypothalamic nucleus due to the high affinity of risperidone to 5-HT2A receptors. NPY inhibits tyrosine hydroxylase expression in the paraventricular nucleus and thus reduces DA synthesis, which in turn would diminish the inhibition of PRL expression induced by DA. The reduction in DA would cause the overexpression of PRL in the pituitary and ultimately induce HPRL (133).

Studies have shown that, in addition to PRL increase, other hormone profiles such as estradiol, testosterone, leptin, adiponectin, and insulin could be altered during risperidone treatment. The acute consumption of this drug (2–4 mg/Kg) decreased testosterone and estradiol levels in female patients after a 6-week treatment (134), and the same decrease in estradiol levels was reported in male patients with schizophrenia during 1 year of treatment (2–6 mg/day) (135), although other studies showed that risperidone consumption did not alter the testosterone or estradiol levels in male or female patients (136, 137). Although the mechanism is not clear, risperidone could affect estradiol and testosterone levels by a direct effect on the hypothalamic-hypophysis-gonadal axis, decreasing hormone production (135).

The concentration of leptin has also been proven to increase by 60% in psychotic patients after 4 weeks of risperidone consumption (4–8 mg/day) (138). Other studies showed that the leptin levels of schizophrenic patients with risperidone consumption were higher than those of healthy controls (139, 140). Similarly, there was an increase in leptin among ASD patients during at least 12 months of treatment (0.25–1 mg/day) (141). In treatment-naïve children and adolescents, leptin increased after 3 and 6 months of treatment (unspecified dose) when compared with baseline (142). However, a 5-month treatment (6.1 ± 1.8 mg/day) yielded no changes in leptin concentrations when compared with baseline (143); this data is supported by a meta-analysis that found no significant changes in leptin after risperidone treatment (63). The serum leptin elevation is attributed to weight gain rather than the direct effect of risperidone on leptin metabolism. This hormone is secreted by adipocytes and it is proportional to the mass of stored fat, so the elevation in blood of patients with antipsychotic-induced weight gain could be the result of the increased weight itself (144).

Adiponectin is a molecule with conflicting results on the effect of risperidone consumption. Schizophrenia patients treated with risperidone (unspecified dose, 50.1 ± 82.4 months) reduced plasma levels of adiponectin when compared with healthy subjects (145), and medication-free children showed a decrease in adiponectin levels after 16 weeks of treatment (3–91 months) (146). However, these data do not match with the results of two meta-analysis that reported no association between risperidone treatment and low adiponectin (147, 148).

According with most reports, risperidone consumption increases insulin levels in blood. The treatment with LAI-risperidone (38 ± 2 mg/15 days) for 18 ± 1.6 months showed higher insulin concentrations in patients compared with the control group (140). Children studies show that the treatment for at least 12 months (0.25–1 mg/day) increased insulin levels in ASD patients (141). Similar results were obtained in medication-free children (3–91 months) after 16 weeks of treatment (146).

The changes in hormone levels related with risperidone treatment are also evident in animal models. In a pigtail macaque model, PRL was higher at low (0.025 mg/Kg) and high doses (0.05 mg/Kg) of risperidone during 4-month consumption, with a gradual decline until reaching placebo levels in the post-drug phase (149). In an animal model, male Wistar rats showed reduced α-MSH, agouti-related protein (AgRP), and cocaine- and amphetamine-regulated transcript (CART) concentrations and increased leptin levels vs. the vehicle group after 4 weeks of treatment (2 mg/kg/day) (150). In addition, female Sprague-Dawley rats with depot risperidone exhibited higher glucagon levels (20 mg/day), while daily risperidone (40 mg) increased leptin and ghrelin levels at 4 and 6 weeks (151). In rat ovarian theca cells, risperidone inhibited mitochondrial bioenergetics and steroidogenesis by reducing ATP content (0.1–100 μM, 24 h) and the production of progesterone and androstenedione (1–37 μM, 24 h) (151). Finally, mouse models have reported plasma insulin increased over 8-fold in FVB/N mice 3 h after consumption of risperidone (152).

The adverse effects, involving immune alterations, caused by risperidone have been widely studied. In the immune system, this drug alters leukocyte numbers and levels of humoral inflammatory molecules, and it directly effects the phenotype and function of leukocytes (16, 153, 154).

Risperidone does not require regular clinical monitoring of white blood cell (WBC) count; however, anecdotal evidence has shown that it could modify and reduce the leukocyte count. Different risperidone doses (2–4 mg/day) and the combined treatment of risperidone/paliperidone (2 mg/day/100 mg) caused leukopenia with neutropenia (155) or lymphopenia (153, 156–158) as well as fever (159). Other leukocyte alterations have been described. A case report showed the development of thrombocytopenia in a male paranoid schizophrenia patient with risperidone treatment (4 mg/day) (160). Risperidone has demonstrated the association between its consumption (3 mg/day) and the development of acute eosinophilic pneumonia (AEP) in a male patient under a 6-month treatment (161). All count alterations and developed diseases improved after discontinuing the drug. Nevertheless, there are reported cases of neutropenia induced by risperidone but the incidence rate of cytopenia alterations seems to be very low (162).

The reports that analyze the effect of risperidone consumption on soluble molecules with immune function are very diverse. Even though CRP levels did not show changes in schizophrenic patients during risperidone treatment vs. healthy volunteers (163), there is evidence showing the relationship between elevated CRP and the effects on risperidone metabolism. A case report demonstrated that two females who had consumed risperidone during acute inflammation indicated by elevated CRP exhibited an increase in dose-related serum concentrations of risperidone up to the therapeutic concentration (164, 165). Furthermore, high CRP vs. common CRP values increased risperidone and OH-RIS serum levels by 58.4 and 20%, respectively, in patients with risperidone consumption (166). Contrastingly, other reports showed no correlation between CRP levels and affected risperidone levels in serum concentration (95).

The studies of changes in BDNF levels during treatment are controversial; only relapse schizophrenic males patients showed elevated BDNF after 4 weeks of risperidone consumption (3–6 mg/day), a result that suggests gender should be considered when choosing the pharmacological treatment (167–169). However, other studies reported no alteration whatsoever after risperidone consumption (170, 171).

Cytokines, chemokines, and immunoglobulins (Ig) are inflammatory molecules that have been measured during risperidone treatment and results show changes in blood levels in some of them. In an animal model, risperidone decreased and normalized the plasma levels of IL-6 and TNF-α in n-3 fatty-acid deficient rats when compared with elevated levels of n-3 fatty-acid adequate rats after 40 days of treatment (3 mg/kg/day) (172).

In patients with schizophrenia, the measurement of these molecules in blood has proven the immunomodulatory effect of risperidone at different times of consumption. A 3-month treatment with risperidone (1–6 mg/day) showed significant decreases in serum levels of IL-8, macrophage inflammatory protein (MIP)-1β, fractalkine, TNF-α, IL-7, IL 13, IL-17a, IL-23, and IL-21 (173). The same effect in TNF-α was observed at 40 days of treatment (unspecified doses) with increased IL-10 serum levels in patients with risperidone or clozapine consumption (174). Elevated levels of Interleukin-1 receptor antagonist (IL-1RA) and IL-10 have also been reported after 6 weeks of treatment (unspecified doses) (175) as well as significant decreases in IL-6, IL-10, TNF-α, and IL-4 after 10 weeks of risperidone consumption (4 ± 1.8 mg/day) (176). During 6 months of risperidone treatment (2–6 mg/day), TNF-α levels increased compared with baseline while IL-1β and IL-6 decreased at 1 month and then gradually increased at the end of the follow-up (154). In ASD patients, eotaxin and monocyte chemoattractant protein-1 (MCP-1) levels significantly decreased after 8 weeks of treatment (0.5–1.5 mg/day) (177). Regarding Igs, a report showed that a 4-week treatment with risperidone increased Igγ (IgG) chain levels significantly when compared with baseline (178). Another report showed that from 17 schizophrenic children with high blood titers of platelet-associated antibodies (PAA) only two became PAA-negative following 3 years of treatment. Most of the reports above show evidence that risperidone could reduce the production of the pro-inflammatory molecules caused by psychiatric conditions and support an anti-inflammatory response.

When talking about phenotype and function alterations in immune cells, it seems that risperidone causes significant changes such as a shift in cytokine secretion, cell differentiation, adhesion and phagocytic functions, receptor expression on leukocytes, and gene expression. Firstly, this drug reduces ATP-induced platelet aggregation when platelet-rich plasma of healthy donors is incubated in vitro with risperidone (65 ng/mL) for 30 min (179). An in vitro assay showed that activated peripheral blood mononuclear cell (PBMC) from healthy adults incubated with risperidone (10−7 M, 3–5 days) reduced IFN-γ production and inhibited AKT phosphorylation and T-bet expression, causing reduced Th1 differentiation. During chronic treatment (10−7 M, 28 days), risperidone reduced IFN-γ released by CD4+ T cell subpopulation (180). Similarly, this drug affected cytokine and chemokine production of activated mature monocyte-derived dendritic cells (DCs) of healthy adults, increasing IL-10, IL-6, IL-8, and TNF-α levels and decreasing interferon γ-inducible protein−10 (IP-10) and IL-12 levels (10−7-10−5 M, 3 days). These changes in mature DCs produced a reduction in IFN-γ secretion by activated T cells, causing Th1 suppression and leading to neutrophil death (15, 17).

The increase in IL-10 levels and/or the decrease in IFN-γ production by activated PBMC with risperidone treatment were reproducible in other reports (16). Risperidone also inhibited the adhesion, phagocytosis, and ROS production by activated U937 cells (10−5-10−4 M), decreased IL-6, IL-8, and IL-12, and increased IL-10 production in healthy, stimulated human MQs in vitro (10−6-10−5 M). This effect could support the inhibition of Th1 differentiation (181, 182), although some evidence proposes that this drug suppresses inflammatory (M1 MQs, Th1 lymphocytes) and anti-inflammatory (Th2 lymphocytes, Treg) responses (90).

In the blood of schizophrenic patients, the treatment with risperidone (2–6 mg/day) for 4 weeks showed a decrease in the number of Th17 cells (183). In vitro, differentiated human adipocytes incubated with risperidone (100 ng/ml, 11 days) induced transcription factor NF-κB target genes of IL-1β and IL-8 molecules (184). In schizophrenic patients, risperidone (8 weeks, 2–6 mg/day) modifies the expression of toll-like receptors (TLR), while monocytes CD14+, CD3+CD4+Foxp3+ T, and CD3+CD4+CD25+ T cells increased TLR2 expression, and CD14+ monocytes decreased TLR4 expression (185). Effects on gene expression have been reported; in blood cells of first-episode psychosis patients, risperidone (unspecified doses, 20 days) was associated to the up-regulation of 11 immune system genes, including cytokines and cytokine receptors (SPP1, IL1R1, IL1R2), pattern recognition molecules (TLR1, TLR2, TLR6, dectin-1/CLEC7a), molecules involved in apoptosis (FAS), and BDKRB1, IGF1R, and CR1 (186).

In animal models, a 3-week treatment with risperidone (1.25 mg/Kg/day) in diabetic Wistar rats showed that this drug altered the vascular function by the significant up-regulation of vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), E-selectin, and MCP-1 and TNF-α in aortic tissue homogenate (187). In an experimental autoimmune encephalitis (EAE) model with C57BL/6 mice, risperidone (3 mg/kg/day) reduced the severity of the disease in a dose-dependent manner and down-regulated IL-17a, IL-2, and IL-4 secretion by splenocytes at peak disease (day 15). During chronic EAE phase, risperidone significantly increased the number of splenocytes, Tregs, and CD4+ T cells and increased IFN-γ levels, showing that T cells responded differently to risperidone during the acute and chronic phases of EAE. In addition, activated BMDM of treated mice decreased IL-12 levels but increased IL-10 concentration. These cells modified T cell activation reducing IFN-γ and IL-17 production and enhancing IL-10 levels (188). In RAW 264.7, a macrophage mice line, risperidone activated these cells (20–40 μM for 24, 48, and 72 h) and increased nitric oxide (NO) levels (30–40 μM) as well as apoptosis events by modulating levels of caspases 8 and 3 (20–40 μM at 72 h). The drug also reduced Bcl-2/BAX gene expression ratio (24 h) and, contrary to the above data, increased IL-1, IL-6, TNF-α, and IFN-γ and decreased IL-10 production in a dose-dependent manner. Results of the RAW 264.7 line could show that the continued activation of MQs likely contributes to the development of endocrine disturbances caused by risperidone (91) (see Table 2).



OLANZAPINE

Olanzapine (2-methyl-4-(4-methyl-1-piperazinyl)-10H-thieno[2,3-b][1,5]benzodiazepine) belongs to the thienobenzodiazepine class and is structurally similar to clozapine (see Figure 1) (189). It was authorized for the treatment of schizophrenia in 1996 and bipolar I acute manic or mixed episodes in 2000 (43, 109, 190). There are also many varied non-FDA-approved uses for quetiapine, such as dementia-related behavioral problems, bipolar depression, psychotic depression, SSRI-resistant major depression, personality disorders, post-traumatic stress disorder, and Tourette syndrome in children and adolescents (191). Olanzapine is metabolized in the liver by direct glucuronidation and cytochrome P450 (CYP) oxidation and generates two metabolites, 10-N-glucuronide and 4'-N-desmethylolanzapine, which lack pharmacological activity (192).

The therapeutic effect of this drug is associated to the antagonism of D2, D3, 5HT2a, and 5-HT2c receptors, although it exhibits an antagonist effect on other receptors such as 5-HT1C, 5-HT6, 5-HT7, α-1A, α-2A, H1, M1, M3, and 5-HT1A (see Table 1) (31–35).

This drug has been associated with the decrease in cell counts. There are few reports that evidence leukopenia is induced by olanzapine consumption (2.5–10 mg/day) during the first 35 days of treatment (193, 194). This phenomenon is associated with the covalent bonding between neutrophils and a reactive nitrenium ion, the oxidized form of olanzapine. It has been proposed that this reactive metabolite is responsible for the effect in neutrophils (195). Other studies have reported that this drug is associated with a decrease in eosinophils. Three reported cases showed that males with schizophrenia developed eosinophilia during olanzapine treatment (10–20 mg); in all cases, the problem was solved suspending the medication (193, 194, 196). This drug also modifies receptor expression; according to a report, 30 first-episode psychotic patients treated with olanzapine (15–25 mg/day) for 30 days showed a decrease in D1, D2, 5-HT2A, and transforming growth factor (TGF)-β mRNA expression in PBMC as well as an increase in IL-6, IL-1β, and TGF-β blood levels (197).

The increase in PRL caused by the consumption of most of the AAPs is also observed in the consumption of olanzapine. However, the evidence of this effect is contradictory since there is also proof of the decrease during the consumption of this drug. It has been reported that according to the period of consumption, the effects on PRL blood levels change (111, 198, 199): The consumption during short periods (<2 weeks) or the intake of a single dose does not alter PRL levels (111, 200).

There are two case reports of women aged 29 and 49 years with bipolar affective disorder and delusional disorder who exhibited HPRL associated with olanzapine consumption during 24 weeks (5–20 mg/day) (201). Most reports evidence the increase of this hormone: A study with 72 patients (33 women and 39 men) who were administered olanzapine (10–20 mg/day) for 3 weeks or more showed an increase in PRL levels only in female patients (202). Similar effects were detected in 49 schizophrenia patients (24 women and 25 men) treated with 15–30 mg/day of olanzapine for 4 weeks (203) and those patients (27) with chronic consumption (10–15 mg/day, 8 years) (204). In fact, a study with healthy volunteers showed that participants with no psychopathology who received one dose of olanzapine (10 mg) exhibited an increase in PRL levels (58). On the other hand, other studies showed the decrease of PRL after olanzapine consumption. In a study with 22 participants, PRL levels were reduced only in women with schizophrenia or schizoaffective disorder at 6 and 12 months of treatment (5–20 mg/day), while levels in men showed no difference (198). The decrease in PRL levels was also reported in 37 first-episode psychosis patients who consumed olanzapine (unspecified dose) for 1 year (115). The PRL elevation is associated with the interaction between olanzapine and D2 receptors on lactotroph cells. This phenomenon hampers the interaction between DA and its receptor, so DA cannot inhibit PRL production. The alterations depend on gender, genetic predisposition, dose, and time of consumption (115, 190, 201, 205).

Interestingly, the chronic administration of olanzapine is associated with the development of hyperinsulinemia and insulin resistance; the decrease in insulin sensitivity was reported in 29 healthy individuals after 10 days of olanzapine treatment (10 mg/day) (206). The increase in fasting insulin was reported in 25 schizophrenic patients with olanzapine consumption (5–20 mg/day) for 13 weeks (207). It has been postulated that alterations in insulin synthesis may be due to the stimulation of M3 receptors in β-pancreatic cells (70, 208).

It has also been described that olanzapine is associated with an increase in leptin blood levels (63), although there is little evidence that shows no changes in leptin blood levels during treatment. The increase in this hormone was shown in 18 schizophrenic male patients after 9 months of olanzapine consumption (5–20 mg/day) (209). Another study reported that 23 schizophrenic patients showed the same effect after 8 weeks of olanzapine treatment, and the increase in leptin concentration was correlated with elevated IL-1 receptor antagonist (IL-1ra) serum levels (210). In fact, the report of Tsuneyama and cols. described that the increase in leptin levels was observed only in schizophrenic female participants treated with olanzapine for 1 year (12 male and 19 female) (211). However, 12 schizophrenic patients exhibited no changes in appetite or leptin concentrations after a 5-month treatment (mean: 25 mg/day) (143). Although the mechanism by which this drug affects leptin secretion is unclear, the effect could be secondary to the interaction between the drug and H1 receptors on the hypothalamus and nucleus accumbens. Additionally, the genetic predisposition is crucial for the development of alterations associated with leptin function (212).

The data of reports on the olanzapine effect in ghrelin levels exhibit contradictions in the conclusions; some studies in schizophrenic patients show that this drug reduces ghrelin concentration after a 6-week treatment (213) and chronic consumption (8.3 ± 7.5 years, 10–20 mg/day) (214). In contrast, no changes in ghrelin levels or appetite were shown in 13 patients with schizophrenia treated with olanzapine for 5 months (143). However, an animal model with Wistar rats showed that the acute consumption of this drug (1 mg/kg) increased the concentration of postprandial ghrelin compared to controls (215). The mechanism of ghrelin alterations is not clear but these changes are associated with leptin resistance. It has been proposed that olanzapine exhibits a direct effect on hypothalamic neurocircuits that regulate ghrelin synthesis, causing an altered leptin/ghrelin ratio (212). There is only one report that measured cortisol levels during olanzapine treatment: Hahn and cols. reported that healthy individuals who received a single dose of olanzapine (10 mg) exhibited a decrease in cortisol serum levels compared with baseline (58).

Other immune alterations associated with olanzapine consumption are the modulation of cytokine secretion and production, depending on the consumption time of the drug (216). There are in vitro studies in PBMC of healthy individuals and THP-1 line (10−4 M for 72 h) that demonstrate a reduction in mRNA expression of IL-1β, IL-6, IL-10, and TNF-α, IL-6, TNF-α, and IL-10. Similarly, stimulation in THP-1 cells resulted in a significant decrease in the expression and secretion of IL-1β and TNF-α (217). Other studies in schizophrenic patients with prolonged consumption reported changes in cytokine levels. After a 24-month olanzapine treatment (unspecified dose), 95 schizophrenic patients with metabolic syndrome showed lower concentrations of BDNF (P < 0.012) and higher values of TNF-α as compared to 121 patients only diagnosed with schizophrenia (218). Also, out of 28 patients with chronic olanzapine consumption (unspecified dose) 14 were insulin-resistant and had a higher concentration of TNF-α, IL-6, IL-1β, and IL-8 with a positive correlation between these values and insulin resistance (210). Similarly, female Sprague-Dawley rats and female BALB/c mice, after 8 weeks of treatment (10 mg/kg/day), exhibited a significant increase in TNF-α, IL-6, IL-1β, and IL-8 levels, in addition to insulin resistance (219). Some evidence suggests that the effect of olanzapine under cytokine secretion is gender-dependent; female Sprague-Dawley rats given olanzapine (low dose 2 mg/day; high dose 4 mg/day) for 3 weeks showed increased IL-8 levels, while males showed TNF-α concentration during low dose consumption, proving a gender-dependent difference. Also, compared with those of the control group, IL-6 levels were reduced in males after both doses of olanzapine while IL-1β concentration was reduced in females after a low dose (208).

Olanzapine can also modulate TLR expression in leukocytes. A study that evaluated 24 schizophrenic patients after 8 weeks of treatment (10–25 mg/day) exhibited that this drug increased TLR2 expression and decreased TLR4 and TLR5 in CD14+ monocytes. Treg and Tact cells reduced TLR2 and increased TLR5 expression (186). In 23 patients diagnosed with schizophrenia and treated with olanzapine for 8 weeks, IL-1RA was overexpressed, which correlated with the increase in leptin (210) (see Table 2).



QUETIAPINE

Quetiapine is an AAP derived from benzothiazepine (220) (see Figure 1) and used for the treatment of psychotic symptoms in a wide range of disorders. Its use was authorized for the treatment of schizophrenia in 1997; it was authorized to treat unipolar and bipolar disorders in 2003 and bipolar depression in 2006. There are also many varied non-FDA-approved uses for quetiapine, such as anxiety, delirium, obsessive compulsive disorder, and the combined treatment of major depressive disorder (MDD) with antidepressants (221). Quetiapine metabolism, which comprises several steps as sulfoxidation, N- and O- dealkylation, and 7-hydroxilation by the CYP3A of the cytochrome P-450 system, produces N-desalkylquetiapine (norquetiapine), an active metabolite of quetiapine (222). Quetiapine is considered a multifunctional drug since it acts on three systems: dopaminergic, serotonergic, and noradrenergic (223). It shows high affinity for serotonin (5-HT) and DA type-2 receptors, slightly higher for the serotonergic than the dopaminergic. Contrastingly, lower affinity has been reported for type-1 receptors of both systems: D1 and 5-HT1A. Moreover, it is known that quetiapine also has affinity for histaminergic (H1) and adrenergic systems (α-1 and α-2) (see Table 1) (38).

It is well-known that most SGAs produce HPRL; however, quetiapine is considered among the safest medications due to its lower incidence of HPRL. Such properties have been associated to its lower affinity to Sackett et al. (149) and fast dissociation rate from DA receptors (224). In schizophrenia patients with sexual dysfunction, the treatment usually begins with PRL-sparing antipsychotics, switching to quetiapine in a second phase (225). In fact, quetiapine has been reported to revert HPRL in 175 patients with schizophrenia after a 2-week treatment (300–700 mg/day) (226).

On the other hand, several studies have shown the adverse endocrine effects produced by the administration of APs. In patients (12) with schizophrenia, quetiapine consumption induced significant insulin resistance. Nine months after administration, it led to a reduction in insulin sensitivity, as a result of a deficient secretion of insulin by the β-pancreatic cells (227). After a 10-month treatment with quetiapine, 16 youths (9–18 years) showed decreased levels of insulin associated with an impairment in β-pancreatic cell function (228). In mice, quetiapine administration (10 mg/kg) induced an increase in plasma levels of glucose but not in insulin, suggesting an insulin-blocker role of quetiapine in the insulin-secretory compensation mechanism (152), a finding supported by in vitro studies (229). McNamara et al., demonstrated that stearoyl-CoA desaturase-1 (scd-1), an enzyme involved in triglyceride biosynthesis and whose up-regulation showed a positive correlation with quetiapine consumption, could be involved in both sensitivity and insulin resistance (230). Moreover, the higher activity of scd-1 has been suggested as a risk factor for diabetes in humans (231), which reinforces the link between scd-1 and the adverse effects of quetiapine consumption. On the other hand, studies in rats have suggested that quetiapine-induced hyperglycemia was produced by increased levels of glucagon and suppressed glucagon-like peptide-1 (GLP-1) more than insulin resistance (66). Disturbances in glucagon and GLP-1 caused serious alterations in glucose metabolism because of stimulated hepatic glucose production (232).

In healthy volunteers aged 18–21 years, a dose of 150 mg/day of quetiapine was tested and the results showed an increase in PRL and growth hormone (GH) after 60 and 210 min of administration, respectively; in contrast, cortisol showed a decrease at 240 min and no changes were observed in ACTH (233). The alterations observed in GH levels by quetiapine consumption might be attributed to the high affinity and antagonism between the drug and H1 receptors. It should be noted that PRL in healthy volunteers showed a different behavior than that observed in patients, but, importantly, the sampling time used in healthy volunteers was very short. However, data in healthy volunteers are controversial, since other reports have shown no effects on PRL, but on ACTH due to the consumption of quetiapine in short sampling periods (234). Disturbances in ACTH and cortisol could be due to alterations in functioning of hypothalamus-pituitary-adrenal (HPA) axis in psychiatric patients, but the exact mechanism remains unclear. Moreover, quetiapine has revealed affectations in the levels of thyroxine (T4) and thyroid-stimulating hormone (TSH) (cases reports) with doses of 300–350 mg/day which induced a decrease in T4 and free T4, whereas TSH was increased (235).

Although the precise mechanism by which quetiapine induces adverse endocrine effects is not fully clear yet, some studies have focused their efforts on shedding light on this issue; nevertheless, more works are required to clarify this point.

Quetiapine consumption also affects the immune system. In patients with schizophrenia, quetiapine (600–1,200 mg/day, case reports) is associated with neutropenia, leukopenia (236–239), agranulocytosis, and thrombocytopenia (240). The mechanism by which quetiapine causes these adverse effects is still unclear, but some authors have proposed that this drug acts directly as a cytotoxic agent on immune cells, thus producing cell death; additionally, some products of quetiapine oxidation could induce apoptosis by oxidative stress (241). Other authors have suggested a bone marrow depression by quetiapine consumption, which could be produced by an inhibitory effect on leukopoiesis. It has even been proposed that quetiapine may act as a hapten, inducing antibody formation, complement activation, and cell death (237).

Studies in vitro have demonstrated the capability of quetiapine to alter the levels of some cytokines (242). Himmerich et al. demonstrated that this drug reduced IL-2 levels in whole blood cells, whereas it increased the levels of TNF-α and IL-17 (243). In PBMC cultures (LPS-stimulated) from patients with schizophrenia, quetiapine raised the levels of anti-inflammatory cytokines (IL-4 and IL-10) and lowered the pro-inflammatory ones (IFN-γ) (181). The anti-inflammatory properties of quetiapine may be explained by its capacity to suppress the NF-κB pathway activation. Quetiapine not only inhibited the expression NF-κB but also reverted its translocation from the cytosol to the nucleus, thus affecting its activation as well. These properties could explain quetiapine effects on cytokine expression (244) and have led experts to consider it a therapeutic alternative in some neuroinflammatory diseases.

Neurotrophins (NTs) are a group of neural growth factors that regulate survival, maintenance, cell differentiation, and synaptic plasticity in the CNS. But, their activity is not limited to the CNS: Cells of the immune system also express both NTs and their receptors (245), which in turn strongly contributes to the connection between neuronal dysregulation and inflammation (246). BDNF has been considered a potential biomarker of psychiatric disorders (247, 248). In patients with first episode psychosis, serum BDNF levels were increased after a 12-week treatment with quetiapine (200 or 400 mg/day). This rise in BDNF showed a positive correlation with the clinical improvement of patients, suggesting an indirect neurotrophic role of quetiapine through BDNF (249) (see Table 2).



ZIPRASIDONE

Ziprasidone is a psychotropic agent commonly used in the treatment of schizophrenia (250) and bipolar disorder (251, 252) since its approval by the FDA in 2001. It is a benzisothiazolyl-3-yl-piperazine-type AAP (see Figure 1) with potent pharmacological antagonism to 5-HT2A and D2 receptors. However, it also acts on H1, M1, α1 and α2 receptors with less affinity (253, 254). The high affinity of ziprasidone to 5-HT2A as compared to D2 is an important characteristic of this drug. However, the pharmacological antagonism of ziprasidone toward D2 makes a lot of sense considering its antipsychotic effects, whereas the role of 5-HT2A receptors is still unclear (see Table 1). Still, it has been proposed that the antagonism against 5-HT2A stimulates the activity of DA in mesocortical pathways (52). Ziprasidone is metabolized almost fully, excreting only 5 % of the original drug intact. Aldehyde oxidase and cytochrome CYPA34 are the two main pathways by which ziprasidone is metabolized (255).

Ziprasidone slightly disturbs PRL levels and causes low extrapyramidal effects (256). There is a case study that reported elevated PRL levels after 9 days of ziprasidone administration (80 mg/day) (257, 258). Moreover, other studies have shown that ziprasidone suppresses the activity of the HPA-axis (n = 11, healthy volunteers; 40 mg/day), reducing the levels of nocturnal cortisol excretion, likely due to its antagonism toward H1 and α1 adrenergic receptors (259). Studies on the adverse effects produced by ziprasidone are scarce and more research is needed.

On the other hand, the immune alterations caused by ziprasidone consumption are few. There is no sufficient evidence supporting ziprasidone causes neutropenia, but there is a case report of agranulocytosis (120 mg/day); however, this effect was attributed to a combined activity of ziprasidone and mirtazapine (260). In vitro studies have shown that ziprasidone and its metabolites have cytotoxic, cytostatic, and genotoxic effects on peripheral blood lymphocyte cultures, causing a reduction in mitotic, proliferation, and nuclear division indexes (261).

In RAW macrophage cell line cultures, ziprasidone can induce inflammatory response. RAW cells exposed to ziprasidone (75 ng/L) showed increased levels of NO and ROS; moreover, they showed significantly higher levels of IL-1, IL-6, TNF-α, and IFN-γ but reduced levels of IL-10 (262). Several case reports have shown that ziprasidone induced allergic responses, such as Kounis syndrome (20 mg; IM) (263), pedal edema (80 mg/day) (264), urticaria, and angioedema (120 mg/day) (265). Little is known about the adverse effects of ziprasidone, but some studies have demonstrated minor effects in the endocrine system. On the other hand, special attention should be paid to the allergic response observed after ziprasidone administration, which can be explained by the high levels of IgE and the complement proteins C3 and C4 observed in patients (264). However, it is still unclear how ziprasidone induces this response (see Table 2).



ARIPIPRAZOLE

Aripiprazole acts as a stabilizer of the dopamine-serotonin system. Its use was authorized for the treatment of schizophrenia in 2002 (266); in 2006 it was approved to treat bipolar disorder (mania or mixed episodes) (267), and major depressive disorder (as adjunctive drug) (268). In 2009 it was finally approved for the treatment of autism-related irritability (269). There are also non-FDA-approved uses for this drug such as Tourette syndrome and substance abuse disorders (270–273). Aripiprazole is metabolized in the liver by cytochrome P450, CYP2D6, and CYP3A4 by dehydrogenation, hydroxylation, and N-dealkylation. Its active metabolite, dehydro-aripiprazole, represents around 40% of the parent drug levels in plasma (274, 275). Despite the use of SGAs, this drug has several advantages for the treatment of multiple mood disorders, even if its consumption affects patients' metabolism (276–278).

Aripiprazole is a quinolinone derivate (see Figure 1); its pharmacological activity is based on its activity as a partial agonist of D2 and 5-HT1A receptors and as an antagonist of 5HT2A. Furthermore, aripiprazole exhibits a moderate affinity to α1 adrenergic and histaminergic H1 receptors. When compared to other typical and atypical APs, aripiprazole has a higher affinity to both states of D2 receptors (see Table 1) (40–42).

There are few reports of hormonal alterations caused by the consumption of aripiprazole, possibly because this drug develops fewer hormonal effects than other AAPs. There are multicentric studies that evaluate the tolerability, efficacy, and safety of aripiprazole in schizophrenia and other mood disorders for up to 52 weeks of treatment (15 mg/day) (279–282). The administration of aripiprazole (15 mg/day) is recommended for the control of HPRL associated to chronic consumption of other AAPs such as risperidone, amisulpride, olanzapine (270, 275, 283), and benzamide, and it helps to maintain improvement in the positive and negative symptoms of patients (134, 284, 285). In fact, aripiprazole is prescribed as a substitute for treatments with AAPs when the patients show no signs of clinical response or when they exhibit severe symptoms of sexual dysfunction associated with HPRL (134, 282, 286, 287). Although there are few cases of patients with an increase in PRL during treatment (288–290), aripiprazole is considered a safe drug.

There is minimal evidence on its metabolic activity, yet aripiprazole is known to play a partially protective role (291–295). Concerning research of aripiprazole-induced effects in animal models (Wistar rats) and cell lines (rHypoE-19), beneficial changes over metabolic parameters such as risk dyslipidemia and body weight have been found (72, 296).

Regarding the immune effects caused by aripiprazole consumption, there is evidence that shows this drug produces significant changes, such as cell count and changes in cytokine secretion, response to ROS, and gene expression. Although reports on the adverse effects of aripiprazole are scant compared to other AAPs, there is minimal evidence of its effect on the decrease in white blood cell count (297). A 10-year old with attention deficit hyperactivity disorder (ADHD) treated with aripiprazole (5 mg/day) showed a lower absolute neutrophil count (ANC). Additionally, a 50-year old Caucasian woman with schizophrenia developed neutropenia after aripiprazole consumption (15 mg/day) for 5 days (298), and a 21-year old Asian man with a conduct disorder showed a drop in WBC and neutropenia during aripiprazole treatment (297, 298). In all cases, the discontinuation of aripiprazole resulted in the normalization of WBC count and ANC, suggesting that the long-term bone marrow suppression by this drug plays a role in repeated antipsychotic consumption.

Some studies have shown that this drug affect cytokines secretion toward an anti-inflammatory profile: A meta-analysis involving 505 patients treated with aripiprazole showed a relationship between cytokine levels (TNF-α and IFN-γ) and their possible role as state and trait markers (86, 299). Another report described that aripiprazole consumption (5–30 mg/day, 3 months) reduced TNF-α, IL-8, IL-21, IL-13, IL-17, and fractalkine (CXCL1) levels in 31 first-episode psychotic patients; the effect in these molecules exhibited a positive correlation with clinical improvement (174). Another study also demonstrated a decrease in IL−1β, IL-6, TNF-α, IL-12, IL-23, IL-4, and IFN-γ under aripiprazole treatment with a dose from 10 mg/day (week 1) to a maximum of 30 mg/day (weeks 2, 3, and 4) (300).

In vitro studies confirm those data, since PBMC from healthy subjects and THP-1 cells incubated with aripiprazole (10–5 μM) exhibited a decrease in the expression of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α and reduced the levels of IL-2, IL-9, IP-10 (CXCL10), and MIP-1β (CCL4) in the supernatant (217). The anti-inflammatory effect shown by this drug could be associated to the decrease in gene expression of cyclooxygenase (COX)-2 and inducible nitric oxide synthase (iNOS), causing lower levels of NO, prostaglandin 2 (PGE 2), and TNF-α (301). Furthermore, It is known that RAW264.7 cells treated with aripiprazole (20 μM) inhibited the interaction of the second messengers TAK1, MKK4, and MKK7 on AP-1, and, and Syk, which play a key role in the NF-κB signaling pathway (301). Aripiprazole also acts as an antioxidant improving the response to ROS. Studies in murine (2 mg/kg) and in vitro (5 μM) models showed that this drug increased the activity of glutathione peroxidase (GSH-Px) and superoxide dismutase (SOD) enzymes, promoting a decrease in the concentration of NO in supernatants and TNF-α, IL-1α, IL-2, and IL-10 in mice serum levels. This antioxidant activity is related to the input of intracellular [Ca2+], which allows for ROS regulation and the decrease in inflammation cytokines (302, 303).

Some evidence suggests that this drug also modifies the gene expression of relevant genes; an in vitro study using primary human adipose-derived stem cells (ADSCs) demonstrated that aripiprazole (100 ng/mL) increased the expression of key genes involved in cell cycle (ANAPC2, CD14), apoptosis (BCL2), nuclear and transporter receptors (PPARα, PPARγ, ABCA1, LEPR, INSR), transcript factors (CEBPA, SREBF1, NF-KB1), signal transduction (IRS1, SIRT1), adipogenic markers, lipid metabolism, adipokines (ADFP, FABPN, LPL, ACSL1, ADIPOQ, LEP) and cytokines and chemokines (TNF-α, IL-1β, IL-8, MCP-1). These results support the role of AAPs in the recruitment of MQs to adipose tissue by increasing MCP-1 and the risk of metabolic syndrome associated with drug treatment (185). However, this drug showed no significant immunotoxic effects in ICR mice and C6 glioma and RAW264.7 cells (50 mg/kg) when no alterations in organs or cell lines were found (304).

In summary, there is little evidence on the hormonal and immune effects of aripiprazole, as well as its partially protective role (291–295). These effects allow aripiprazole to suitably treat schizophrenia and bipolar disorder (304) (see Table 2).



PALIPERIDONE

Paliperidone, or 9-hydroxy-risperidone (see Figure 1), is the most significant active metabolite of risperidone. The FDA approved this drug for the treatment of schizophrenia in 2006 (305). Paliperidone is a monotherapy drug for short-term and maintenance treatment of schizophrenia as well as monotherapy or adjunct drug for the short-term treatment of schizoaffective disorder (306–308). It has also been used in the treatment of bipolar disorder (309), borderline personality disorder (310), Huntington's disease (311), ASD, and ADHD (312); however, it has not been approved to treat any of these last clinical conditions. Paliperidone is a racemic mixture of (+)-paliperidone and (–)-paliperidone enantiomers that undergo minimal hepatic metabolism (44). The available pharmaceutical formulations of this drug are oral immediate-release formulation, oral extended-release (ER) formulation, and intramuscular depot formulation (305).

The therapeutic activity of paliperidone is comparable with that of risperidone itself; its action mechanism is unknown, but it likely acts through a combination of 5-HT2A agonism and D2 receptor antagonism (see Table 1) (44). This drug is also active as an antagonist for other receptors such as D3, D4 dopaminergic receptors, 5-HT1A, 5-HT1B, and 5-HT1D serotoninergic receptors, and α-1 and α-2 adrenergic receptors, although it also acts as agonist to 5-HT2C and 5- H1 histaminergic receptors (45).

The immunoendocrine alterations cited in this section are related to paliperidone; effects on 9-hydroxy-risperidone by risperidone consumption and its subsequent metabolism are not mentioned. The most representative endocrine alteration reported after paliperidone consumption is the increase in PRL or HPRL (207, 308, 313, 314). This alteration can produce prolactin-related adverse effects (PRL-RAEs) or be asymptomatic (315).

HPRL induced by risperidone/paliperidone treatment in schizophrenic patients was presented in association with rs40184 and rs3863145 variants in the SLC6A3 gene of blood leukocyte DNA (132). According to several reports, paliperidone produced high HPRL incidence when compared vs. other SGAs in adults (dosage 7.03 ± 3.63 mg/day) (111) and pediatric patients (130). Paliperidone consumption showed an association between PRL, sex, and age (113, 130), although Druyts and cols. reported no differences between females and males (314). This drug increased PRL levels, yet some reports have shown that the switch from risperidone or paliperidone ER to paliperidone palmitate treatment (PP, an intramuscular depot formulation) reduced PRL concentration (316, 317) as well as sexual dysfunction (316), a common PRL-RAE. Similarly, patients with sexual dysfunction presented higher PRL as compared with no sexual dysfunction patients (318). Adolescent patients with PRL-RAE showed higher PRL levels when compared against patients without PRL-RAE (1.5–12 mg/day) (319). According to the literature above, different formulations of paliperidone could cause this alteration in pediatric and adult patients. The precise mechanism by which paliperidone increases PRL levels is unclear; however, it corresponds to D2 receptor blockade (320).

There are a few reports that show changes in other hormonal profiles in patients during paliperidone consumption. Although other AAPs mentioned in this review induce dysregulation in glucose metabolism, paliperidone does not modify serum levels of insulin. The acute and chronic treatment with paliperidone did not alter serum insulin levels and β-cell function with the homeostatic model assessment (HOMA-B) (207, 313, 321). However, a case report showed increased insulin secretion, causing hypoglycemia in a schizophrenic female patient (322).

The reports on immune alterations induced by paliperidone consumption are a few yet diverse. Several cases of schizophrenic patients showed that paliperidone treatment decreased leukocyte counts. Monotherapy with paliperidone produced leukopenia and neutropenia (323); still, the combined use of paliperidone depot/risperidone (100–2 mg/day) resulted in leukopenia and lymphopenia but risperidone alone did not (159). Agranulocytosis was reported in a patient when switching from risperidone to paliperidone treatment (6 mg/day) (324). The treatment with paliperidone ER/valproic acid (12–1,000 mg/day) caused leukopenia and neutropenia in a patient with schizoaffective disorder (325). In all cases, the cytopenic alterations were normalized after discontinuing the consumption of paliperidone. Some proposed mechanisms of AP-induced blood dyscrasia, such as paliperidone, include direct bone marrow suppression, antibody formation against hematologic precursors, and peripheral WBC destruction (326).

Paliperidone increases BDNF concentration during acute treatment. The serum levels of BDNF in first-episode schizophrenia patients increased after a 12-week paliperidone treatment negatively correlated with a reduction rate of the positive and negative symptoms scale (PANSS) score (unspecified dose) (327). However, the paliperidone ER treatment during 8 weeks did not increase BDNF serum concentration (unspecified dose) (328).

In blood, peripheral cells of patients with EPS (acute dystonia and drug-induced parkinsonism) showed a constructed network enriched in different biological processes related to pathways of NF-κB, an important transcription factor for immune response, (12.85 ± 2.85 mg/day) (329) in patients with paliperidone or risperidone treatment. In vitro, U-937 human cell line decreased cell survival with 25 and 50 μM/mL of paliperidone (330) (see Table 2).



ASENAPINE

The FDA approved asenapine for the treatment of schizophrenia (331) and bipolar disorders (332) in 2019. This drug is a new AAP with unique features that was introduced in Japan in 2016, and it is the only AP used sublingually; its chemical structure of (±)-Asenapine can be described as a tetracyclic framework wherein N-methylpyrrolidine ring fuses at third and fourth positions with chlorophenyl phenyl ether in a trans geometry (333) (see Figure 1). This drug is metabolized rapidly in a process mediated by glucuronidation and demethylation pathways that induce two non-active metabolites, asenapine N-glucuronide and asenapine N-desmethyl carbamoyl glucuronide (334). Asenapine has subnanomolar and nanomolar affinities for diverse and numerous subtypes of aminergic G protein coupled receptors (GPCRs) associated to 5-HT, norepinephrine (NE), DA, and histamine (H) (335, 336). Still, the antagonist activity at 5-HT1A, 5-HT1B, 5-HT2A, 5-HT2C, 5-HT5A, 5-HT6, and 5-HT7 may contribute to the antimanic and antidepressant effects of asenapine (see Table 1) (39).

Endocrine deleterious side effects induced by asenapine consumption were reported in PRL and insulin blood levels. Asenapine displays more potent antagonist activity toward 5-HT2A receptor than D2 receptor (337, 338), that is why it has a low propensity to cause PRL elevation (331, 339, 340); Therefore, this drug is one of the AP treatments of choice for breast cancer patients (341). Nevertheless, research groups reported that 2.3% of patients with bipolar disorder who received asenapine monotherapy had PRL levels ≥ 4 times the upper limit of the normal range, compared with those who received a placebo (332, 342), In contrast, 9% of patients with schizophrenia who received asenapine (5 and 10 mg twice daily) had PRL levels over 2-fold the upper limit of the normal range compared with those who received a placebo (343).

Insulin altered levels are associated with glucose metabolism disturbances and the evidence shows that asenapine modifies the blood levels of these hormones. In 302 patients (aged 10–17 years) with bipolar I disorder in manic or mixed episodes who were treated with asenapine (2, 5, or 10 mg twice, daily) for 3 weeks, the mean change from baseline in fasting insulin was significant when compared to controls. In all cases, the patients treated with asenapine increased their body weight (344). Contrastingly, no changes in insulin resistance were detected in adult female Sprague Dawley rats treated with asenapine (0.01, 0.05, 0.1, 0.5, 1.0 mg/kg) (67).

As described above, asenapine can interact with 5-HT, NE, DA, and H receptors expressed in leukocytes (28, 29, 345, 346). Then, the administration or consumption of this drug could induce changes in the inflammatory response in patients, although the evidence of this effect is very scarce. There is only one report of a case of pityriasis rosea secondary to asenapine consumption. A biopsy of the lesions evidenced superficial and deep perivascular and interstitial dermatitis with eosinophils and dermal perivascular lymphocytic infiltrate, as well as minimal parakeratosis and spongiosis (347). Although there was no molecular explanation of this phenomenon, we may speculate that this patient had an alteration in neurotransmitter receptors (density or functional alteration) expressed by leukocytes, becoming more susceptible to this aberrant inflammatory response secondary to asenapine consumption (see Table 2).



MICROBIOTA

Little is known about the effects of AAPs on the microbiota; however, a small body of evidence suggests they cause severe adverse effects. Olanzapine and risperidone induced an increase in Firmicutes and a decrease in Bacteroidetes, as well as metabolic alterations as a result of a shift toward a potentially obesogenic bacterial profile associated with short-chain fatty acids and inflammation in adults (348), children (349, 350), and rodents (351). These changes were also gender-dependent (349, 352, 353), with females showing a higher pro-inflammatory cytokine (IL-8 and IL-1β) response in circulation and macrophage infiltration; still, microbiota dysbiosis was equally present in males and females.

AAPs have a potent antibiotic effect, inducing a profound dysbiosis in the gut microbiota, either chronically or after short-term administration (205). Antibiotic co-administration resulted in further changes in microbiota composition. Interestingly, these antibiotic-dependent changes in microbiota diversity reduced the side effects, including macrophage infiltration. Furthermore, experiments in germ-free mice showed no alteration in their metabolic profile (352–355), indicating a clear role of the microbiota in the metabolic dysfunction associated with AAPs (352). Finally, fecal transplants from risperidone-treated mice induced excess weight gain in control mice (354). These alterations have been associated to a decrease in Bifidobacterium, Escherichia coli, and Lactobacillus and an increase in Clostridium coccoides (353).

Risperidone in vitro altered the colon microbiota just 24 h after administration, inducing specific metabolites (350). Probiotic treatment has shown a protective effect, restoring the Bacteroidetes:Firmicutes ratio, without reducing the AAPs effect (356).



EPILOG

The bidirectional communication between the SNC with other peripheral systems occurs by the release of soluble molecules that interact with their receptors. Any cell in the organism that bears a functional receptor for a molecule will respond when they interact. The complex structure that confers pharmacological non-specificity to AAPs allows for the interaction with the receptors they have an affinity for, not only in the CNS but also in all body cells. This result leads to the therapeutic effect of AAPs in various psychiatric conditions and their possible ability to modify the endocrine and immune systems as well as the gut microbiota. The therapeutic effect of AAPs is exhibited by the antagonism in CNS receptors that are involved in the pathophysiology of the disease. In schizophrenia, for example, the positive and negative symptoms decrease due to the AAP-receptor interaction in the mesocortical and mesolimbic pathways, although HPRL is caused by the antagonism of receptors in the tuberoinfundibular pathway. In addition, the antagonism of neurotransmitter receptors on leukocytes and glandular cells have immune and endocrine effects. The effect of each AAP is unique and depends on specificity and affinity characteristics.

AAPs are drugs prescribed for various psychiatric conditions due to their high efficiency and low rate of extrapyramidal effects. However, these drugs have systemic effects that are not only metabolic but also related to changes in endocrine and immune responses. Having greater knowledge of these immune, endocrine, and microbiota effects, allows clinicians to have a broader point of view and more significant criteria to prescribe these drugs to patients, considering that the adverse effects can modify the systemic response and generate undesirable effects, with a direct impact on the patients' quality of life. It is necessary to start a new generation of drugs that support the resolution of psychiatric symptoms with higher specificity to prevent acute adverse effects and the patients' systemic deterioration by chronic consumption.
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Silicosis is an occupational disease triggered by the inhalation of fine particles of crystalline silica and characterized by inflammation and scarring in the form of nodular lesions in the lungs. In spite of the therapeutic arsenal currently available, there is no specific treatment for the disease. Flunisolide is a potent corticosteroid shown to be effective for controlling chronic lung inflammatory diseases. In this study, the effect of flunisolide on silica-induced lung pathological changes in mice was investigated. Swiss-Webster mice were injected intranasally with silica particles and further treated with flunisolide from day 21 to 27 post-silica challenge. Lung function was assessed by whole body invasive plethysmography. Granuloma formation was evaluated morphometrically, collagen deposition by Picrus sirius staining and quantitated by Sircol. Chemokines and cytokines were evaluated using enzyme-linked immunosorbent assay. The sensitivity of lung fibroblasts was also examined in in vitro assays. Silica challenge led to increased leukocyte numbers (mononuclear cells and neutrophils) as well as production of the chemokine KC/CXCL-1 and the cytokines TNF-α and TGF-β in the bronchoalveolar lavage. These alterations paralleled to progressive granuloma formation, collagen deposition and impairment of lung function. Therapeutic administration of intranasal flunisolide inhibited granuloma and fibrotic responses, noted 28 days after silica challenge. The upregulation of MIP-1α/CCL-3 and MIP-2/CXCL-2 and the cytokines TNF-α and TGF-β, as well as deposition of collagen and airway hyper-reactivity to methacholine were shown to be clearly sensitive to flunisolide, as compared to silica-challenge untreated mice. Additionally, flunisolide effectively suppressed the responses of proliferation and MCP-1/CCL-2 production from IL-13 stimulated lung fibroblasts from silica- or saline-challenged mice. In conclusion, we report that intranasal treatment with the corticosteroid flunisolide showed protective properties on pathological features triggered by silica particles in mice, suggesting that the compound may constitute a promising strategy for the treatment of silicosis.
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INTRODUCTION

Silicosis is a work-related and occupational disease caused by long-term exposure to inhaled dust containing crystalline silica particles which can progress to severe lung inflammation and fibrosis (1). There are three forms of silicosis (acute, accelerated, and chronic) dependent on the amount and time of silica particle exposure (2), which can be complicated by increased risk of infections (3) and/or chronic obstructive pulmonary disease (4). It became a greater public health problem worldwide after the Industrial Revolution, which increased dust levels and the number of workers exposed around the world (5). Among activities with elevated risk are those involving sandblasting, brickworks, civil construction, mining and many others (6).

Silicosis persists mainly in developing countries due to a lack of application of protective measures against environmental dust (5). Existing evidence shows that about 6 million workers are exposed to silica in Brazil, 11.5 million in India and 23 million are at risk of getting the disease in China, and more than 24 thousand deaths are reported annually (6–8). The incidence of silicosis is also on the rise in workers of the stonecutting industry in Australia (9) and sandblast fashion denim in Turkey (10). Since no effective treatment exists for silicosis currently, new therapies are badly needed in this field (1).

It is noteworthy that daily oral prednisolone therapy suppressed alveolitis in some patients with chronic silicosis, improving lung function and gas exchange, under conditions where responders and non-responders did not differ with regard to simple or complicated silicosis (11). However, systemic use of corticosteroids is often associated with significant adverse effects such as pituitary-adrenal suppression, cataract formation, hypertension and osteoporosis, among others (12). Flunisolide is a well-known intranasal corticosteroid molecule reported to be effective in inhibiting adverse remodeling in the peripheral airways of mild and moderate asthmatic patients by reducing expression the α-SMA (13). It also inhibited idiopathic pulmonary hemosiderosis, a rare disease characterized by bleeding into the pulmonary alveoli and progressive lung fibrosis (14).

Thus, considering the lack of an appropriate therapy for silicotic patients, in the present study we evaluated the effectiveness of intranasal administration of flunisolide on the chronic pulmonary inflammation caused by instillation of silica particles into mice.



MATERIALS AND METHODS


Animals

Male Swiss Webster mice (18–20 g) were obtained from the Oswaldo Cruz Foundation (Rio de Janeiro, Brazil) breeding unit and kept in the care facility of Oswaldo Cruz Institute. Animals were kept in ventilated cages (in groups of five) at 22–25°C and relative humidity (40–70%), on a 12 h light/dark cycle with food and water ad libitum. All the animal experiments were conducted in accordance with the guidelines of the Committee on Use of Laboratory Animals of the Oswaldo Cruz Foundation (license LW057/14).



Silicosis Induction and Treatment

Animals were anesthetized with isofluorane (5%) (Cristália, São Paulo) and then instilled, intranasally, with crystalline silica (10 mg/50 μL/mouse) (particle size 0.5–10 μm; Sigma Chemical Co, St. Louis, MO) diluted in sterile 0.9% NaCl (15). Sham-challenged mice were instilled with similar volume of 0.9% NaCl. Analyses were performed at 7, 14, and 28 days post-silica challenge. Flunisolide (0.3–10 μg/mouse) was dissolved in 0.9% NaCl and intranasally administered, daily, from days 21–27 and analyses were performed on day 28 (Figure 1). Silica-challenged mice received the same volume (20 μL) of the treatment vehicle.


[image: Figure 1]
FIGURE 1. Schematic study protocol for induction of silicosis and treatment in mice. Silica particles (10 mg/mice) were instilled intranasally, and animals were treated with intranasal flunisolide (0.3–10 μg/mouse) once a day from days 21 to 27 post-silica challenge. The analyses were performed on day 28.




Bronchoalveolar Lavage (BAL)

Animals were killed with sodium pentobarbital (500 mg/kg, i.p.), and the bronchoalveolar lavage (BAL) was performed as previously described (16). Total leukocytes were counted in a Neubauer chamber and differential cell counts performed in cytospin preparations stained with May-Grunwald-Giemsa dye. Analyses were made under light microscopy (BX50, Olympus).



Lung Histology

After bronchoalveolar lavage and lung perfusion, the left lung was removed and fixed in Milloning buffer solution (pH 7.4) with 4% paraformaldehyde, and sections of 4 μm were stained with hematoxylin & eosin (H&E) or Picrus sirius. Lung morphometric analysis was performed by an integrating eyepiece with a coherent system consisting of a grid with 100 points and 50 lines (known length) (17) coupled to a light microscope (Olympus BX50), connected to a video camera (Optronics Engineering, DEI-750). The camera output was processed and examined by image analyzer software Image-Pro Plus Version 4. Silica crystals were quantitatively analyzed, in 15 independent fields, with a light microscope (Olympus BX50) equipped with polarizing attachment for detecting birefringent particles and Image-Pro Plus Version 4. The results were expressed as number of pixels per μm2 of tissue. To avoid experimental bias, the slides were evaluated in blind fashion.



Immunohistochemistry

Left lung tissue samples were evaluated for immunohistochemical localization of F4/80 and α-SMA (α-smooth muscle actin). The antibodies were obtained from the following sources: anti-mouse F4/80 (MCA497G) from AbD Serotec (Kidlington, UK) and anti-α-SMA (A2547) from Sigma-Aldrich (St. Louis, USA). Secondary antibodies conjugated with horseradish peroxidase (HRP) were all obtained from R&D Systems (Minneapolis, USA). To determine the specificity of staining, no primary antibody was used followed by incubation of section with secondary antibodies and detection reagents (18).



Quantification of Lung Collagen

Right lung was homogenized in Tris-HCl 0.05M, NaCl 1M containing protease inhibitor cocktail (Hoffmann-La Roche Ltd, Switzerland) (pH = 7.4). Total soluble collagen was extracted overnight at 4°C and quantification performed using the Sircol™ kit (Biocolor Ltd, Newton Abbey, UK). Results were expressed as mg of collagen per right lung.



ELISA Analysis

The concentration of murine KC/CXCL-1, MIP-2/CXCL-2, MIP-1α/CCL-3, MCP-1/CCL-2, TNF-α and TGF-β, was measured in the supernatant of BAL and/or in homogenates from right lung samples by means of ELISA as previously described (15). For lung tissue, samples were homogenized in PBS containing 0.05% Triton X-100 and protease inhibitor cocktail (Hoffmann-La Roche, Basel, Switzerland). Reagents from commercial DuoSet kits (R&D Systems, Minneapolis, MN, USA) were used in accordance with the instructions of the manufacturer.



Invasive Assessment of Respiratory Mechanics

Mice were anesthetized with nembutal (60 mg/kg) and the neuromuscular activity was blocked with bromide pancuronium (1 mg/kg). Tracheostomized animals were mechanically ventilated and the lung function assessed. Airway resistance (cmH2O.s/mL) and lung elastance (mL/cmH2O) were assessed using a FinePointe R/C Buxco Platform (DSITM, Minneapolis) (15). Animals were allowed to stabilize for 5 min and increasing concentrations of methacholine (3–81 mg/mL) were aerosolized for 5 min each. Baseline pulmonary parameters were assessed with aerosolized PBS.



Lung Fibroblast Isolation and Activation

The whole lung was removed from mice, 7 d after silica-challenge, perfused under aseptic conditions and gently dispersed on steel mesh followed by enzymatic digestion with collagenase 1A (1 mg/mL in 10 mL) (Sigma-Aldrich) for 1 h at 37 C. Lung fibroblasts from saline-challenged mice were used as control group. Dispersed cells were submitted to a continuous Percoll gradient (GE Healthcare) to eliminate silica particles and then placed in DMEM medium plus 10% of FBS, 1% penicillin-streptomycin at 37 C, and 5% CO2. Cells were stimulated with rmIL-13 (40 ng/mL), for 24 h. After centrifugation, 0.25 × 106 cells were added to 6-well plates, incubated with flunisolide (0.1–100 μM) at 37°C and a 5% CO2, for 24 h. Proliferation was assessed via [3H] thymidine incorporation (0.5 mCi/well). In another set of experiments, after centrifugation, the supernatant was recovered and quantified for chemokine MCP-1/CCL2 by ELISA.



Statistical Analysis

Results were expressed as mean ± standard error of mean (SEM) and statistical analysis was done with one-way ANOVA followed by the multiple comparison test of Newman-Keuls-Student. Values of p < 0.05 were considered statistically significant for both tests.




RESULTS


Time Course of the Airways Inflammation Caused by Exposure to Silica in Mice

Intranasal instillation of crystaline silica particle suspension in mice resulted in an increased number of leukocytes in the bronchoalveolar space at days 7, 14, and 28 post-challenge as compared to sham-challenged mice (Figure 2A). Although the maximal response was at day 7 post-silica, the absolute number of leukocytes remained significantly increased over the saline-challenged mice at days 14 and 28 (Figure 2A). Standard staining of cytospin preparations revealed a predominant mononuclear cell infiltration into the airways after silica challenge (Figure 2B), while a slight but significant elevation in polymorphonuclear neutrophil counts was noted from 7 to 28 days (Figure 2C). The profile of chemokines and cytokines was also investigated. As shown in Figure 2D, KC/CXCL-1 levels in the BAL effluent appeared significantly increased at all timepoints analyzed, in a clear association with the polymorphonuclear neutrophl influx (Figure 2C). In contrast, levels of the cytokines TNF-α and TGF-β appeared elevated at later timepoints, day 14 and 28 concerning the former (Figure 2E) and only at day 28 (Figure 2F) concerning the latter.


[image: Figure 2]
FIGURE 2. Inflammatory changes in BAL effluent following silica particle instillation. BAL effluent samples were obtained from sham-challenged mice (open column) or silica-challenged mice (closed column) for quantification of total leukocytes (A), mononuclear cells (B), neutrophils (C), KC/CXCL1 (D), TNF-α (E), and TGF-β (F) on days 7, 14, and 28. Values represent mean ± SEM from 5 animals per group. Statistical analysis was done with one-way ANOVA followed by Newman-Keuls-Student test. +P < 0.05 as compared to saline-challenged animals.




Time Course of Lung Pathological Changes Caused by Exposure to Silica in Mice

In order to evaluate the impact of silica particle instillation in the lungs, tissue sections were examined under light microscopy. Specimens obtained from sham-challenged mice at days 7, 14, and 28, stained with either H&E (Figures 3A,E,I, respectively) or Picrus sirius (Figures 3C,G,K, respectively), showed no pathological changes as expected. In contrast, H&E-staining revealed a clear thickening of alveolar walls as well as progressive increase in areas of parenchyma occupied by granuloma in silica-challenged mice at day 7 (Figure 3B), day 14 (Figure 3F) and day 28 (Figure 3J) post-challenge. Quantitative morphometric analyses confirmed the time-dependent formation of granulomas in the lungs of silica-challenged mice (Figure 3M). In parallel, Picrus sirius staining of lung sections from silicotic mice revealed a time-dependent increase in the amount of collagen deposition in the parenchyma at day 7 (Figure 3D), day 14 (Figure 3H), and day 28 (Figure 3L). These histological findings close-correlated with the levels of total collagen content in the lungs, quantified by the Sircol assay (Figure 3N). Silica challenge did not cause death of animals during the course of the experiments.


[image: Figure 3]
FIGURE 3. Pathological changes caused by silica particle instillation. Lung sections were obtained from sham-challenged mice (A,E,I/C,G,K) or silica-challenged mice (B,F,J/D,H,L) (H,E/Picrus Sirius staining) on days 7, 14, and 28, respectively. Quantitative evaluation of area occupied by granuloma and lung collagen content are seen in (M) and (N), respectively. Scale bar = 200 μm. Values represent mean ± SEM from 5 animals per group. Statistical analysis was done with one-way ANOVA followed by Newman-Keuls-Student test. +P < 0.05 as compared to saline-challenged animals. *P < 0.05 as compared to silica-challenged animals.




Treatment With Flunisolide Inhibits Lung Inflammation, Fibrosis, and Airway Hyper-Reactivity in Silicotic Mice

Interventional local treatment with flunisolide (10 μg/mouse), given daily from day 21 to 27, via nasal instillation, reduced both granulomatous response (Figure 4C) and collagen deposition (Figure 4F) caused by silica particles as compared to untreated silicotic mice, concerning granuloma formation (Figure 4B) and collagen deposition (Figure 4E), respectively. Flunisolide treatment reduced, but did not abolish, these changes as can be attested by the comparison with lung sections from negative controls (Figures 4A,D). Quantitative values are shown in Figures 4G,H for granulomatous and fibrotic response, respectively. There was no effect on silica-induced granulomatous and fibrotic response when flunisolide was given at the doses of 0.3 or 1 μg/mouse.
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FIGURE 4. Effect of flunisolide on granulomatous and fibrotic response caused by silica particle instillation. Lung sections were obtained from sham-challenged mice (negative control) (A/D), silica-challenged mice treated with vehicle (positive control) (B/E) and silica-challenged mice treated with flunisolide (10 μg/mouse, intranasal, daily from days 21–27) (C/F) (H,E/Picrus sirius staining) on day 28. Quantitative evaluation of the area occupied by granuloma and lung collagen content from silicotic mice treated or not with flunisolide are seen in (G) and (H), respectively. Scale bar = 200 μm. Values represent mean ± SEM from 6 animals per group. Statistical analysis was done with one-way ANOVA followed by Newman-Keuls-Student test. +P < 0.05 as compared to saline-challenged animals. *P < 0.05 as compared to silica-challenged animals.


We then examined the effect of flunisolide (0.3, 1 and 10 μg/mouse) on pro-inflammatory and pro-fibrotic mediators generated in the lung tissue of silicotic mice. Figure 4 shows that silica particle exposure upregulated the levels of MIP-1α/CCL-3 (Figure 5A) and MIP-2/CXCL-2 (Figure 5B), TNF-α (Figure 5C), and TGF-β (Figure 5D), all of which being partially inhibited by flunisolide (10 μg/mouse). As shown in this figure, doses as low as 0.3 μg/mouse and 1 μg/mouse inhibited MIP-1α/CCL-3 and MIP-2/CXCL-2, respectively, but did not affect the cytokines.
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FIGURE 5. Effect of flunisolide on generation of inflammatory mediators caused by silica particle instillation. Chemokines MIP-1α/CCL3 (A), MIP-2/CXCL2 (B) and cytokines TGF-β (C) and TNF-α (D) were measured in the lung tissue obtained from sham-challenged mice (negative control), silica-challenged mice treated with vehicle (positive control) and silica-challenged mice treated with flunisolide (0.3–10 μg/mouse, intranasal, daily from days 21–27) on day 28. Values represent mean ± SEM from 6 animals per group. Statistical analysis was done with one-way ANOVA followed by Newman-Keuls-Student test. +P < 0.05 as compared to saline-challenged animals. *P < 0.05 as compared to silica-challenged animals.


We then employed invasive barometric plethysmography to assess whether flunisolide could repair the lung function disorder caused by silica particle exposure. As shown in Figure 6, silicotic mice reacted with exacerbation of the increase in airway resistance (Figure 6A) and lung elastance (Figure 6B) caused by aerosolized methacholine. Intranasal flunisolide, administered daily from days 21 to 27, significantly inhibited silica-induced airway hyper-reactivity concerning both airway resistance (Figure 6A) and lung elastance (Figure 6B).


[image: Figure 6]
FIGURE 6. Effect of flunisolide on airway hyper-reactivity caused by silica particle instillation. Airway resistance (A) and pulmonary elastance (B) were evaluated in the presence of increasing concentrations of methacholine (3–81 mg/mL) in sham-challenged mice (negative control), silica-challenged mice treated with vehicle (positive control) and silica-challenged mice treated with flunisolide (10 μg/mouse, intranasal, daily from days 21–27) on day 28. Values represent mean ± SEM from 6 animals per group. Statistical analysis was done with one-way ANOVA followed by Newman-Keuls-Student test. +P < 0.05 as compared to saline-challenged animals. *P < 0.05 as compared to silica-challenged animals.




Treatment With Flunisolide Improves Clearance of Silica Particles From the Lungs

Residual silica particles present inside the lungs trigger and perpetuate inflammation and development of fibrosis. By means of polarized light, crystalline silica particles can be visualized based on their property to exhibit birefringence (19). By means of polarized microscopy, we detected the presence of small bright crystals in the lungs of silica-challenged mice (Figure 7A), and that treatment with flunisolide (10 μg/animal) reduced the number of these particles (Figure 7B). Quantitative data are shown in Figure 7C.
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FIGURE 7. Effect of flunisolide on the presence of crystalline silica particles in the lungs. Tissue sections were obtained from silica-challenged mice treated with vehicle (positive control) (A) and silica-challenged mice treated with flunisolide (10 μg/mouse, intranasal, daily from days 21–27) (B). Quantitative evaluation of silica particles is seen in (C) (Picrus sirius staining/polarized microscopy). Arrows indicate silica particles. Scale bar = 200 μm. Values represent mean ± SEM from 6 animals per group. Statistical analysis was done with one-way ANOVA followed by Newman-Keuls-Student test. +P < 0.05 as compared to saline-challenged animals.




Treatment With Flunisolide Inhibits Silica-Induced Macrophage and Myofibroblast Accumulation in the Lung Tissue

In comparison to sham-challenged mice (Figures 8A,E), the silicotic ones presented increased lung tissue levels of macrophages (Figure 8B) and myofibroblasts (Figure 8F), as revealed by F4/80 and α-SMA immunelabelling, respectively. Flunisolide (10 μg/mouse) given daily from day 21 to 27 reduced the number of F4/80 (Figure 8C) and α-SMA positive cells (Figure 8G). Quantitative data for F4/80 and α-SMA positive cells are shown in Figures 8D,H, respectively.
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FIGURE 8. Effect of flunisolide on accumulation of macrophages and myofibroblasts caused by silica particle instillation. Lung sections were obtained from sham-challenged mice (negative control) (A,E), silica-challenged mice treated with vehicle (positive control) (B,F) and silica-challenged mice treated with flunisolide (10 μg/mouse, intranasal, daily from days 21–27) (C,G) (F4/80 and α-SMA imunohistochemical labeling) on day 28. Measurements of pixels per micrometer square for F4/80 and α-SMA positive cells are shown in (D) and (H), respectively. IHC negative control (inset) consisted in the absence of primary antibody. Scale bar = 200 μm. Values represent mean ± SEM from 6 animals per group. Statistical analysis was done with one-way ANOVA followed by Newman-Keuls-Student test. +P < 0.05 as compared to saline-challenged animals. *P < 0.05 as compared to silica-challenged animals.




Treatment With Flunisolide Inhibited Lung Fibroblast Activation in vitro

Finally, we examined the capacity of flunisolide to directly modulate the IL-13-induced activation of fibroblasts in vitro. Cells were recovered from the lungs of saline- and silica-challenged mice, and proliferative (Figure 9A) and secretory (Figure 9B) activities were evaluated. Incubation of normal fibroblasts with the pro-fibrotic cytokine IL-13 (40 ng/mL) triggered proliferation and MCP-1/CCL2 production (Figures 9A,B, respectively). Interestingly, silicotic fibroblasts showed increased baseline levels of MCP-1/CCL-2 production as compared to those from normal controls (Figure 9B). Stimulation with IL-13 increased proliferation and MCP-1/CCL-2 production in silicotic fibroblasts at higher levels when compared to control fibroblasts, suggesting a primed phenotype. Fibroblasts from saline- and silica-challenged mice showed IL-13-induced proliferation and MCP-1/CCL-2 production, responses significantly reduced following incubation with flunisolide (0.1 to 10 μM) (Figure 9).


[image: Figure 9]
FIGURE 9. Proliferation (A) and chemokine MCP-1 production (B) in cultured lung fibroblasts recovered from normal (white columns) and silica-challenged mice (black columns). Cells were exposed with flunisolide (Flu) (0.1–100 μM), 1 h before stimulation with IL-13 (40 ng/mL), and the analysis was performed 24 h later. Values represent mean ± SEM of quadruplicates from 3 independent experiments. Statistical analysis was done with one-way ANOVA followed by Newman-Keuls-Student test. +P < 0.05 compared to respective medium-stimulated group; #P < 0.05 compared to IL-13-challenged normal group; *P < 0.05 compared to respective IL-13-challenged group.





DISCUSSION

The current study addressed the effect of therapeutic treatment with flunisolide on silica-induced pulmonary inflammation and fibrogenesis in mice. The nasal instillation of crystalline silica promoted a pulmonary fibro-granulomatous response, starting as lung inflammatory process and evolving to form granuloma rich in collagen fibers. Flunisolide inhibited granuloma formation and collagen deposition induced by silica in the mouse lungs. This effect appeared related to the decrease in the content of F4/80 and α-SMA positive cells in the lungs, which paralleled with reduction of pro-inflammatory and pro-fibrotic cytokines and chemokines. Flunisolide also suppressed IL-13-induced proliferation and MCP-1/CCL-2 release from lung myofibroblasts recovered from saline- and silica-challenged mice. These findings indicate that flunisolide seems to be an encouraging therapeutic strategy to be used in the case of silicosis.

Our current understanding of the precise mechanistic connection between inflammation and fibrogenesis is limited, in spite of intensive research in the field (20). Existing evidence strongly suggests that in the lung, as well as in many other tissues, fibrosis is underlined by a complex multistep inflammatory response driven by a network of cytokines/chemokines, growth factors and signaling processes, often associated with leucocyte infiltration and fibroblast activation (20, 21). In the murine model of silicosis used in this study, Swiss Webster was the mouse strain of choice as this is not an inbred mouse strain, thereby modeling the outbred human condition associated with clinical silicosis as previously reported (15, 22–24). The kinetics of leukocyte infiltration in BAL fluid revealed that there was a marked increase in the number of total leukocytes at 7 days, which reduced progressively with time. A similar profile was noted in the case of mononuclear cells, while neutrophil numbers remained elevated for at least 28 days after nasal instillation of silica into mice. The latter paralleled with the increased levels of KC/CXCL-1 detected in the BAL of silica challenged-mice. Tissue analyses showed that there was a marked inflammatory cell infiltration at day 7, peribronchiolar granuloma formation at day 14, followed by an extensive tissue fibrosis 28 days post-silica challenge. In parallel, a marked increase in the levels of fibrogenic cytokines namely TGF-β and TNF-α was detected in both BAL and lung tissue. These responses directly correlated with alteration of lung function as attested by the state of airway hyper-reactivity to the spasmogenic methacholine.

Despite the sustained incidence of silicosis, little has been achieved concerning treatment development. Studies aiming to identify an effective therapy for silicosis are occurring, though management of silicosis still consists of supportive therapy including the use of bronchodilators and cough medication, as well as oxygen therapy (25–27). We demonstrated, herein, the efficacy of the therapeutic administration of flunisolide in reversing granuloma formation and collagen deposition triggered by silica particles. Our results are in line with those which showed glucocorticoids inhibiting remodeling and fibrosis in experimental models of lung allergic inflammation (13) and carbon tetrachloride-stimulated spleen in mice (28). Our findings are also supported by earlier clinical studies showing acute and chronic silicosis somehow responding to glucocorticoid therapy (11, 29, 30). Glucocorticoids are known for their ability to down-regulate inflammatory signaling, a response attributed to repression of the transcription of target pro-inflammatory genes through inhibition of nuclear factor-κB (NF-κB) and activator protein-1 (AP-1) activation (31). Consistently, treatment with flunisolide effectively inhibited cytokine generation as well as labeling of α-SMA-positive fibroblasts into granulomatous areas in lungs of silicotic mice, phenomena that can be correlated to the reduction of pro-fibrotic cytokine generation as TGF-β and TNF-α.

A lot of attention has been directed toward myofibroblasts as central cells in the development of lung fibrosis based on their capacity to generate extracellular matrix components (32), thus being considered important targets for antifibrotic drugs. We also assessed the direct effect of flunisolide on lung fibroblasts recovered from normal or silica-challenged mice in the presence and absence of IL-13. Interestingly, the basal levels of MCP-1/CCL-2 generated in the case of fibroblasts from silica-stimulated mice were significantly higher when compared to normal mice, suggesting a change in the cell phenotype. MCP-1/CCL-2 is a chemokine known to up-regulate collagen gene expression (33), being implicated in lung fibrosis. We detected increased levels of MCP-/CCL-2 in the lungs of silicotic mice already on day 7 post-challenge (24), suggesting that the chemokine might be implicated in the lung fibrotic response to silica crystals. It was reported that fibroblasts are key cells involved not only in physiological but also several pathological processes (34) including fibrosis, when they can be activated and change their phenotype, particularly after being in contact with pro-fibrotic cytokines including TGF-β (35) and IL13 (34). We found that flunisolide inhibited fibroblast proliferation as well as MCP-1/CCL-2 production in vitro, from both normal and silica-challenged mice. These data can help to explain the reduction of the granulomatous response and labeling of α-SMA-positive fibroblasts noted in the flunisolide-treated silicotic mice.

Macrophages also play an important role in regulating the fibrotic process, based on their phagocytic activity (36, 37). Inhalation of crystalline silica is a persistent process that reflects multiple ingestion and re-ingestion cycles of particles by macrophages, causing activation and release of various pro-inflammatory and pro-fibrotic factors, resulting in sustained inflammation and ultimately fibrosis (38). We found that treatment with flunisolide reduced the number of F4/80 positive cells and levels of lung cytokines (TNF-α and TGF-β) and chemokines (MIP-1α/CCL-3 and MIP-2/CXCL-2), suggesting that mediators released by macrophages were inhibited by flunisolide. Down-regulation of macrophage functionality can be associated with the effect of glucocorticoids on the cytoskeleton, leading to reduction of cell adherence and/or migration to the inflammatory site (39–43) or even induction of apoptosis (44–46), thus contributing to the inhibition of fibrosis by flunisolide. Alternatively, macrophages that have taken up silica particles could be carried off the lungs by the lymphatics (15). Although silicosis is primarily a lung-associated disease, it also affects draining intrathoracic lymph nodes (47). In parallel to typical silicotic alterations in the lungs, changes in the mediastinal lymph nodes were already described including fibrosis and the presence of silica particles. Our group reported that amelioration, by the immunotoxin IL-13PE, of the granulomatous fibrosis in silica-challenged mice, was clearly associated with the reduction in the amount of free silica particles present in the lung parenchyma (15). In the current study, treatment with flunisolide showed a marked tendency for reduction in the amount of silica particles in the lungs. Moreover, the reversal of lung granulomatous fibrosis caused by flunisolide could lead to an enlargement of alveolar spaces, supporting the idea that the treatment might be acting in favor of the exhalation of free silica particles through the airways.

Finally, previous reports stated that patients with silicosis exhibit a respiratory deficit and airway hyper-reactivity (48), and in more severe cases increased airways resistance and residual volume were reported (6, 49, 50). By means of whole-body invasive plethysmography, it became evident that flunisolide decreased silica-induced state of airway hyper-reactivity, as attested by the reduction in lung resistance and elastance following methacholine aerosolization. It is noteworthy that TNF-α is implicated in airway hyper-reactivity (51), adding support to the interpretation that the suppressive effect of flunisolide on airway hyper-reactivity and other pathological features of silicosis is at least in part accounted for by a decrease in the generation of cytokines.

Since silicosis is a chronic inflammatory disfunction, this study had its inherent limitations in being based in a short-term murine model of the disease, imposed in some extent by ethical restrictions concerning the use of laboratory animals. In addition, although the findings from this study pointed out the positive influence of the flunisolide interventional treatment, the lack of data on the persistence of the protective effects on time-points later than 28 days post-challenge is also a limitation.

Overall, our findings show that therapeutic treatment with the intranasal glucocorticoid flunisolide improved granulomatous inflammation and fibrosis, leading to restoration of lung function in silica-challenged mice. They also indicate that local flunisolide seems to constitute a promising therapeutic alternative for treatment of lung fibrotic diseases such as silicosis.
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Brucellosis is a prevalent global zoonotic infection but has far more impact in developing countries. The adipocytes are the most abundant cell type of adipose tissue and their secreted factors play an important role in several aspects of the innate and adaptive immune response. Here, we demonstrated the ability of Brucella abortus to infect and replicate in both adipocytes and its precursor cells (pre-adipocytes) derived from 3T3-L1 cell line. Additionally, infection of pre-adipocytes also inhibited adipogenesis in a mechanism independent of bacterial viability and dependent on lipidated outer membrane protein (L-Omp19). B. abortus infection was able to modulate the secretion of IL-6 and the matrix metalloproteases (MMPs) -2 and-9 in pre-adipocytes and adipocytes, and also modulated de transcription of adiponectin, leptin, and resistin in differentiated adipocytes. B. abortus-infected macrophages also modulate adipocyte differentiation involving a TNF-α dependent mechanism, thus suggesting a plausible interplay between B. abortus, adipocytes, and macrophages. In conclusion, B. abortus is able to alter adipogenesis process in adipocytes and its precursors directly after their infection, or merely their exposure to the B. abortus lipoproteins, and indirectly through soluble factors released by B. abortus-infected macrophages.
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Introduction

Brucellosis is a prevalent global zoonotic infection but has far more impact in developing countries (1). Clinical manifestations of brucellosis are frequently associated with inflammatory responses in the organs affected (2). Adipose tissue represents one of the largest organs and constitutes up to 25% of the mass of the body in normal weight individuals (3). It is distributed throughout the body and is made up of different cell types that are involved in storing energy, regulating metabolism in addition to fulfilling neuroendocrine and immunological functions (3). Adipocytes secrete a multiplicy of adipokines, including adiponectin, leptin, and various cytokines such as IL-1β and IL-6. The resident immune cells—which include lymphocytes and macrophages—also secrete multiple inflammatory mediators, again including classical cytokines and chemokines (4, 5).

Adipocytes are the most abundant cell type of adipose tissue and their secreted factors play an important role in several aspects of the innate and adaptive immune response among other functions (6). Therefore, these cells could participate in the modulation of the immune response during Brucella infection. On the other hand, adipocytes are specialized for fat storage regulating the balance of energy and homeostasis (7). The pathogens could take advantage of this characteristic, turning adipose tissue into a survival niche. In fact, Mycobacterium tuberculosis, Trypanosoma cruzi, influenza virus A, Chlamydia pneumoniae, HIV -among other pathogens- are housed in adipose tissue (8–11). The cell and tissue in which Brucella persists during chronic infection remain largely unknown. Most studies describe the location of the bacteria based on the site of isolation or the histopathology of the disease, but the place where the bacterium resides has not been elucidated (12, 13).

Adipocytes differentiate from mesenchymal stem cells. During the differentiation process, the transcriptional factor CCAAT/enhancer-binding protein (C/EBP)β is transiently induced leading to activation of two master adipogenic transcription factors, peroxisome proliferator-activated receptor (PPAR)γ, and C/EBPα. These mediators stimulate each other to activate the transcription of genes implicated in lipid metabolism (14). Adipocyte differentiation is regulated by hormones, cytokines, growth factors, and also by matrix metalloproteinase (MMPs) (15, 16). A recent study performed in canine fetuses and neonates naturally infected with B. canis revealed its intracellular localization in adipocytes. B. canis was localized near to the lipid droplet and in the same place of the endoplasmic reticulum. The adipocytes from neonates and fetuses are immature and present features of pre-adipocytes. During their differentiation process, the pre-adipocytes express unfolded proteins as occurs during the intracellular replication of Brucella spp. (17, 18). This finding suggests that pre-adipocytes could be a replicative niche for Brucella spp. during the differentiation process. In the present study, we investigate whether B. abortus can infect and survive in differentiated adipocyte and its precursors, as well as the incumbency on both adipogenesis and immune response modulation, on the inflammatory response during brucellosis.



Materials and Methods


Bacterial Culture

Brucella abortus S2308, DsRed-expressing B. abortus 2308 (provided by Diego Comerci, UNSAM University, Argentina), were grown for 18 h in 10 ml tryptic soy agar supplemented with yeast extract (Merck) with constant agitation (150 rpm) at 37°C. Bacteria were collected and inoculums prepared as previously described (19). To obtain heat-killed B. abortus (HKBA), bacteria were washed with sterile physiological solution and heat-killed at 70°C for 20 min. Absence of bacterial viability was verified by the lack of its in vitro growth on trypticase soy agar (TSA). Live B. abortus manipulations were performed in biosafety level 3 facilities.



Cell Culture

3T3-L1 fibroblasts were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and were culture in DMEM (Gibco) containing 10% of heat-inactivated fetal bovine serum (FBS) (Gibco), 2 mM of L-glutamine (Gibco), 1 mM of sodium pyruvate (Gibco), and penicillin-streptomycin. The murine macrophage cell line J774 was grown in DMEM with 10% FBS and supplemented as previously described.



Adipocyte Differentiation

3T3-L1 cells were seeded at 5 x 104 cells/well in 24-well plates and allowed to reach confluence. After 2 days (day 0), the medium was changed to differentiation medium (DMEM, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 1 µM dexamethasone (DM), and 1 µg/ml human insulin), all from SIGMA. At day 2, the medium was replaced by a maintenance medium (10% FBS and 1 µg/ml insulin). Full differentiation was reached at day 10–15.

Adipocyte differentiation was evaluated by oil red O staining (Sigma). Cultures in 24-well plates were fixed for 1 h with 10% formalin and then washed with 60% isopropanol, stained for 30 min by complete immersion in a working solution of 6% oil red O, and wash repeatedly with water. Ten microscopic fields per well in three wells per condition were quantified for each experiment. The percentage of adipocytes was calculated for the nontreated/noninfected controls.



Cellular Infection

3T3-L1 preadipocytes and adipocytes were separately seeded in two different densities: 2x104 cells per well in 24 well plate, and 1x105 cell per well in 6 well plate. Besides, J774.A1 macrophages were seeded at a density of 3x105 cells per well in 24 well plates. These three cell types were infected with B. abortus S2308 or DsRed-expressing B. abortus S2308 at different multiplicities of infection (MOI) 100 to 1,000 or at MOI 100 for J774.A1 cell line. After the bacterial suspension was dispensed, the plates were centrifuged for 10 min at 2,000 rpm and then incubated for 2 h at 37°C under a 5% CO2 atmosphere. Cells were extensively washed with DMEM to remove extracellular bacteria and incubated in medium supplemented with 100 μg/ml gentamicin and 50 μg/ml streptomycin to kill extracellular bacteria. Adipocytes and preadipocytes were harvested at different times to determine cytokine production, MMP secretion, lipid droplets staining and adiponectin, leptin, PPAR-γ, C/EBP-α, C/EBP-β gene transcription. Supernatants from J774.A1 macrophages were harvested at 24 h post-infection and sterilized by filtration through a 0.22 nitrocellulose filter. To evaluate the intracellular replication of B. abortus, the infected cells were washed and lysed at different time post-infection with 0.2% (vol/vol) of triton X-100. The number of viable intracellular bacteria was determined by the count of CFU/ml from serial dilutions to the tenth in TSA plates.



Brucella-Derived Lipoproteins and LPS

B. abortus L-Omp19 and U-Omp19 were obtained as previously described (20). Both recombinant proteins contained 0.25 endotoxin U/µg protein, as assessed by Limulus amoebocyte lysates (Associates of Cape Cod, East Falmouth, MA, USA). Protein concentration was determined by the BCA method (Pierce, Rockford, IL, USA). Ignacio Moriyon from the University of Navarra, Pamplona, Spain kindly provided B. abortus S2308 LPS and E. coli O111K58H2 LPS. Pam3Cys was acquired from Boehringer Mannheim (Indianapolis, IN, USA).



Confocal Microscopy

3T3-L1 differentiated cells seeded onto glass coverslips were infected with DsRed expressing-B. abortus S2308 at MOI 100 as was previously described. At different time points, cells were fixed with paraformaldehyde, permeabilized with 0.3% Triton X-100, and then lipid droplets were stained with 1 µg/ml of Bodipy 493/503 (Invitrogen), and nucleus were stained with TO-PRO®-3 (Invitrogen). The coverslips were mounted in PBS-glycerin (9:1 vol/vol) and analyzed in a FV-1000 confocal microscope with an oil-immersion Plan Apochromatic 60X NA1.42 objective (Olympus). Ten microscopic fields per well in 3 wells per condition were quantified for each experiment. The percentage of adipocytes was calculated to the noninfected controls. To determine B. abortus replication we visualized DsRed-expressing B. abortus positive areas by confocal microscopy and quantified using Image J software (National Institutes of Health).

The amount and individual diameter size of the lipid droplets in the image were measured using Image J software and data were loaded into GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA, USA) and evaluated for average lipid droplet size and size-frequency distribution for individual adipocytes. The adipocytes containing lipid droplets with a mean diameter >1 µM were classified as cells with big lipid droplets size.



Measurement of Cytokine Concentrations

Secretion of IL-1β, IL-6, and TNF-α were quantified by ELISA in culture supernatants following the manufacturer’s instructions (BD Pharmingen, San Diego, CA).

No cross-reactivity with other mouse cytokines was identified. For IL1β ELISA were tested IL-1β IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p70), IL-15, IFN-γ, MCP-1, TCA3, and TNF-α; for IL-6 ELISA were tested IL-1β, IL-2, IL-3, IL-4, IL-5, IL-7, IL-9, IL-10, IL-12 (p70), IL-15, IFN-γ, GM-CSF, MCP-1, TCA3, and TNF-α; for IL1 β ELISA were tested IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p70), IL-15, IFN-γ, MCP-1, TCA3, and TNF-α. Sensitivity for IL-1 β, IL-6, and TNF-α the limit of detection is 15.6 pg/ml.



Zymography

Gelatinase activity was assayed by the method of Hibbs et al. with modifications, as described (21, 22). Briefly, a total of 20 μl of cell culture supernatants from infected cells or untreated controls were mixed with 5 μl of 5X loading buffer [0.25 M Tris (pH 6.8), 50% glycerol, 5% SDS, and bromophenol blue crystals] and loaded onto 10% SDS-PAGE gels containing 1 mg/ml gelatin (Sigma-Aldrich, Buenos Aires, Argentina). Following electrophoresis, gels were washed with a solution containing 50 mM Tris-HCl (pH 7.5) and 2.5% Triton X-100 (buffer A) for 30 min and with buffer A added with 5 mM CaCl2 and 1 μM ZnCl2 for 30 min and were later incubated with buffer A with additional 10 mM CaCl2 and 200 mM NaCl for 48 h at 37°C. Gelatin activity was visualized by the staining of the gels with 0.5% Coomassie blue. Unstained bands indicated the presence of gelatinase activity.



Gelatinase Activity Under Native Conditions

Gelatinase activity in unprocessed culture supernatants (native conditions) was measured by using a gelatinase/collagenase ﬂuorometric assay kit (EnzChek; Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. The EnzChek kit contains DQ gelatin, a ﬂuorescein-conjugated gelatin so heavily labeled with ﬂuorescein that ﬂuorescence is quenched. When this substrate is digested by gelatinases or collagenases it yields highly ﬂuorescent peptides, and ﬂuorescence increase is proportional to proteolytic activity. Collagenase puriﬁed from Clostridium histolyticum provided in the assay kit serves as a control enzyme. Plates were read in a ﬂuorescence plate reader (Victor3; Perkin-Elmer, Waltham, MA).



mRNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from cells using the kit Quick-RNA MiniPrep Kit (Zymo Research) according to the manufacturer’s instructions. cDNA was synthesized from 1 μg total RNA with the enzyme reverse transcriptase Improm-II (Promega). Real-time PCR was done with a SYBR green as a DNA binding fluorescent dye using a StepOne Real-Time PCR System (Applied Biosystems). The pairs of primers used were the following: adiponectin sense:5´-GACGACACCAAAAGGGCTCA-3´, antisense: 5´-GAGTGCCATCTCTGCCATCA-3´, leptin sense: 5´-TCCCTGCCTCAGACCAGTG-3´, antisense: 5´-TAGAGTGAGGCTTCCAGGACG-3´, PPAR-γ sense: 5´-CTGATGGCATTGTGAGACAT-3´, antisense: 5´-ATGTCTCACAATGCCATCAG-3´, C/EBP-α sense: 5´-TGTGCGAGCACGAGACGTC-3´, antisense: 5´-AACTCGTCGTTGAAGGCGG-3´, C/EBP-β sense: 5´-GCTGAGCGACGAGTACAAGA-3´, antisense: 5´-CAGCTCCAGCACCTTGTG-3´, β-actin sense: 5´-AACAGTCCGCCTAGAAGCAC-3´, antisense: 5´-CGTTGACATCCGTAAAGACC-3´.

The amplification cycle for adiponectin, leptin, PPAR-γ, C/EBP-α, and C/EBP-β was the following 10 min 95 °C, 40 cycles for 15 s at 95°C, 60°C for 30 s, and 72°C for 60 s. All primer sets yielded a single product of the correct size. The fold change (relative expression) in gene expression was calculated using the relative quantitation method (2−ΔΔCt). Relative expression levels were normalized against β-actin. Intra experiment CT values differences between samples were less than 0.5.



Statistical Analysis

Each experiment was performed at least three times with different culture preparations. Data were represented as mean ± SD measured in triplicate from at least three individual experiments. Statistical analysis was performed with one-way ANOVA. Multiple comparisons between all pairs of groups were made with Tukey’s posttest, and those against two groups were made with Student᾽s t test, Mann-Whitney test. To determine normality, the Shapiro-Wilk normality test was used. Graphical and statistical analyses were performed with GraphPad Prism 5.0 software. P<0.05 was the minimum level for accepting a statistically significant difference between groups.




Results


B. abortus Infects and Replicates in Both Pre-Adipocytes and Adipocytes, and Inhibits Adipogenesis

There are no former reports about the interaction between B. abortus and adipogenic cells. Thus, we first determined the differential capacity of B. abortus to infect pre-adipocytes and adipocytes. As shown in Figures 1A. B. abortus was internalized by both, pre-adipocytes and adipocytes in vitro. However, the multiplication efficiency was dissimilar between them. In pre-adipocytes the number of intracellular bacteria was increased by more than one log at 24 h post-infection and continued growing thereafter. By contrast, adipocytes were less permissive for B. abortus growth, and the number of bacteria in adipocytes was significantly lower than that observed for pre-adipocytes (p < 0.01). The number of intracellular bacteria in adipocytes increased by one log at 48 h post-infection and then decline.




Figure 1 | B. abortus replicates in pre-adipocytes and adipocytes and inhibits adipogenesis. Infection with B. abortus was performed at a multiplicity of infection (MOI)= 100, and CFU was determined at different times of infection in pre-adipocytes and adipocytes. (A). Intracellular DsRed-expressing B. abortus in adipocytes assessed by confocal microscopy, lipid droplets were stained with Bodipy 493/503 (B). Quantification of the experiment performed in B (C–E). Percentage of infected and non-infected adipocytes with small (S) and big (B) lipids droplets respect to total cells at each time (C). Percentage of infected and non-infected cells at 1 and 7 d post infection present in adipocytes with S or B droplets cells respect to total S o B cells at each time. Quantification of bacterial replication is measured as means of fluorescence intensity (MFI) (E). Effect of B. abortus infection at MOI 100 and 1,000 on adipocyte differentiation determined by lipid droplets staining with Bodipy 493/503 (F), quantified by cell counts (G) and Oil Red O staining (H), quantified by cell counts (I). Effect of B. abortus infection on PPAR-γ (J), C/EBP-α (K), and C/EBP-β (L) transcription determined by RT-qPCR in adipocytes after 24 h post-infection. LPS from E. coli (LPS Ec) was used as a positive control. Scale bar: 30 µm. Data are given as the mean ± SD measured in triplicate from at least three individual experiments. Ten microscopic fields per condition were quantified for each experiment. Data shown are from a representative experiment of three performed. *P < 0.05; **P < 0.01; ***P < 0.001vs non infected cells (NI). ###P< 0.001 vs non infected pre-adipocytes (NI/Pre-ad.).



At seven days of adipogenic differentiation, the culture is heterogeneous with cells that present small and big lipid droplets (more than 1 µm in diameter). At this time, cells were infected with DsRed-expressing B. abortus and lipid droplets were stained with Bodipy 493/503, and cells were evaluated at different times post-infection. Our results indicate that B. abortus invades adipocytes in a manner that was independent of the lipid droplets size (Figures 1B–D). However, B. abortus preferentially replicates in adipocytes with small lipid droplets (Figure 1E).

To assess whether the infection affects adipocyte differentiation, pre-adipocytes were infected with B. abortus at MOI 100 and 1,000, in the presence of differentiation medium for 2 days, and then incubated with maintenance medium. E. coli LPS was used as a control. At 15 days post-infection cells were fixed. The presence of differentiated adipocytes was revealed by lipid droplets staining with Bodipy 493/503 and Oil Red O (Figures 1F–I). B. abortus infection inhibited adipocyte differentiation as was revealed by a reduction of lipid droplets formation.

Given the ability of B. abortus infection to inhibit adipocyte differentiation, subsequent experiments were carried out to determine whether such infection could also modulate the transcription of the essential pro-adipogenic factors C/EBP-α, C/EBP-β, and PPAR-γ (14). For this purpose, pre-adipocytes were infected, incubated with a differentiation/maintenance medium, and mRNA levels of mentioned pro-adipogenic factors were measured at 15 days. B. abortus infection promoted a decrease in the transcription of C/EBP-α and PPAR-γ genes despite an increase in the transcription of C/EBP-β gen (Figures 1J–L). Altogether, these results indicate that B. abortus replicates preferentially in pre-adipocytes slowing down their normal adipogenesis.



B. abortus Infection Modulates Proinflammatory Cytokines and Adipokines Secretion in Pre-Adipocytes and Adipocytes

The adipose tissue physiology is committed to the expression of cytokines and adipokines. They not only control fat metabolism but also immune homeostasis (6). Infection with B. abortus at MOI 100 and 1,000 induced IL-6 (Figures 2A, B) but not IL-1β nor TNF-α (not shown) secretion by both pre-adipocytes and adipocytes. In adipocytes, the mRNA transcription level of leptin remained unaltered after the B. abortus infection, but the levels of mRNA of adiponectin and resistin are significantly (p < 0.01) inhibited respect to uninfected control cells (Figures 2C–E). This is in concordance with the inhibitory effect of B. abortus infection on adipogenesis, since transcription of adipokine genes are controlled by the transcription factor PPAR-γ (23). These results indicate that B. abortus infection modulates the expression of cytokines and adipokines in pre-adipocytes and adipocytes.




Figure 2 | B. abortus infection modulates proinflammatory cytokines and adipokines secretion in pre-adipocytes and adipocytes. ELISA determination of IL-6 in pre-adipocytes (A) and adipocytes (B) measured in culture supernatants at 24 h post-infection. Determination of leptin (C), adiponectin (D), and resistin (E) by RT-qPCR in B. abortus -infected adipocyte cells at MOI 100 and 1,000 at 24 h post-infection. Data are given as the mean ± SD measured in triplicate from five individual experiments. Data shown are from a representative experiment of five performed **P < 0.01; ***P < 0.001vs non infected cells (NI). ###P< 0.001 vs non infected pre-adipocytes (NI/Pre-ad.)





B. abortus Infection Induces MMPs Secretion in Pre-Adipocytes but Was Unable to Modulate MMPs in Adipocytes

Cytokines and adipokines have been shown to stimulate MMPs secretion from different cell types (24–30). Additionally, pre-adipocytes and adipocytes can produce MMP-2 and MMP-9 (15). To analyze whether B. abortus is capable of modulating their MMP-2 and MMP-9 activity, separated pre-adipocyte and adipocyte cells were infected with B. abortus at MOI 100 and 1,000, and after 24 h MMPs activity was evaluated, in culture supernatants, by gelatin zymography. Supernatants, from B. abortus-infected pre-adipocyte displayed a significant increase in MMP-2 and MMP-9 gelatinase activity than that of uninfected cells (Figures 3A–C). By contrast, in adipocytes, no further increase of the MMP-2 and MMP-9 activity was detected for any MOI of infection (Figures 3D–F). The activity of MMPs in vivo is counterbalanced by the tissue inhibitor’s action including TIMPs (31). Therefore, the net gelatinase or collagenase activity in a complex sample, such as culture supernatants, depends on the balance between MMP and TIMP activities. This net activity is not revealed by zymography, since MMP-TIMP complexes may dissociate during gel electrophoresis. To assess whether the environment surrounding Brucella-infected pre-adipocytes and adipocytes has an increased net gelatinase activity, culture supernatants from these cells were incubated with a non-ﬂuorescent gelatin-ﬂuorescein conjugate, and the ﬂuorescence unmasked as a consequence of gelatin degradation was measured in a ﬂuorometer. Our results indicated that enzymatic activity is increased significantly in B. abortus-infected supernatants from pre-adipocytes supernatants but it remained unaltered in supernatants from B. abortus-infected adipocytes (Figures 3G, H). Therefore, B. abortus infection increases the MMP-2 and MMP-9 activity in pre-adipocytes, but no in adipocytes.




Figure 3 | B. abortus infection induces MMPs secretion in pre-adipocytes but was unable to modulate MMPs in adipocytes. MMP-2 and MMP-9 activity were measured by gelatin zymography in culture supernatants from B. abortus-infected preadipocytes (A) and adipocytes (D) at 24 h post-infection. (B, C, E, and F). Densitometric analysis of results from three independent experiments performed in A and D. For MMP activities, the culture supernatants from B. abortus infected preadipocytes (G) and adipocytes (H) with a fluorescein-conjugated gelatin substrate that produces highly fluorescent peptides when gelatin is digested. Data are expressed in fluorescence units informed by the fluorometer. Data are given as the mean ± SD measured in triplicate from four individual experiments. Data shown are from a representative experiment of five performed *P < 0.05; **P < 0.01; ***P < 0.001 vs non infected cells (NI).





B. abortus Lipoproteins Inhibit Adipocyte Differentiation

Previously, we have reported that Brucella lipoproteins are crucial for many responses induced by B. abortus infection (19–21, 32–36). Additionally, adipogenesis inhibition may be a process involving TLR-ligand interactions (37, 38). At first, we evaluated whether viable B. abortus was necessary to inhibit adipocyte differentiation. Oil red staining of adipocytes differentiated in the presence of HKBA revealed a markedly reduced adipocyte differentiation compared with the unstimulated cells. We further assessed the B. abortus LPS or its lipoproteins involvement on adipocyte differentiation inhibition. To this end, pre-adipocytes were differentiated in the presence of B. abortus LPS, or B. abortus lipidated outer membrane protein 19 (L-Omp19), used as a model of Brucella lipoprotein, and compared against unlipidated (U)-Omp19 (20). LPS from E. coli and Pamp3Cys were used as positive controls. As shown in Figure 4, L-Omp19, but not B. abortus LPS, mimicked the inhibition of lipid droplets accumulation induced by B. abortus infection. Nonetheless, the U-Omp19 was not capable to inhibit lipid droplets accumulation (Figure 4). Together these results indicate that the lipoproteins (L-Omp19) from B. abortus but not its LPS participates in the inhibition of adipogenesis among infected pre-adipocytes.




Figure 4 | B. abortus lipoproteins inhibits adipocyte differentiation. Pre-adipocytes were differentiated in the presence of HKBA (1x106 and 1x109 bacteria/ml) and E. coli LPS (LPS Ec) (10 ng/ml), B. abortus LPS (LPS Ba) (1,000 ng/ml), L-Omp19 (10, 100, or 1,000 ng/ml), U-Omp19 (1,000 ng/ml), or Pam3Cys (50 ng/ml) or untreated (UT). The presence of adipocytes was revealed by staining of lipid droplets with Oil Red O (A). Quantification of Oil Red O was determined by cell counts (B). Ten microscopic fields per well in three wells per condition were quantified for each experiment. The percentage of adipocytes was calculated to the untreated cells (UT). Scale bar: 30 µm. Data are given as the mean ± SD measured in triplicate from five individual experiments. Data shown are from a representative experiment of five performed ***P < 0.001 vs untreated cells (UT).





B. abortus-Infected Macrophages Modulate Adipocyte Differentiation

Macrophages constitute the main host cell for B. abortus replication (39). We hypothesized that B. abortus-infected macrophages release soluble mediators that may affect adipocyte differentiation. For this goal, the adipocyte differentiation process was studied in the presence of conditioned media from B. abortus-infected macrophages, or uninfected macrophages as control. As shown in Figure 5, the adipocyte differentiation was significantly reduced by conditioned media from B. abortus-infected macrophages but it was not modified by conditioned media from uninfected macrophages (Figure 5).




Figure 5 | B. abortus-infected macrophages modulate adipocyte differentiation. Pre-adipocytes were differentiated in the presence of culture supernatants from B. abortus infected macrophages at MOI 100 (CM-Ba) or culture supernatants from non-infected macrophages as control (CM-NI). The presence of adipocytes was revealed by staining of lipid droplets with Oil Red O (A). Quantification of Oil Red O was determined by cell counts (B). LPS from E. coli (LPS Ec) was used as a positive control. Ten microscopic fields per well in three wells per condition were quantified for each experiment. The percentage of adipocytes was calculated with respect to untreated cells (UT). Scale bar: 30 µm. Data are given as the mean ± SD measured in triplicate from five individual experiments. Data shown are from a representative experiment of five performed. **P < 0.01; ***P < 0.001 vs untreated cells (UT).



To determine whether conditioned media from B. abortus-infected macrophages affects at early and/or late stage of the adipocyte differentiation process, we added the conditioned media from B. abortus-infected macrophages during the incubation with adipocyte differentiation medium or, during the cultivation with maintenance medium. As a control, conditioned media from uninfected macrophages was included. The adipocyte differentiation was inhibited when conditioned media from B. abortus-infected macrophages was added during the culture of cells with adipocyte differentiation media indicating that suppresses the pre-adipocyte differentiation at an early stage while the addition of conditioned medium during the cultivation with maintenance medium did not affect adipocyte differentiation (Figure 6). Together, these results indicate that soluble factors released from B. abortus- infected macrophages inhibit adipogenesis at an early state.




Figure 6 | B. abortus-infected macrophages modulate early adipocyte differentiation. Pre-adipocytes were differentiated in the presence of culture supernatants from B. abortus—infected macrophages at MOI 100 (CM-Ba) or culture supernatants from non-infected macrophages as control (CM-NI). Supernatants were added during the early differentiation process (differentiation media, D), later differentiation process (maintenance media, M) or during all differentiation process (differentiation and maintenance media, D and M). The presence of adipocytes was revealed by staining of lipid droplets with Oil Red O (A). Quantification of Oil Red O was determined by cell counts (B). LPS from E. coli (LPS Ec) was used as a positive control. Ten microscopic fields per well in three wells per condition were quantified for each experiment. The percentage of adipocytes was calculated to the untreated cells (UT). Scale bar: 30 µm. Data are given as the mean ± SD from three individual experiments. **P < 0.01; ***P < 0.001 vs untreated cells (UT).





B. abortus-Infected Macrophages Inhibit Adipocyte Differentiation via a Mechanism Dependent on TNF-α

TNF-α is a proinflammatory cytokine able to downregulate the adipocyte differentiation (40). Previously, we have reported that B. abortus-infected macrophages secrete TNF-α (21, 32). To test whether TNF-α released from B. abortus-infected macrophages inhibits adipogenesis, we performed experiments with culture supernatants preincubated with a TNF-α neutralizing antibodies. As shown in Figure 7, the inhibitory effect of B. abortus-infected macrophages on adipocyte differentiation was inhibited by the treatment with TNF-α neutralizing antibody. Also, the isotype control does not affect. Thus, we concluded that TNF-α plays a key role in the inhibition of adipogenesis induced by macrophages-infected with B. abortus.




Figure 7 | B. abortus-infected macrophages inhibit adipocyte differentiation via a mechanism dependent on TNF-α. Pre-adipocytes were differentiated in the presence of culture supernatants from B. abortus-infected macrophages at MOI 100 (CM-Ba) or culture supernatants from non-infected macrophages as control (CM-NI). Supernatants were incubated with an anti-TNF-α neutralizing antibody (a-TNF-α-CM-Ba) or isotype control (ISO-CM-Ba). TNF-α (1 ng/ml) was used as a positive control. The presence of adipocytes was revealed by staining of lipid droplets with Oil Red O (A). Quantification of Oil Red O was determined by cell counts (B). Ten microscopic fields per well in three wells per condition were quantified for each experiment. The percentage of adipocytes was calculated to the untreated cells (UT). Scale bar: 30 µm. Data are given as the mean ± SD from three individual experiments. ***P < 0.001.






Discussion

The role of adipose tissue in the pathogenesis of infectious diseases has increased attention in recent years (41–45). Adipose tissue constitutes a nutritionally rich organ for the survival of pathogens such as Mycobacterium tuberculosis, Trypanosoma cruzi, HIV, among others (9, 46, 47). Cell types composing adipose tissue include, fibroblasts, smooth muscle, endothelial, and immune cells. In the setting of infectious or non-infectious diseases like diabetes or obesity, adipose-resident immune cells are derived to a proinflammatory phenotype due to a proinflammatory microenvironment. However, adipocytes are the most abundant cell type (48).

Cell types composing adipose tissue include, fibroblasts, smooth muscle, endothelial and immune cells. In the setting of infectious or non-infectious diseases like diabetes or obesity, adipose-resident immune cells are derived to a proinflammatory phenotype due to a proinflammatory microenvironment.

In brucellosis, the tissue and cell type in which the bacteria persist during chronic infection remains unknown. Previous findings have reported the capacity of B. abortus for intracellular replication in several cell types (17, 21, 49). In particular, the Brucella capability to localize intracellularly in adipocytes and its precursors was recently revealed for B. canis (13, 17). Here, we show that B. abortus infects and replicates in both adipocyte and even with higher efficiency, in pre-adipocyte.

An impairment in adipogenesis process may involve an adipokine misbalance induced by B. abortus infection. Adiponectin and resistin have been associated with adipogenesis (50, 51). Leptin acts largely on the hypothalamus, informing the nutritional status of the adipocytes and controlling adipokines and the endocrine role of adipose tissues and food intake, thus regulating energy balance (23). Additionally, leptin could significantly reduce lipid accumulation during the adipocyte differentiation process, indicating an inhibitory effect on adipogenesis. The loss of expression of adipokines and the acquisition of an inflammatory phenotype may also involve the secretion of IL-1β, TNF-α, and IL-6 (52). Here, we have demonstrated an increased secretion of adipokines such as IL-6, but not IL-1β and TNF-α, among infected pre-adipocytes and adipocytes after B. abortus infection, being higher among the former. Likewise, pre-adipocytes depict a higher number of intracellular bacteria than adipocyte cells. Considering that IL-6 could be able to inhibit the anti-inflammatory adipokines adiponectin and resistin in an autocrine and paracrine manner (53), we have measured their transcriptional level after B. abortus infection. For both, the mRNA level appeared significantly diminished after infection. However, although IL-6 also induces leptin production (54, 55), leptin levels were not significantly altered after infection with Brucella abortus. Several transcription regulators, such as PPAR-γ, C/EBP-α, and C/EBP-β are well-known to mediate adipogenesis. The main role of PPAR-γ in adipogenesis during infection has been revealed using in vivo models of infectious diseases (41, 44). Moreover, the expression level of the critical adipogenic transcription factor PPAR-γ was downregulated after B. abortus infection, thus affecting its role in the maintenance of mature adipocyte phenotype (56, 57). C/EBPα is expressed in the late phase of adipocyte differentiation. In contrast, C/EBPβ is expressed very early during adipogenesis and is also required to sustain the expression of PPAR-γ and C/EBPα. After the treatment of preadipocytes with inducers of differentiation, a rapid and transient increase in transcription and expression of C/EBPβ occurs and then decrees during the differentiation process (14). As we expected, B. abortus infection also inhibited C/EBPα transcription (58). On the contrary, B. abortus infection increases the transcription of C/EBPβ. These contradictory results could be explained, at least in part, by the fact that the transcriptional activity of C/EBPβ is regulated by several posttranscriptional modifications (59), including acetylation (60, 61), phosphorylation, and polyubiquitination (62). Additionally, it could be also speculated that overexpression of C/EBPβ may be a compensatory mechanism in response to C/EBPα reduction as was described for brown adipocyte differentiation (63). Further studies are needed to define the mechanism involved during B. abortus infection and the significance of this regulation.

We have observed that B. abortus infection of pre-adipocytes may also alter the extracellular matrix by inducing MMP-2 and MMP-9 secretion. Despite this, finding appears to be opposed to previous studies that reported that these MMPs are involved in extracellular matrix remodeling during adipocyte differentiation (15, 64, 65), two plausible explanations should be considered. First, it is known that other MMPs such as MMP-3 could have the opposite effects and down modulate the adipogenic differentiation (66, 67). Second, the MMPs action is controlled by regulators such as tissue inhibitor of metalloproteinases (TIMPs) as well as members of protease family of ADAMs (68). In vivo, TIMPs counterbalanced the activity of MMPs, and these complexes are dissociated during gelating zymography procedure. However, in general, in inflammatory conditions, TIMPs do not increase in the same degree as MMPs do, thus increasing the MMP/TIMP ratio (4, 69). Accordingly, supernatants from B. abortus-infected pre-adipocytes produced gelatin cleavage when evaluated under native conditions in the fluid phase, with MMP-TIMP complex are not dissociated as occurs during gel electrophoresis. This indicates that other mechanisms are involved during adipogenesis inhibition by B. abortus infection.

Adipogenesis inhibition may be a process involving TLR-ligand interactions (37, 38). Here, we have demonstrated that B. abortus-mediated inhibition of the adipocyte differentiation was independent of the bacterial viability, thus insinuating a potential role elicited by a structural bacterial component. As in our previous studies, the bacteria lipoprotein L-Omp19 plays again a critical role in this sense but not the LPS (20). Such lipid moiety but not its non-lipidated counterpart U-Omp19, was able to mimic adipogenesis inhibition induced by B. abortus infection. The effect was elicited by the lipid moiety, which is likely shared by all bacterial lipoproteins. The genome of B. abortus codifies no less than 80 putative lipoproteins (70). This indicates that lipoproteins present in Brucella could be sufficient to modulate adipocyte physiology.

In adipose tissue, immune cells including macrophages and T cells are the main responsible for inflammatory cytokine production (71, 72). In particular, macrophages participate in adipose tissue dysfunction and reduced adipogenesis (73, 74). Brucella infection is accompanied by the infiltration of inflammatory cells, and the macrophages represent the main replication niche for these bacteria (75). Even though the role of macrophage polarization in the pathogenesis of Brucella species is poorly described until now (76, 77). Here, we have demonstrated that proinflammatory cytokines -such as TNF-α- secreted by macrophages in response to B. abortus infection exert an inhibitory effect on adipogenic differentiation (52). However, we cannot rule out that other cytokines are also present in the conditioned media and contribute to these observations.

Overall, these results suggest a possible scenario in which B. abortus infection via its lipoproteins modulates adipogenesis process and soluble mediators secreted by B. abortus—infected macrophages may contribute to this phenomenon, as a mechanism in which TNF-α is involved.

In conclusion, our results suggest that adipogenesis process could be altered directly after exposure—even without effective multiplication—of the adipocytes and their precursors to Brucella, or their lipoproteins. Furthermore, this same process could be indirectly altered, thanks to soluble mediators such as TNF-α released by macrophages infected by the same bacteria.

These early studies using murine cell lines provide clues regarding potential mechanisms involved during the interaction of B. abortus with adipocytes. Further studies using primary human adipocytes, human adipose tissue explants, and the in vivo murine model will be needed to confirm whether the responses described here have a role in the chronic inflammation and chronicity of the infection.
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Eosinophils are key regulators of adipose tissue homeostasis, thus characterization of adipose tissue-related molecular factors capable of regulating eosinophil activity is of great interest. Leptin is known to directly activate eosinophils in vitro, but leptin ability of inducing in vivo eosinophilic inflammatory response remains elusive. Here, we show that leptin elicits eosinophil influx as well as its activation, characterized by increased lipid body biogenesis and LTC4 synthesis. Such leptin-triggered eosinophilic inflammatory response was shown to be dependent on activation of the mTOR signaling pathway, since it was (i) inhibited by rapamycin pre-treatment and (ii) reduced in PI3K-deficient mice. Local infiltration of activated eosinophils within leptin-driven inflammatory site was preceded by increased levels of classical mast cell-derived molecules, including TNFα, CCL5 (RANTES), and PGD2. Thus, mice were pre-treated with a mast cell degranulating agent compound 48/80 which was capable to impair leptin-induced PGD2 release, as well as eosinophil recruitment and activation. In agreement with an indirect mast cell-driven phenomenon, eosinophil accumulation induced by leptin was abolished in TNFR-1 deficient and also in HQL-79–pretreated mice, but not in mice pretreated with neutralizing antibodies against CCL5, indicating that both typical mast cell-driven signals TNFα and PGD2, but not CCL5, contribute to leptin-induced eosinophil influx. Distinctly, leptin-induced eosinophil lipid body (lipid droplet) assembly and LTC4 synthesis appears to depend on both PGD2 and CCL5, since both HQL-79 and anti-CCL5 treatments were able to inhibit these eosinophil activation markers. Altogether, our data show that leptin triggers eosinophilic inflammation in vivo via an indirect mechanism dependent on activation of resident mast cell secretory activity and mediation by TNFα, CCL5, and specially PGD2.
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Introduction

Eosinophils are recognized as classical effectors of Type 2 immune responses; and yet, eosinophil anti-helminthic and allergy-related deleterious roles are continually reexamined, with frequent descriptions of novel eosinophil-driven molecular mechanisms emerging all the time (1). Moreover, recent groundbreaking studies had further widened the understanding of eosinophil functions from disease-related pro-inflammatory to homeostatic immunomodulatory roles (2, 3). Eosinophils are now acknowledged as key regulators of adipose tissue homeostasis, with roles in control of thermogenic energy expenditure and resident macrophages modulation (4, 5). Therefore, characterization of adipose tissue-related molecular factors capable of regulating eosinophil activity is of particular interest.

Leptin is a pleiotropic adipose tissue-derived cytokine with significant immuno-neuro-endocrine roles (6). Leptin is considered a key factor to integrate adipose tissue with the systemic metabolism (7). Also, many studies have demonstrated important roles of leptin within the adaptative and innate immune systems regulation, inflammation and response to infection (8–12). Our hypothesis is that leptin is a key physiological stimulus that modulates adipose eosinophils, since (i) significant leptin levels are present in either lean or obese adipose tissue; (ii) adipose eosinophils are continuously exposed to adipocyte-derived leptin; (iii) the full length leptin receptor is present on eosinophil surface (13); and (iv) leptin is known to activate human and mouse eosinophils in vitro. Indeed, stimulation of eosinophils with leptin directly elicits a variety of activities, including: survival, chemokinesis (14, 15), secretion of cytokines (14), lipid body biogenesis, as well as synthesis of lipid mediators as prostaglandins (PGs) and leukotrienes (16). Straightforward research aiming to characterize the direct impact of in situ leptin on triggering eosinophil recruitment and activation are still missing, despite the fact that some reports indicate that leptin may regulate eosinophils in low- versus high-fat diets mouse models of obesity (17, 18).

Numerous studies on the cellular mechanisms governing allergy-driven inflammatory diseases have established mast cells as canonical orchestrators of eosinophilic inflammation (19, 20). Ubiquitously distributed in tissues and preferentially localized in close proximity to vascular vessels, mast cells are strategically localized and ready to coordinate eosinophil recruitment and activation under specific stimulation. Among mast cell repertoire of molecules responsible for eliciting both eosinophil migration to sites of allergic reaction and in situ activation of infiltrating eosinophils, important examples are the cytokines IL-5 and eotaxin (19, 20), as well as de novo synthesized lipid mediators notably PGD2 (21). Furthermore, mast cells do express bioactive leptin receptors (22), whose stimulation is able to trigger activation of mast cells secretory activities (23). More importantly, mast cells are able to intermediate leptin effects in even non-conventional mast cell-regulated physiological conditions, like for instance leptin-induced altered sympathetic activity (24), diarrhea-predominant irritable bowel syndrome (25) or coronary atherosclerosis (26). Therefore, it seems reasonable to hypothesize that activation of leptin receptor in mast cells would be capable to elicit one of the utmost archetypal functions of mast cells—the induction of eosinophilic reactions.

Our study aims to investigate the ability of leptin to trigger in vivo eosinophilic inflammation, characterized by cell migration and cellular activation. Without any disregard to potential direct impacts of exogenous leptin on eosinophils in vivo—as well-established by a series of in vitro studies, including one of ours (16)—here, efforts were focused on characterizing indirect mast cell-driven effects of leptin on triggering eosinophilic response in vivo. We further defined the roles of mast cell-derived molecules on leptin-elicited eosinophil response, identifying PGD2 as a key mediator.



Material and Methods


Animals

We used male mice of different strains: C57BL/6, BALB/cBALB/c tumor necrosis factor receptor 1-deficient (TNFR1−/−; C57BL/6 background), and PI3Kγ-deficient (PI3Kγ−/−; C57BL/6 background) mice and respective wild types (WTs), obtained as previously described (27). Mice were from either the CCS/UFRJ or FIOCRUZ breeding centers, raised and maintained under the same housing conditions. All animal care and experimental protocols were conducted following the guidelines of the Brazilian Council for Care and Use of Experimentation Animals (CONCEA). The Animal Use Welfare Committees of both Federal University of Rio de Janeiro (CEUA-CCS/UFRJ license number 090/18) and Oswaldo Cruz Institute (CEUA-IOC license number L-011/2015) approved all protocols used in this study.



Mouse Models of Leptin-Induced Eosinophilic Inflammation

Two distinct approaches of leptin in vivo stimulation to trigger eosinophil inflammatory response were performed: (i) intraperitoneal (i.p.) administration of murine leptin (0.5, 1, or 2 mg/kg; Peprotech) or its vehicle (sterile LPS-free saline) in naive mice of C57BL/6 background (as indicated) (8); or (ii) intrapleural (i.pl.) injection of leptin (0.5, 1, or 2 mg/kg) or its vehicle (sterile LPS-free saline) in naïve or in previously sensitized BALB/cBALB/c mice (as indicated). As previously described (28), mice were sensitized with a subcutaneous (s.c.) injection (0.2 ml) of ovalbumin (OVA; 50 µg; Sigma-Aldrich) and Al(OH)3 (5 mg) in 0.9% NaCl solution (sterile saline) at days 1 and 7. Animals were euthanized 6 or 24 h after leptin administration. Peritoneal and pleural cavities were rinsed with 3 and 0.5 ml of HBSS (Hank’s balanced salted solution), respectively. Total leukocyte count was performed in Neubauer chambers and differential eosinophil count in May-Grunwald-Giemsa stained cytospin slides in a blinded fashion.

Treatments to study the involvement of mTOR pathway in leptin-elicited eosinophil influx, C57BL/6 mice received three i.p. injections of rapamycin (12.5 μg/kg; Sigma-Aldrich), 12 h and 15 min before, and 12 h after leptin or saline challenge (8), followed by the peritoneal lavage at 24 h after challenge. For determination of CCL5 and PGD2 potential role in leptin-induced eosinophilic inflammation, sensitized BALB/cBALB/c mice were treated, respectively, either by means of i.pl. injection of neutralizing antibody anti-CCL5 (10 µg/cavity; Peprotech) or i.p. injection of selective inhibitor of PGD synthase HQL-79 (1 mg/kg; Cayman Chemicals), both 1 h before leptin injection. To investigate the participation of resident mast cells on leptin-induced eosinophilic reaction, sensitized BALB/cBALB/c mice were treated by means of local (i.pl.) injection of mast cell degranulating agent compound 48/80 (12 µg/cavity; Sigma-Aldrich) 72 h before leptin i.pl. administration (29). The efficacy of a selective impact on resident mast cell population was ascertained by absence of toluidine blue-stained cells in pleural lavage with no changes in other pleural cell populations.



Production and Stimulation of Bone Marrow-Derived Mast Cells (BMMC)

With slight modifications, mast cells were differentiated in vitro from mouse bone marrow cells as previously described (30). Briefly, femurs and tibiae bone marrow of BALB/cBALB/c mice were rinsed with RPMI 1640, and cells were then cultured at 103 cells/ml in medium containing IL-3 (2 ng/ml; Peprotech), 20% FBS (VitroCell), 100 IU/ml penicillin, and 10 μg/ml streptomycin (cell medium was replaced on days 7, 14, 21, and 28). After 4 weeks, more than 99% of the cells in the culture were mast cells with characteristic metachromatic granules as assessed by toluidine blue staining. Cell viability was always >95% as determined by Trypan blue exclusion.

To study mast cell activation, bone marrow-differentiated mast cells (3 × 106 cells/ml) in HBSS were pre-treated or not with HQL-79 (10 µM) for 30 min and then incubated with murine leptin (50 nM; Peprotech) for 1 h at 37°C. Cells were then pelleted at 200 × g, and supernatants were stored at −80°C for further measurements. It is noteworthy to mention that classical mast cell stimuli, including IgE receptor crosslinking or SCF, typically evoke at least 100× larger responses than leptin effect, reaching levels of ng of PGD2 or LTC4/106 BMMC within 1 h of in vitro stimulation.



Measurements of Mediators Release

The lipid mediators PGD2 and cysteinyl LTs (cysLTs; as a surrogate marker of LTC4 synthesis) found either in cell-free pleural fluids or mast cell supernatants were detected by commercial EIA kits, according to the manufacturer´s instructions (Cayman Chemicals). The levels of TNFα and CCL5 found in cell-free peritoneal lavages or pleural fluids were quantified by Duo Set ELISA kits, according to manufacturer’s protocol (R&D Systems). For determination of secretory granule exocytosis, release of β-hexosaminidase was measured in the supernatant and lysed cell pellets, as described (31, 32).



Lipid Body Staining and Enumeration

For lipid body counting, cells in cytospin slides were fixed in 3.7% formaldehyde and stained with 1.5% OsO4 in 0.1 M cacodylate buffer, as previously described (16). Fifty consecutively eosinophils/slide were evaluated in a blinded fashion by more than one observer by bright field microscopy.



Statistical Analysis

Results are expressed as the mean ± SEM. In vivo data were analyzed by one-way ANOVA followed by Student-Newman-Keuls test. In vitro results regarding leptin-stimulated mast cells were analyzed by paired t-test. Differences were considered to be significant when p < 0.05.




Results


Leptin Elicits Both Eosinophil Migration and Activation In Vivo

Eosinophils express leptin receptors, whose direct activation in vitro induces mobility, rapid assembly of cytoplasmic lipid bodies (also known as lipid droplets) as well as eicosanoid synthesis (16). Firstly, we aimed to establish whether leptin is capable to trigger an eosinophilic inflammatory response in vivo, comprising both cell recruitment and activation. As shown in Figures 1, 2, leptin was able to elicit eosinophil migration into its site of administration. In naïve C57BL/6 mice leptin triggered peritoneal eosinophil accumulation within 24 h in a dose-dependent manner (Figure 1B); but not in a selective fashion, since neutrophils also accumulate in response to leptin administration (8). Such effect is dependent on the PI3K/mTOR activation, known to be downstream the leptin receptor signaling. As shown in Figures 1C, D, respectively, either pharmacological treatment with rapamycin or the use of PI3Kγ−/− mice impaired leptin-induced eosinophil recruitment. Of note, PI3Kγ−/− mice show no defects on bone marrow production or blood availability of eosinophils (33).




Figure 1 | Leptin induces in vivo eosinophil migration in naive C57/BL6 mice by a mechanism involving activation of mTOR and PI3K. Panel (A) shows a brief schematic representation of the peritonitis model induced by i.p. injection of leptin in C57BL/6 mice employed in this study [data shown in (B–D)]. Leptin was injected into peritoneal cavities of naïve C57BL/6 mice. Peritoneal cells were collected and stained by May–Grünwald–Giemsa for eosinophil recruitment analysis within 24 h of leptin stimulation. In (B), different concentrations of leptin (0.5, 1, and 2 mg/kg) were used. In (C), pre-treatment with rapamycin (12.5 μg/kg per injection) 12 h before, 15 min before, and 12 h after leptin injection (1 mg/kg) was performed. In (D), naïve wild type or PI3K deficient C57BL/6mice received i.p. injection of leptin (1 mg/kg) and peritoneal fluids were collected within 24 h of stimulation. There are no significant differences between the number of peritoneal eosinophils recovered from the control groups of wild type and PI3Kγ−/− C57BL/6 mice. Values are expressed as the mean ± SEM (experiments were repeated at least once). +p < 0.05 compared to control group.*p < 0.05 compared to leptin-stimulated group.






Figure 2 | Leptin induces both in vivo eosinophil migration and activation in sensitized BALB/c mice. (A, B) show, respectively, brief schematic representations of pleurisy models induced by i.pl. injection of leptin in naïve [data shown in (C)] and sensitized [data shown in (D)] BALB/c mice employed in this study. In (C), naïve BALB/c mice received i.pl. injection with different concentrations of leptin (0.5, 1 and 2 mg/kg) and pleural fluids were collected within 24 h. In (D), sensitized BALB/c mice received i.pl. injection of leptin (1 mg/kg) and pleural fluids were collected within 6 or 24 h, as indicated. Analyses include pleural eosinophil counts evaluated in cells stained by May-Grünwald-Giemsa (upper panels), numbers of cytoplasmic lipid bodies counted within osmium-stained pleural eosinophils (middle panels) and cysLTs levels found in cell-free pleural fluids measured by specific EIA kit (bottom panels). Values are expressed as the mean ± SEM (experiments were repeated at least once). +p < 0.05 compared to control group.



Although significant and reproducible, the discreet phenomenon achieved by leptin in naïve C57BL/6 mice demanded experimental adjustments to allow mechanistic studies. Aiming at a more prominent reaction which would enable characterization of cellular and molecular mechanisms involved in leptin-induced eosinophil inflammation in vivo, we evaluated the profile of leptin administration in BALB/cBALB/c mice (Figure 2A)—a mouse strain known to be more predisposed to mount eosinophil-enriched inflammatory responses (34, 35). Nevertheless, in naïve BALB/cBALB/c mice just a small eosinophilia of about 2 × 105 eosinophils per cavity (similar magnitude observed in naïve C57BL/6 mice) was observed at sites of leptin administration (0.5, 1, or 2 mg/kg; i.pl.) within 24 h (Figure 2C). Also, leptin-triggered pleural eosinophil population from naïve BALB/c mice did not display signs of cellular activation; neither lipid body biogenesis nor LTC4 synthesis (Figure 2C). In order to favor a robust eosinophil influx in conjunction with cellular activation of infiltrating eosinophils, we moved to a strategy previously described for other eosinophilic stimuli using a protocol of pre-sensitization of BALB/c mice (Figure 2B) (28). As shown in Figure 2D, the leptin injection (1mg/kg; i.pl.) into previously sensitized BALB/c mice induced: (i) a modest but significant eosinophil accumulation as soon as 6 h after leptin stimulation; (ii) a major pleural eosinophilia within 24 h, that reached a magnitude about 6 times higher than that triggered by leptin in naïve BALB/c mice; (iii) a selective pleural eosinophilic phenomenon, since no pleural neutrophilia or increased numbers of mononuclear cells were found in parallel to 6 and 24 h eosinophil influx (Supplementary Figure S1); (iv) a parallel drop in circulatory eosinophil numbers noted 24 h after leptin stimulation that was not accompanied by alterations in bone marrow eosinophil population (Supplementary Figure S2), indicating that pleural eosinophils were mobilized from the blood pool; and more remarkable, (v) clear activation of pleural infiltrating eosinophils.

By employing an in vitro functional approach, we demonstrated that the sensitization of BALB/c mice does not modulate eosinophil chemotactic response, since the magnitude of eotaxin-, PGD2-, or leptin-induced in vitro chemotaxis of eosinophils recovered from naïve versus sensitized animals were not significantly different (Supplementary Figure S3). While this finding does not explain why sensitization is required to leptin-driven robust eosinophilic response in BALB/c mice (Figure 2), it indicates that the difference may lay, for instance, on in situ changes on resident cell populations, like the small pleural mast cell hyperplasia raised by sensitization (described below). In addition, systemic increases in eosinophil population availability could also contribute to it, since in sensitized BALB/c mice both bone marrow and circulating eosinophil populations appear to be slightly (although not statistically significantly) increased in comparison to basal numbers found in naive BALB/c mice (Supplementary Figure S2).

Exclusively detected in sensitized BALB/c mice, the in vivo eosinophil activation elicited by leptin was characterized by increased biogenesis of cytoplasmic lipid bodies within infiltrating eosinophils and enhanced synthesis of LTC4 in 24 h (Figure 2D). Of note, although LTC4 levels were found elevated within 24 h in parallel to the intense eosinophilic reaction triggered by leptin stimulation, no production was found within 6 h— when leptin-elicited pleural eosinophilia was still negligible and the few infiltrating eosinophils showed no sign of cellular activation displaying basal intracellular numbers of lipid bodies (Figure 2C). On the other hand, by analyzing other soluble mediators potentially produced within 6 h and therefore prior to the establishment of leptin-induced eosinophilic inflammation at 24 h, we detected increased amounts of PGD2 in pleural lavage fluids of sensitized BALB/c mice (Figure 3). Leptin-induced pleural PGD2 levels remained elevated until 24 h after leptin stimulation in sensitized, but not in naïve BALB/c mice (Figure 3), another difference that may represent one of the main mechanisms responsible for the robust eosinophilic response displayed by sensitized in contrast to naïve BALB/c mice.




Figure 3 | Leptin administration in vivo elicits rapid secretion of PGD2 in sensitized BALB/c mice. Leptin (1 mg/kg; i.pl.) was injected in naïve (left panel) or sensitized BALB/c mice (right panel). PGD2 levels found 6 or 24 h (as indicated) after leptin stimulation in pleural fluids were evaluated as described in Methods. Values are expressed as the mean ± SEM. +p < 0.05 compared to control group.



Sensitized BALB/c mice, besides PGD2, also displayed augmented amounts of the chemokine CCL-5 in pleural lavage fluids as early as 6 h after in vivo stimulation with leptin (from 14.7 ± 4.9 to 42.3 ± 5.4 pg/ml in control and leptin-stimulated sensitized BALB/c mice, respectively; mean ± SEM of five animals per group; + p < 0.05 compared to control group). Even in peritoneal fluids of the naïve C57BL/6 mice, leptin increased CCL5 levels (from 8.3 ± 0.1 to 15.5 ± 2.6 pg/ml in control and leptin-stimulated C57BL/6 mice; respectively; mean ± SEM of at least five animals per group; + p < 0.05 compared to control group) and TNFα (8) preceding the minor eosinophilia triggered by leptin in these animals. Taken together, these data suggest that in order to induce eosinophil influx, leptin may first activate one or more resident cell types.

Mast cells emerge as the most plausible cellular candidate to be the target of direct activation by injected leptin, inasmuch as (i) mast cells are prominent resident cells in both peritoneal and pleural cavities; (ii) the number of resident mast cells augments marginally, but significantly, in pleural spaces of sensitized BALB/c mice—0.3 ± 0.06 versus 0.1 ± 0.05 × 106 mast cells/cavity in sensitized versus naïve BALB/c mice, respectively (mean ± SEM of five animals; p < 0.05 compared to naïve animals); (iii) mast cells are well-established regulators of eosinophil migration in a variety of inflammatory conditions (20); (iv) mast cells are known to express leptin receptors (5, 22); (v) TNFα is known to be stored as a preformed cytokine within mast cell granules and therefore are ready for rapid secretion by degranulation (36); and more important and specific (vi) mast cells are acknowledged as the main cellular source of PGD2 which is one of the strongest eosinophil chemotactic mediator identified yet (21), also capable to trigger eosinophil activation characterized by lipid body biogenesis and LTC4 synthesis (16).

It is worth mentioning that pleural macrophages were our first candidates, rather than pleural mast cells, as the orchestrators of leptin-driven eosinophilic response in sensitized BALB/c mice. However, we focused our studies on resident mast cell population, first because no change on numbers of pleural mononuclear cells was found in leptin-stimulated sensitized BALB/c mice (Supplementary Figure S1). More important and exactly alike i.pl. administration of PGD2 in sensitized BALB/c mice (28), i.pl. administration of leptin failed to induce lipid body formation within pleural mononuclear cells (data not shown)—a feature consistent with lack of local macrophage activation and enhanced eicosanoid generation. Of note, leptin is known to trigger activation of C57BL/6 peritoneal macrophages, characterized by induced in vivo assembly of new highly functional lipid bodies (9). Further studies would be important to evaluate possible interactions between mast cells and macrophages in the C57BL/6 peritoneal cavity.

Altogether, these data consolidates pleurisy in sensitized BALB/c mice as a better suited experimental model to further mast cell/eosinophil studies under leptin stimulation in vivo.



Leptin-Induced Eosinophil Influx and Activation Are Dependent on Resident Mast Cells and PGD2 Synthesis

In order to study the involvement of resident mast cells on leptin-induced eosinophil migration, we assessed the effect of experimental strategies that selectively interfered with in vivo mast cell activity as well as reduced synthesis of the distinctive eosinophilotactic mast cell-derived mediator PGD2. The mast cell degranulating agent compound 48/80 did inhibit leptin-induced eosinophil influx and activation detected 24 h after stimulation of sensitized BALB/c mice (Figure 4A), since pleural eosinophil numbers and lipid body content within infiltrating eosinophils were reduced. Of key interest and supporting the role of mast cells-derived PGD2 on leptin-induced eosinophilic response, compound 48/80 treatment also reduced leptin-induced PGD2 amounts detected within pleural spaces of sensitized BALB/c mice (Figure 4A). The role of mast cells as the direct cellular target of leptin stimulation in vivo was reinforced by the observation of leptin being also capable to trigger both in vitro degranulation, measured by release of granule protein marker β-hexosaminidase enzyme from BMMC (Figure 4C), as well as discreet but significant and reproducible in vitro PGD2 and LTC4 synthesis (Figure 4B). As also shown in Figure 4B, pretreatment with HQL-79, a selective inhibitor of PGD synthase, impaired the acute (detected within 1 h) leptin-induced PGD2 synthesizing activity within BMMC, without affecting LTC4. Moreover and as previously demonstrated for eosinophils (16), leptin-stimulated BMMC pre-treated with the PI3K inhibitor LY294002 (10 μM) exhibited decreased LTC4 synthesis (supernatant levels of cysLTs dropped from 80.4 ± 10.8 to 39.3 ± 12.0 pg/ml in non-treated and LY294002-treated leptin-stimulated BMMC, respectively; mean ± SEM of three in vitro differentiated mast cell cultures; + p < 0.05 compared to non-treated group). This data indicates that leptin is able to activate cannonical signaling pathways in mast cells that culminate in the generation of relevant inflammatory mediators.




Figure 4 | Resident mast cells are leptin targets and are responsible for in vivo leptin-induced eosinophil migration and activation. In (A), sensitized BALB/c mice were pre-treated with degranulating mast cell agent compound 48/80 and stimulated with leptin (1 mg/kg; i.pl.). Pleural fluids were collected after 24 h of leptin stimulation. Analyses include pleural eosinophil counts evaluated in cells stained by May-Grünwald-Giemsa (upper panels), PGD2 levels found in cell-free pleural fluids measured by specific EIA kit (middle panels) and numbers of cytoplasmic lipid bodies counted within osmium-stained pleural eosinophils (bottom panels). Values are expressed as the mean ± SEM (experiments were repeated at least once). +p < 0.05 compared to control group and *p < 0.05 compared to leptin-stimulated group. In (B, C), mouse in vitro differentiated bone marrow-derived mast cells (BMMC) were pre-treated or not (as indicated) with HQL-79 for 30 min and then stimulated with 50 nM of leptin for 1 h. (B) shows PGD2 and cysLTs levels found in BMMC supernatants quantified by specific EIA kits. (C) shows BMMC degranulation by means of detection of extracellular activity of the intragranular enzyme β-hexosaminidase. Values are expressed as the mean ± SEM of different in vitro differentiation mast cells cultures (as indicated). +p < 0.05 compared to control cells.



PGD2 is a major mast cell product that appears to be critical for the pathogenesis of a variety of eosinophilic disorders (37, 38), mostly because it is a potent chemoattractant for eosinophils both in vitro (39, 40) and in vivo (28, 41, 42). Of note, and precisely as observed here for leptin, PGD2’s ability to induce local eosinophilia in BALB/c mice also depends on specific experimental strategies to create a proper PGD2-sensitive environment (34, 43, 44), such as the sensitization of BALB/c mice protocol employed elsewhere (45) and here. Therefore, to investigate the role of PGD2 in eosinophil influx triggered by leptin administration, sensitized BALB/c mice were pretreated with HQL-79. As expected, concurrent to inhibition of leptin-induced PGD2 synthesis in vivo, HQL-79 also inhibited leptin-induced eosinophil influx detected 24 h after i.pl. injection in sensitized BALB/c mice (Figure 5A), showing that endogenous PGD2 produced during leptin-elicited reaction has an important role in the in vivo eosinophil migration. Interestingly, HQL-79 pretreatment also reduced the leptin-induced CCL-5 found within 24 h in sensitized BALB/c mice (Figure 5A). This indicates that PGD2 may be a central molecule also capable of controlling the secretion of additional mediators from leptin-elicited eosinophilic responses in vivo. In line with such autocrine/paracrine activity of PGD2 shown here for in vivo leptin-stimulated mast cells, we have previously observed some PGD2/CCL-5 loop for in vitro leptin-stimulated eosinophils (16).




Figure 5 | Leptin-induced in vivo eosinophil migration is mediated by PGD2 and TNFα, but not by CCL5. In (A, B), sensitized BALB/c mice received i.pl. injection of leptin (1 mg/kg) and pleural fluids were collected within 24 h. While in (A), animals were pre-treated with HQL-79 (1 mg/kg, i.p.), in (B) mice were pre-treated with a neutralizing anti-CCL5 antibody (10 µg/cavity, i.pl.). In (C), naïve wild type or TNFR1 deficient C57BL/6 mice received i.p. injection of leptin (1 mg/kg) and peritoneal fluids were collected within 24 h of stimulation. As indicated, analyses include pleural eosinophil counts evaluated in cells stained by May-Grünwald-Giemsa as well as PGD2 and CCL-5 levels found in cell-free pleural fluids measured by specific EIA and ELISA kits (middle panels). Values are expressed as the mean ± SEM (experiments were repeated at least once). +p < 0.05 compared to control group and *p < 0.05 compared to leptin-stimulated group. n.d.; not determined.



Likewise PGD2, it is well established that CCR3 activation by some CC chemokines, including CCL5, promotes potent eosinophil chemoattraction and mast cells have been reported to produce and release CCL5 (46). As shown in Figure 5B, the pre-treatment with a neutralizing antibody against mouse CCL5 failed to interfere with eosinophil accumulation triggered by leptin administration in sensitized BALB/c mice, therefore indicating that those earlier elevated levels of CCL5 found in leptin-elicited inflammatory sites do not participate in eosinophil migration. Differently, leptin-driven enhanced TNFα levels—which precede eosinophil influx—appear to contribute to it, as evidenced by the lack of eosinophil migration in TNFR1 deficient mice (C57BL/6 background) after leptin injection (Figure 5C). This result indicates that activation of TNFα receptor TNFR1 by endogenous TNFα may contribute to leptin-induced eosinophil migration in vivo.



PGD2 and CCL5 Mediate In Situ Eosinophil Activation Triggered by Leptin In Vivo

Recently, we have identified leptin as a novel mediator capable of activating the biogenesis of lipid bodies and enhanced LTC4 production within eosinophils (16), suggesting that part of the in vivo mechanisms of leptin-induced lipid body-driven LTC4 production would be due to a direct stimulatory effect of leptin on recruited eosinophils. However, as virtually no resident eosinophils are present in the pleural or peritoneal cavities neither in naïve nor sensitized mice (not shown), the leptin-induced cellular activation of infiltrating eosinophils seem to be an indirect phenomenon. Therefore, the initial response to leptin in vivo may depend on direct activation of resident cells and triggered by mediators produced upon exogenous leptin stimulation.

Among very few other specific stimuli (21), PGD2 and CCL5 are known to directly promote activation of de novo formation of lipid bodies and LTC4 synthesis by eosinophils both in vitro and in vivo (28, 47). Here, several of our findings confirm that leptin-induced eosinophil activation in vivo appears to be dependent on mast cell-derived PGD2-driven paracrine activity in sensitized BALB/c mice, since (i) increased PGD2 levels detected as early as 6 h (Figure 3B) of leptin administration are kept elevated for at least 24 h in eosinophilic inflammatory site of leptin-challenged sensitized BALB/c; (ii) pretreatment with compound 48/80 reduced in vivo leptin-induced production of PGD2 (Figure 4A) in sensitized BALB/c mice; (iii) mast cell degranulating agent compound 48/80 blocked leptin-induced assembly of new cytoplasmic lipid bodies within recruited eosinophils as detected 24 h after leptin stimulation of sensitized BALB/c mice (Figure 4A); and, more significantly, (iv) specific inhibition of PGD2 synthesis by HQL-79 disrupted both biogenesis of cytoplasmic lipid bodies and LTC4 synthesis within recruited eosinophils in leptin-stimulated sensitized BALB/c mice (Figures 6A, C).




Figure 6 | Leptin-induced in vivo eosinophil activation in sensitized BALB/c mice is mediated by PGD2 and CCL5. Sensitized BALB/c mice received i.pl. injection of leptin (1 mg/kg) and pleural fluids were collected within 24 h of stimulation. While in (A), animals were pre-treated with HQL-79 (1 mg/kg, i.p.), in (B) mice were pre-treated with a neutralizing anti-CCL5 antibody (10 µg/cavity, i.pl.). Analyses include numbers of cytoplasmic lipid bodies counted within osmium-stained pleural eosinophils (upper panels) and cysLTs levels found in cell-free pleural fluids measured by specific EIA kit (bottom panels). (C) shows representative images of osmium-stained pleural cells recovered from leptin-stimulated sensitized BALB/c mice which were pre-treated or not (as indicated) with HQL-79. Values are expressed as the mean ± SEM (experiments were repeated at least once). +p < 0.05 compared to control group and *p < 0.05 compared to leptin-stimulated group. n.d.; not determined. EO; eosinophil. Scale bar = 5 µm.



Remarkably, even though CCL5 did not appear to participate on the induction of leptin-elicited eosinophil migration in vivo, it does mediate leptin-induced in vivo eosinophil activation, inasmuch as the pre-treatment with the neutralizing antibody to CCL5 did inhibit leptin-driven assembly of new lipid bodies within recruited eosinophils and LTC4 synthesis (Figure 6B).




Discussion

It is now broadly accepted that eosinophils are fundamental keepers of adipose tissue homeostasis, capable of thwarting obesity-related metabolic syndrome (18, 48). As adipose sentinel cells which express leptin receptors, eosinophils may be under constant leptin stimulation. In vitro studies unveiled leptin as a wide-ranging stimulus for eosinophils, eliciting eosinophil kinesis, cytokine secretion, lipid body biogenesis, and the highly regulated events of eicosanoid synthesis (13–16). However, in contrast to the well documented leptin-induced in vitro eosinophil activation, studies addressing whether leptin affects eosinophil population in vivo are scarse.

Here, we demonstrated the capability of leptin in triggering eosinophilic inflammation in vivo in naïve C57BL/6 or BALB/c mice. Interestingly, the leptin induced eosinophil migration was more prominent in sensitized BALB/c mice. In addition, leptin was successful in triggering activation of the infiltrating eosinophils only in pre-sensitized BALB/c mice. Evaluation of these two mouse backgrounds are currently of key relevance; inasmuch as recent reports employing BALB/c mice have defied the paradigm derived from C57BL/6 studies that eosinophils are absent from obese adipose tissue, while revealed even far-reaching protective functions of adipose tissue eosinophils (18, 48).

It has been shown that, no matter the metabolic state displayed by the adipose micro-environment, both the homeostatic functions of eosinophils and the general mechanisms regulating eosinophil presence within adipose tissue are alike; including the mediation by a common tripod of type 2 innate lymphoid cells (ILC2s), IL-5, and eotaxin (4, 5). However, the multiplicity of adipose micro-environmental factors potentially capable of establishing adipose eosinophilia and/or properly activate eosinophil functions is far more abundant and obviously not restricted to these three key players, and as shown here, may involve leptin as an additional molecular modulator.

It seems definitive that eosinophilia is a hallmark of lean adipose niches and that eosinophils counteract the obesity related chronic inflammation (18, 48). This knowledge is derived from a large body of data using C57BL/6 mouse experimental models of obesity which established the reduction of homeostatic eosinophils in adipose tissue undergoing metabolic syndrome (4, 5). Nevertheless, Lee et al. found contrasting results in adipose tissue eosinophils of BALB/c mice under high-fat diet (18). The adipose tissue eosinophils appear to increase in numbers, rather than vanish. Such difference in eosinophil dynamics has been immediately attributed to the well-established feature of preferential responsive shifts toward Type 1 versus Type 2 immune profiles by C57BL/6 versus BALB/c mice, respectively (49). Consistent with this proposition, we have shown here a more robust leptin-stimulated eosinophilic response seen in BALB/c mice which were submitted to previous sensitization—an experimental procedure known to promptly evoke intense Type 2 response characterized by eosinophilic outcomes. While we did not focus on characterizing the mechanisms explaining why sensitization of BALB/c mice promotes the establishment of a more intense, selective and whole (migration plus activation) leptin-driven eosinophilic response, we have identified at least three factors that in association may contribute to the overall more robust pleural eosinophilic reaction. These factors are: (i) an increased number of mast cells residing in pleural cavities; (ii) an increased availability of bone marrow and blood eosinophils; and (iii) the local production of PGD2. Of note, recent clinical results showed similar results to BALB/c mice with increased adipose eosinophilia in a group of obese patients (50); therefore indicating that BALB/c models may reproduce better adipose tissue-related human eosinophilic events.

According to the study by Lee and coworkers (18), rather than the size of eosinophil population within adipose niche, the profile of eosinophil activation emerges as the central element of tissue function. Overall, these authors reported that, even though eosinophils accumulate in adipose tissue of obese BALB/c mice, they display homeostatic functions as proposed for the lean adipose tissue (18). Therefore, evaluating in vivo eosinophil activation, instead of the exclusive assessment of their migration pattern, was germane here. So far, the acknowledged mechanism of eosinophil homeostatic roles lays essentially on activation of eosinophil secretory activity of immune-modulator proteins, mostly cytokines like IL-4 and IL-13 (48, 51, 52). However, eosinophils have a much diverse secretory capability, which is not limited to cytokine secretion, but eosinophils are remarkable sources of multifunctional lipid mediators. Within physiologically stimulated eosinophils, bioactive lipids from arachidonic acid metabolism are synthesized primarily in cytoplasmic lipid bodies (53, 54). Of note, cytoplasmic lipid body numbers are characteristically increased within eosinophils following in vitro stimulation, as well as in in vivo inflammatory disorders, and are used as a marker of eosinophil activation (55). Besides the previously reported direct activation of lipid body biogenesis in vitro within eosinophils by leptin (16), we demonstrated that leptin administration in sensitized BALB/c mice promotes formation of new lipid bodies within the eosinophils recruited to the leptin ability to evoke eosinophil activation in vivo.

The assembly of these highly active organelles within eosinophils is often linked to intense synthesis of eicosanoids, notably LTC4, which was produced upon in vivo stimulation with leptin. LTC4 may drive adipose homeostasis since it (i) potentiates IL-5 release from ILC2s (56) and (ii) elicits IL-4 secretion from eosinophils (57). Noteworthy, we have recently demonstrated that leptin prompts LTC4 synthesis within the newly formed cytoplasmic lipid bodies in human and mouse eosinophils in vitro (16). Besides LTC4, increased leptin levels triggered by adipose tissue dysfunction, may also unbalance eosinophil lipid body-compartmentalized synthesis of other eicosanoids known to interfere with adipogenesis and inflammation (58, 59), such as the prostanoids PGE2 and PGD2 (16). Eosinophil lipid bodies are highly active intracellular sites of eicosanoid synthesis (54, 55) and may have important roles, not only in the adipose tissue physiology, but also in metabolic disease states, therefore indicating that further studies on the potential impacts of activation of eosinophilic lipid bodies on adipose tissue are germane.

Considering both leptin receptor expression by eosinophils (13) and in vitro leptin capability to activate eosinophils (14), one could assume that in vivo leptin-induced eosinophil activation described here is a consequence of direct stimulation of leptin receptors on eosinophil surface. Without precluding a partial direct effect of leptin onto eosinophils in the overall leptin-driven eosinophilic response in vivo described here, as eosinophils are not resident cells within the pleural cavity and, therefore, absent at the moment of leptin administration; leptin ability to induce in vivo eosinophil activation may mostly depend on indirect components. Among the various resident cellular targets for leptin stimulation in vivo, we identified mast cells as a key cell population. Importantly, our results identify mast cells as modulators of leptin-driven eosinophilic reaction are in line with recent postulations that adipose tissue resident mast cells or the obesity-related increased mast cell population are modulators of adipose tissue homeostasis and inflammation (60, 61).

Several pieces of evidence indicate that mast cells secretory activity is involved in leptin-elicited eosinophil influx and lipid body-driven LTC4 synthesis in vivo, since: (i) the understanding that mast cells express active leptin receptors (22, 62); (ii) the ability of leptin to directly arouse mast cell secretory activities, as showed here and by others (63); (iii) the leptin-elicited increased local levels of classical mast cell-derived eosinophil-relevant stimuli which precede eosinophil arrival but may remain elevated during installed eosinophilia; (iv) the in vivo inhibitory effect achieved by selectively targeting mast cells with the compound 48/80; and (v) the paracrine role of classical mast cell-derived molecules in the leptin-driven induction of eosinophil recruitment and activation. Among mast cells-derived molecules, PGD2 may represent one of the most classical and unambiguous products (37). Here, PGD2 synthesis in mast cells was promoted by leptin both in vitro and in vivo. Moreover, increased local levels of mast cell-derived PGD2 were crucial for both influx and activation of eosinophils induced by leptin. Besides a potent eosinophilotactic factor, this prostanoid is undeniably also a known eosinophil activator (64). In an analogous manner to leptin, PGD2 is able to trigger lipid body biogenesis and compartmentalized LTC4 synthesis both in vitro within human and mice eosinophils, as well as in vivo only in sensitized BALB/c mice.

In addition to PGD2, the mechanisms involved in leptin-induced lipid body-driven LTC4 synthesis also include CCL5 as another mediator of the in vivo phenomenom in sensitized BALB/c mice. Strikingly, even though CCL5 is a chemokine capable of promoting both eosinophilotaxis and LTC4 synthesis within newly formed lipid bodies (47), it did not participate in eosinophil migration while mediated in vivo eosinophil activation triggered by leptin. Therefore, we concluded that although both eosinophilic events depend on paracrine activities mediated by mast cell-derived PGD2, eosinophil migration and activation triggered by leptin in vivo seem to be independent phenomena mediated by different sets of locally produced factors. Additional chemotactic mediators may synergize with PGD2 to promote leptin-induced eosinophil. Of note, another classical mast cell-derived molecule addressed here—the pro-inflammatory cytokine TNFα—appears to also contribute to eosinophil accumulation in response to leptin stimulation, even though it is not recognized as a direct eosinophil chemotactic molecule.

We have previously shown that leptin is capable of eliciting pro-adipogenic and pro-inflammatory signaling in adipocytes, as well as eicosanoid production in macrophages, neutrophils, eosinophils (8, 16, 65). Here, by further evidencing the capacity of leptin to modulate the interplay between eosinophils and mast cells, we suggest leptin as a key factor of the inflammation-modulated homeostasis in the adipose tissue.

By extrapolating the findings presented here to adipose tissue, one can speculate that leptin continuously produced by mature adipocytes may elicit local synthesis of bioactive PGD2 by PGDS-expressing resident cells, such as mast cells and eosinophils. Functioning in a paracrine fashion within adipose tissue, locally produced PGD2 may trigger a variety of adipose housekeeping mechanisms with potential impact on metabolic syndrome evasion, including (i) down-regulation of leptin production (66), secretion of Type 2 cytokines IL-5 as well as IL-4 by ILC2s (67, 68), activation of adipose eosinophils (16) and/or polarization of macrophages toward a M2 anti-inflammatory state (69).

Collectively, our data unveiled a scenario where leptin interacts with resident mast cells, which in turn govern eosinophil numbers as well as set up a proper in situ eosinophil activation (for proposed mechanisms see Figure 7). Moreover, PGD2 emerges as an important player of leptin-mediated cell crosstalk between mast cells and eosinophils, which culminates with LTC4 production. Therefore, it seems clear that further investigations addressing eosinophil-driven homeostatic roles in adipose tissue must include studies on the role of leptin-driven immune-modulatory lipid mediators in addition to the well-established role of eosinophil-derived cytokines.




Figure 7 | Proposed mechanisms of leptin-induced in vivo eosinophilic inflammation mediated by mast cell-derived PGD2. Eosinophilic inflammation triggered by in vivo stimulation with leptin depends on sequential events, including (i) initial activation of resident mast cell secretory activity; (ii) increased local levels of TNFα, CCL5 and PGD2; (iii) induction of eosinophil migration by TNFα and PGD2 and then; (iv) cellular activation of recruited eosinophils, characterized by lipid body biogenesis and LTC4 synthesis. While mast cell-derived PGD2 may induce eosinophil influx via activation of its chemotactic DP2 receptor which is highly expressed on eosinophils, leptin-driven in situ eosinophil activation is mediated by both CCL5 and PGD2 throughout simultaneous activation of CCR3 and PGD2 receptors DP1 and DP2— whose downstream signaling are known to culminate with in vitro lipid body-compartmentalized synthesis of LTC4 within leptin-stimulated eosinophils.
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Interferon-alpha (IFN-α) is a cytokine widely used in the treatment of brain cancers and virus infections with side effects including causing depression. Monoamine neurotransmitter systems have been found playing important roles in peripheral IFN-α-induced depression, but how peripheral IFN-α accesses the central nervous system and contributes to the development of depression is poorly known. This study aimed to develop a non-human primate model using long-term intracerebroventricular (i.c.v.) administration of IFN-α (5 days/week for 6 weeks), to observe the induced depressive-like behaviors and to explore the contributions of monoamine neurotransmitter systems in the development of depression. In monkeys receiving i.c.v. IFN-α administration, anhedonia was observed as decreases of sucrose consumption, along with depressive-like symptoms including increased huddling behavior, decreases of spontaneous and reactive locomotion in home cage, as well as reduced exploration and increased motionless in the open field. Chronic central IFN-α infusion significantly increased the cerebrospinal fluid (CSF) concentrations of noradrenaline (NA), and 3,4-dihydroxyphenylacetic acid (DOPAC), but not 5-hydroxyindoleacetic acid (5-HIAA) and homovanillic acid (HVA). These CSF monoamine metabolites showed associations with some specific depression-related behaviors. In conclusion, central IFN-α administration induced anhedonia and depression-related behaviors comparable to the results with peripheral administration, and the development of depression was associated with the dysfunction of monoamine neurotransmitters.

Keywords: interferon-alpha, intracerebroventricular administration, rhesus monkeys, depressive-like behaviors, neurotransmitters


INTRODUCTION

Interferon-alpha (IFN-α) is a pleiotropic cytokine released in response to viral infection, which enhances the cellular immune response. IFN-α is usually used to treat certain cancers and infectious diseases because of its antiproliferative and antiviral effects. For example, intraventricular administration of IFN-α was used to treat central nervous system (CNS) diseases induced by viral infection such as subacute sclerosing panencephalitis (SSPE) (Yalaz et al., 1992; Kwak et al., 2019). However, 30–50% of the patients receiving IFN-α treatment suffer from major depressive disorder (MDD) (Hepgul et al., 2018; Su et al., 2019). Recruitment of cytokines including the IFN-α during CNS inflammation also contributes to the development of depression (Bodnar et al., 2018; Su et al., 2019).

How peripherally administrated IFN-α (e.g., intravenous and intramuscular injection) induces depression has been well studied in animal models including rodents (Hoyo-Becerra et al., 2015) and non-human primates (Felger et al., 2007). Rhesus monkeys receiving chronic (4 weeks) subcutaneous IFN-α administration showed increased anxiety-like and depression-like behaviors as well as diminished environmental exploration, accompanied by increased levels of plasma adrenocorticotropic hormone (ACTH) and cortisol, which tended to improve after the administration terminated. Monkeys that showed IFN-α-induced huddling behavior had lower cerebrospinal fluid (CSF) concentrations of homovanillic acid (HVA), a dopamine metabolite (Felger et al., 2007).

The study of mechanisms underlying IFN-α-induced depression has been largely focused on the monoamine neurotransmitter systems (Lotrich et al., 2009; Felger and Miller, 2012; Ping et al., 2012; Felger et al., 2013b). Monoamine neurotransmitters in the brain, especially serotonin (5-HT), play critical roles in the development of depression. Most antidepressants target at the functioning of 5-HT, such as selective serotonin reuptake inhibitors (SSRIs). Studies in both humans and laboratory animals have found that IFN-α administration can disrupt the functions of monoamine neurotransmitters by decreasing their synthesis and release (Anderson et al., 2013; Felger and Lotrich, 2013; Felger et al., 2013a), inhibiting their binding to the receptors (Ping et al., 2012; Felger et al., 2013b) and/or upregulating the reuptake from synapses (Tsao et al., 2008; Capuron et al., 2012).

It should be noted that IFN-α was peripherally administrated in most studies, and they are relatively large molecules (∼15–25 kD) that do not freely pass through the blood–brain barrier (BBB) (Collins et al., 1985; Smith et al., 1985), while some studies have reported that IFNs can enter the CNS from the periphery but with regional differences, and the spinal cord had greater permeability to IFNs than did the brain (Pan et al., 1997). Therefore, much attention should be paid to the pathways by which peripheral IFN-α signals reach the brain. Laboratory studies have shown that cytokines administered peripherally can access the brain through several routes including (1) passage through leaky regions in the BBB, (2) active transport via saturable transport molecules, (3) activation of endothelial cells (as well as other cells lining the cerebral vasculature), which then release inflammatory mediators within the brain parenchyma, and (4) binding to cytokine receptors associated with peripheral afferent nerve fibers (e.g., the vagus nerve) which in turn relay signals to relevant brain nuclei (Goehler et al., 2000; Quan and Banks, 2007; Dantzer et al., 2008). Nevertheless, it remains to be established whether peripheral IFN-α can access the brain and affect the brain functioning. Moreover, it has yet to be determined whether IFN-α-induced changes in behavior in humans are related to effects of central cytokines on the metabolism of behaviorally relevant neurotransmitter systems. Thus, it will be interesting to know: (1) whether direct administration of IFN-α into the brain can cause similar depression-like behaviors in rhesus monkeys as observed with peripheral administration; and (2) whether IFN-α can induce changes in monoamine neurotransmitters and contribute to the development of depression. In this study, IFN-α was directly delivered into the CNS via intracerebroventricular (i.c.v) administration. We analyzed the effects of central IFN-α on anhedonia, depression-related behaviors in both home cage and the open field, as well as the CSF concentrations of monoamine neurotransmitters and their metabolites.



MATERIALS AND METHODS


Animals

All animal care and experimental protocols were approved by the National Animal Research Authority (China) and the Institutional Animal Care and Use Committee (IACUC) of Kunming Institute of Zoology, Chinese Academy of Sciences. Eight male rhesus monkeys (Macaca mulatta) ranging from 7 to 10 years old (8.00 ± 1.20, mean ± SD) were purchased from Kunming Primate Research Center of the Chinese Academy of Sciences. All monkeys were individually housed in a stainless-steel cage (80 × 80 × 80 cm) on the same side of the housing room with relatively constant temperature of 21 ± 2°C. Artificial illumination (800 lx) was provided from 07:00 to 19:00. Monkeys were supplied with commercial monkey biscuits and fruits, as well as ad libitum access to tap water, except for the days of sucrose preference test. Routine veterinary care was provided throughout the experiment by professional keepers and veterinarians. All possible efforts were made to minimize the suffering of animals.



Surgical Procedures

After 1 week of habituation to the housing environment, all animals received the surgery of intraventricular intubation. The surgical procedures have been described in previous studies (Li et al., 2015; Zhai et al., 2018). Animals were anesthetized with intramuscular injections of atropine (20 mg/kg), ketamine (10 mg/kg), and sodium pentobarbital (20 mg/kg). Anesthesia was confirmed by pinching toes of the monkey, before fixing its head on a stereotaxic instrument (Model 1504 Heavy-Duty Research Stereotaxic for Monkeys, KOPF, United States). The skull over the parietal lobe was exposed by a longitudinal incision of the scalp, and tissues on the skull were removed. A small hole (about 2 mm in diameter) in the skull was drilled (anterioposterior: + 17 mm; mediolateral: −2 mm, with reference to the midpoint of the interaural line). A stainless-steel cannula (21 gauge, 40 mm, New England Small Tube Corporation, United States) was vertically inserted through the hole into the right lateral ventricle with depths ranging from 18 to 22 mm beneath the surface of the skull. Outflow or pulsation of the CSF at the orifice indicated that the cannula had reached the lateral ventricle. The cannula was then blocked with a removable stainless-steel plug, and protected with a truncated plastic centrifuge tube (15 ml) with the cap. Three titanium alloy screws were fixed on the skull surface to anchor the dental cement to the skull. Postoperative care was conducted by a veterinarian with daily observation and intramuscular injections of Penicillin (1,600 K Unit, Harbin Pharmaceutical Group Sixth Pharm Factory, Harbin, China) for 7 days, before any behavioral observation and i.c.v. administration.



Intraventricular Administration of IFN-α

Postoperative monkeys were trained to sit in a customized monkey chair until they were habituated to the manipulations of intraventricular injection without anesthesia and experience of stress. All monkeys were then randomly separated into two administration groups with four animals in each group. Recombinant human IFN-α (1.4 × 105 IU/kg bodyweight) or saline in equivalent volume was injected into the lateral ventricle gradually over a period of 15 min between 9:30 and 12:00 for 6 weeks (5 days/week). On the first and second administration day, the injected doses were, respectively, 1/4 and 1/2 of the normal dose in order to adapt monkeys to the drugs. A stainless-steel needle (42 mm) connected to a syringe with silicone capillary tube was inserted into the cannula for the injection. The injection was conducted with a microinjection pump (Smith WZ-50C6, Zhejiang Smith Medical Instrument Co Ltd, Hangzhou, China) when the animal was sitting awake in the monkey chair. The injection needle was retained in place for 5 min after the completion of injection.



Sucrose Preference Tests

Sucrose preference tests were conducted in three 3-week phases, with 14 tests in each phase, namely, preadministration (Pre), the first half (Adm1) and second half (Adm2) of the administration period. Each phase lasted for 3 weeks, and the sucrose preference test was measured in a water-deprived state to maximize the motivation of monkeys. Briefly, a 1.5% sucrose solution and tap water was available in two adjacent bottles fixed to every home-cage from 8:30 to 9:30 every day, with no extra water available during the days of sucrose preference tests. Positions of these two liquids were switched every day to avoid the potential effects of position preference (Paul et al., 2000; Qin et al., 2015a). The consumed volume of each liquid was quantified and recorded. The sucrose preference was calculated as a percentage of consumed sucrose solution of the total amount of water drunk. Sucrose water and tap water intake were, respectively, calculated as ml consumed per kg body weight.



Behaviors in Home Cage

Each monkey was videotaped for 30 min a day. Before the administration, the video recording lasted for 14 days. After completion of the injection, each monkey was again videotaped for another 14 days (30 min per day). The video recordings were evenly distributed in the light phase, with 3.5 h in the morning (8:00–8:30 a.m., 8:30–9:00 a.m., 9:00–9:30 a.m., 9:30–10:00 a.m., 10:00–10:30 a.m., 10:30–11:00 a.m., and 11:00–11:30 a.m.), and 3.5 h in the afternoon (14:00–14:30 p.m., 14:30–15:00 p.m., 15:00–15:30 p.m., 15:30–16:00 p.m., 16:00–16:30 p.m., 16:30–17:00 p.m., and 17:00–17:30 p.m.). The recordings were analyzed by three trained raters blinded to the experiment design, with an inter-rater correlation coefficient of >0.90 after a period of training. The ethogram in the home cage included huddling, exploration, spontaneous locomotion, reactive locomotion, anxiety-like behaviors, stereotyped behaviors, self-grooming, and masturbating.

Huddling, measured as a depression-like behavior in monkeys, was defined as a fetal-like and self-enclosed posture with the head at or below the shoulders during the waking state (Harlow and Suomi, 1971; Shively et al., 2005; Qin et al., 2015a, b, 2019, 2016). Exploration consisted of oral or tactile manipulation of surroundings and body parts except self-grooming and masturbating (Felger et al., 2007; Davenport et al., 2008). Spontaneous locomotion included walking, running, and jumping other than stereotyped behaviors. Reactive locomotion was locomotor activities inspired by environmental stimuli. All behaviors were quantified as frequency and duration per 30-min, and the data were presented as an average of 14 days.



Open-Field Test

The floor (2.06 × 1.80 m) of the open-field test room (2.20-m high) was equally divided into 5 × 5 rectangles with red-painted lines. The monkeys were individually transported into the test room with a transport cage. Each monkey was tested for 7 days, respectively, before and after the administration without stimulus from the experimenters (15 min/day). The test for each monkey was performed at the same time of the day to minimize the effects of time. The animals were leashed with a flexible rope to help in retreating them from the test room. The rope was long enough to reach every position in the room. Videotaped behaviors of all tests were scored by raters blinded to the treatment condition. Behaviors related to anxiety and depression were analyzed, namely, urination, defecation, spontaneous locomotion, grids crossed, exploration, motionless, stereotypical behaviors, huddling, masturbating, self-grooming, attacking, and vocalization. All behaviors were presented as the mean of seven open-field tests.



Sampling and Measurement of Cerebrospinal Fluid Neurochemicals

The CSF samples was obtained the day before the first and the day after the last administration under ketamine (10 mg/kg) anesthesia within 10–20 min of the initial experimenter contact. Lumbar CSF was collected passively into chilled polypropylene tubes via a spinal needle inserted into the dorsolumbar vertebrae. The collected samples were immediately frozen in liquid nitrogen and stored at −80°C until assayed. The CSF samples were centrifuged at 8,000 × g for 10 min at 4°C. Concentrations of noradrenaline (NA) and its metabolite HVA, 5-hydroxyindole acetic acid (5-HIAA, the metabolite of 5-HT), as well as 3,4-dihydroxyphenylacetic acid (DOPAC, the metabolite of DA), were assessed using high-performance liquid chromatography (HPLC) (Yu et al., 2003). Samples from a given animal obtained before and after administration were paired and run in a single assay. Details about the HPLC system and procedures have been described previously (Qin et al., 2019). Data of each sample represent the average of at least two assessments.



Statistical Analysis

All statistics and plotting were performed with GraphPad (GraphPad Prism 7.04), except that the extraction of principal components from log-transformed CSF concentrations of monoamine metabolites was conducted with SPSS (IBM SPSS Statistics 19). Two-way ANOVA with repeated measures were used to analyze the differences between the Ctrl and IFN group in sucrose preference, sucrose intake, relative sucrose intake (normalized to sucrose intake before the administration), and all measured behaviors in the home cage and the open field, with Bonferroni multiple comparisons. Pearson linear correlation was used to assess the associations among the CSF concentrations of monoamine metabolites, sucrose intake, and behaviors in the home cage and the open field. All data were presented as mean ± SD (standard deviation), and all p-values in the results were two tailed with an α level of p < 0.050.



RESULTS


Anhedonia Induced by Long-Term Interferon-Alpha Intracerebroventricular Administration

The bodyweight of IFN and Ctrl groups was comparable before and after the administration of IFN-α or saline (Figure 1A). The bodyweights of all animals were slightly increased after the administration, and the changes were significant in the Ctrl group (Figure 1A, $p = 0.016).
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FIGURE 1. Long-term IFN-α i.c.v. administration significantly reduced the sucrose intake. The bodyweight of the Ctrl and IFN groups was comparable before and after the administration period (A). Long-term IFN-α i.c.v. administration tended to decrease the sucrose preference (B), and significantly reduced the sucrose intake of monkeys in the IFN group compared with the Pre phase (C), as well as with the Ctrl group (C). The sucrose intake was normalized to Pre for each individual animal, and they were reduced in the IFN group (D). Adm1, the first 3-week of administration. Adm2, the second 3-week of administration. Ctrl, control group (n = 4). IFN, IFN-α administration group (n = 4). NS, not significant. Pre, pre-administration. Ctrl-Pre vs Ctrl-Post: $p < 0.050. IFN-Pre vs IFN-Adm2: *p < 0.050. Ctrl-Adm2 vs IFN-Adm2: ##p < 0.010. Error bar: mean ± S D.


Long-term i.c.v. IFN-α administration tended to decrease the sucrose preference (IFN group: Pre, 84.78%; Adm2, 68.34%), but the changes were not significant (Figure 1B, all p > 0.050). Thereafter, we compared the volume of sucrose intake, which was significantly decreased in Adm2 compared with the Pre phase in the IFN group (Figure 1C, ∗p = 0.049). In order to diminish the effect of individual difference, the sucrose intake in Adm2 was normalized to Pre for each individual animal. The sucrose intake of IFN group was reduced into 65.65 and 60.28%, respectively, in Adm1 and Adm2, and the difference between IFN group and the Ctrl group in Adm2 was significant (Figure 1D, #p = 0.036), with a significant effect of time revealed by two-way ANOVA (p = 0.037). Finally, no significant change was observed in the consumption of tap water.



Depression-Related Behaviors Induced by Long-Term Interferon-Alpha Intracerebroventricular Administration

The IFN group showed increased post-Adm huddling frequency (Figure 2A, ∗p = 0.019) and duration (Figure 2B, ∗p = 0.037) compared with pre-Adm. The IFN group exhibited higher frequency of huddling behavior than the Ctrl group (Figure 2A, #p = 0.021) after the IFN-α i.c.v. administration. Two-way ANOVA revealed significant effect of interaction between time and treatment on both frequency (p = 0.022) and duration (p = 0.047) of huddling behavior. Consistently, inhibited duration of spontaneous locomotion (Figure 2C, ∗p = 0.016) as well as reduced frequency (Figure 2D, ∗p = 0.044) and duration (Figure 2E, ∗p = 0.020) of reactive locomotion was observed in the IFN group after IFN-α i.c.v. administration. Finally, no significant change in exploration, anxiety-like behaviors, self-grooming, masturbating, and stereotyped behaviors was observed in either group after the i.c.v. administration of IFN-α or saline.
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FIGURE 2. Long-term IFN-α i.c.v. administration induced depressive-like behavioral changes in rhesus monkeys in the home cage and open-field test. Six weeks of IFN-α i.c.v. administration enhanced huddling behavior. (A,B) while inhibiting spontaneous locomotion (C) and reactive locomotion (D,E) in the home cage. In the open-field test, IFN-α reduced the exploration duration (F) and increased motionless frequency (G) of the IFN group. Behaviors with a time scale of 30 and 15 min were observed in the home cage (A–E) and in the open-field (F,G) tests, respectively. Ctrl, control group (n = 4). IFN, IFN-α administration group [n = 4 for (A–E); n = 3 for (F,G)]. Post, post-administration; Pre, pre-administration. IFN-Pre vs. IFN-Post: *p < 0.050. Ctrl-Post vs. IFN-Post: #p < 0.050. Error bar: mean ± SD.


One monkey in the IFN group was excluded when the behaviors were analyzed in the open field because it barely moved in the test room both before and after the IFN-α administration. Different from the behaviors in home cage, no huddling behavior was observed in the open field. Long-term IFN-α i.c.v. administration significantly reduced the duration of environmental exploration of the IFN group (Figure 2F, p = 0.012), with a significant effect of time (p = 0.006) revealed by two-way ANOVA. The IFN group showed significantly higher post-Adm motionless frequency than the Ctrl group (Figure 2G, ∗p = 0.044) in the open field after 6 weeks of IFN-α administration. No significant change was observed in the frequency and duration of locomotion and grids crossed during locomotion. Finally, some behaviors including urinating, defecating, self-grooming, masturbating, attacking, or vocalization were too scarce in the open field to do a statistical analysis.



Interferon-Alpha Intracerebroventricular Administration Increased Cerebrospinal Fluid Concentrations of Noradrenaline and 3,4-Dihydroxyphenylacetic Acid

The IFN group had increased the CSF concentrations of NA (Figure 3A, ∗p = 0.007) and DOPAC (Figure 3B, ∗p = 0.023) after IFN-α administration. Further way-way ANOVA revealed a significant effect of time (p = 0.006) and interaction between time and group (p = 0.044) on the CSF NA, as well as a significant effect of group (p = 0.022) on the DOPAC. However, the CSF concentrations of 5-HIAA (Figure 3C, p > 0.050) and HVA (Figure 3D, p > 0.050) were not significantly changed by i.c.v. administration of saline or IFN-α. In order to assess the integrated functions of monoamines on the behaviors, two principal components were derived from the log-transformed CSF concentrations of all four monoamine metabolites as log(NT)s-PC1 and log(NT)s-PC2 with principal component analysis (PCA). After long-term IFN-α i.c.v. administration, the IFN group had increased log(NT)s-PC1 compared with pre-Adm (Figure 3E, #p = 0.031), as well as higher log(NT)s-PC2 compared with the Ctrl group (Figure 3F, ∗∗p = 0.007). Two-way ANOVA revealed significant effect of group on log(NT)s-PC1 (p = 0.011) and effect of time on log(NT)s-PC2 (p = 0.006). The CSF concentrations of 5-HIAA showed positive correlations with those of DOPAC and HVA (Figures 3G,H).
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FIGURE 3. Long-term IFN-α i.c.v. administration increased the cerebrospinal fluid (CSF) concentrations of monoamine metabolites. The CSF concentrations of NA (A) and DOPAC (B) were significantly increased after IFN-α i.c.v. administration, but not 5-hydroxyindole acetic acid (5-HIAA) (C) and homovanillic acid (HVA) (D). The principal components extracted from the log-transformed CSF concentrations of these four monoamine metabolites were also augmented by IFN-α administration (E,F). The CSF concentrations of 5-HIAA showed positive correlation with those of DOPAC (G) and HVA (H). Ctrl, control group (n = 4). IFN, IFN-α administration group (n = 4). log(NT)s-PC1 and log(NT)s-PC2, principal components derived from the log-transformed CSF concentrations of four measured monoamine metabolites. NT, neurotransmitter. Post, post-administration. Pre, pre-administration. IFN-Pre vs. IFN-Post: *p < 0.050. Ctrl-Post vs. IFN-Post: #p < 0.050. Error bar: mean ± SD. IFN-Pre vs. IFN-Post: **p < 0.010.




Correlations Between the Cerebrospinal Fluid Concentrations of Monoamine Metabolites and Depression-Related Behaviors

Sucrose preference could be predicted by the CSF concentrations of NA and log(NT)s-PC1 with negative correlations (Figures 4A,B). Similarly, sucrose intake showed negative correlations with the CSF concentrations of 5-HIAA and log(NT)s-PC1 (Figures 4C,D, respectively). In the home cage, the CSF levels of both NA and DOPAC were strong predictors of huddling frequency (Figures 4E,F, respectively), and the duration of huddling behavior could also be predicted by the CSF NA levels (Figure 4G). Both the frequency and duration of reactive locomotion in the home cage showed a negative correlation with log(NT)s-PC2 (Figures 4H,I). In the open field, a negative correlation was found between the duration of exploration and the CSF 5-HIAA concentrations (Figure 4J). Motionless frequency in the open field was positively correlated with the CSF HVA levels (Figure 4K). Finally, the CSF concentrations of NA showed positive correlations with the locomotion duration, number of crossed grids, and speed of locomotion in the open field (Figures 4L–N).
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FIGURE 4. Correlations between the CSF concentrations of monoamine metabolites with anhedonia and depression-related behaviors. For the correlation analysis of the CSF monoamine metabolites with sucrose consumption (A–D) and behaviors in home cage (E–I), the sample size was n = 16. For the correlation analysis between the CSF monoamine metabolites and behaviors in the open field test (J–N), the sample size was n = 14 because one monkey was excluded from the IFN group. Behaviors with time scale of 30 and 15 min were observed in the home cage and in the open-field test, respectively. NT, neurotransmitter. log(NT)s-PC1 and log(NT)s-PC2, principal components derived from the log-transformed CSF concentrations of four measured monoamine metabolites.




Correlations Between Behaviors in Different Tests

Until now, depression-like behavioral changes induced by long-term i.c.v. administration of IFN-α have been observed in sucrose preference test, in home cage, and in the open-field test. Monkeys in the IFN group displayed different aspects of depression-related behaviors. It would be interesting to know whether behaviors displayed in different tests had some innate relation with each other. In Figure 4, we can see that some neurotransmitters showed correlations with behaviors in different tests, indicating that behaviors in different tests could be modulated by the same changes in neurotransmitters. Thus, the correlations between behaviors in different tests were analyzed. Sucrose preference was positively correlated with both frequency and duration of masturbating behavior in home cage (Figures 5A,B). Sucrose intake was positively correlated with both frequency and duration of the exploration behaviors in the open field (Figures 5C,D). The frequency of locomotion in the open field showed strong positive correlations with the frequency and duration of locomotion (Figures 5E,F) and exploration (Figures 5G,H), as well as the masturbating frequency in the home cage (Figure 5I). Finally, the frequency and duration of the self-grooming behavior in the home cage were negatively correlated with the frequency of motionless in the open field (Figures 5J,K).
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FIGURE 5. Correlations between behaviors in different tests. The correlations were analyzed between sucrose preference and frequency (A) and duration of masturbating behavior in home cage (B); between sucrose intake and frequency (C) and duration of the exploration behaviors in the open field (D); between movement frequency in the open field and the frequency (E) and duration of spontaneous locomotion (F), as well as the frequency (G), duration of exploration (H) and the masturbating frequency (I) in the home cage; between the frequency (J) and duration of the self-grooming behavior in the home cage (K) and the frequency of motionless in the open field. Behaviors in different tests showed significant correlations indicating that they were possibly influenced by the same mental status. Behaviors with time scale of 30-min and 15-min were observed in home cage and in the open-field test respectively.




DISCUSSION

In humans, peripheral IFN-α-induced depression is more associated with somatic symptoms and less associated with symptoms of mood and negative cognition, compared with patients with major depressive disorder (Capuron et al., 2009; Su et al., 2019). Consistently, the anxiety-like behaviors and stereotypical behaviors were not changed by IFN-α administration in this study. The increased huddling and motionless frequency, as well as decreased spontaneous locomotion and reactive locomotion were more likely to be a manifestation of depressed mood or loss of interest and motivation, rather than physical retardation (e.g., fatigue) because the mobility was not reduced in the open field. In support of this possibility, the locomotor behaviors in both home cage and the open field were positively associated with intrinsically motivated behaviors including masturbating, self-grooming, and exploratory behaviors. We also found correlations between behaviors in different tests. For example, monkeys, which showed lower sucrose preference, tended to show lower masturbating behavior in the home cage, and monkeys which showed lower sucrose intake also tended to have less exploratory behavior in the open-field test. Moreover, both sucrose intake and exploratory behavior were positively correlated with the CSF concentrations of 5-HIAA, indicating that these behaviors in the different tests could be influenced by the same changes in neurotransmitters.

Huddling behavior was observed in monkeys even before saline/IFN-α administration in this study. It was different from Felger’s study (Felger et al., 2007), possibly because of the small and isolated housing environment (Suomi and Harlow, 1972). Thus, IFN-α induced depressive-like behaviors in monkeys, but the development and expression of the depressive symptoms was also environment dependent. In support of this hypothesis, huddling behavior was only observed in the home cage, and IFN-α administration only inhibited exploration in the open field. Another interesting finding was that the association between CSF monoamine metabolites and specific behaviors only existed in one environment, in either home cage or the open field. For example, CSF concentrations of 5-HIAA was associated with the exploration duration in the open field, but not in the home cage. Then, whether and to what extent the social isolation housing environment might potentiate the development and expression of IFN-α-induced depression are interesting questions and worth further investigation. Thus, attention should be payed to the housing and evaluating/testing environment when developing non-human primate animal models of mental disorders.

In patients subcutaneously treated with IFN-α for 4–6 weeks, fMRI revealed significantly reduced bilateral activation of the ventral striatum during a reward-related task, and this change was correlated with anhedonia and depressive symptoms (Capuron et al., 2012). Anhedonia-like behavior was also observed in rhesus monkeys accompanied by decreased dopamine release and dopamine 2 receptor (D2R) binding in the striatum after 4 weeks of subcutaneous administration of IFN-α (Felger et al., 2013b). Consistently, 6 weeks of IFN-α i.c.v. administration significantly reduced the sucrose consumption, accompanied by significant change in DA metabolite DOPAC in the CSF. Besides, the change in sucrose consumption might be directly explained by the IFN-α-induced increase in CSF concentrations of 5-HIAA and NA, together with their negative correlation with sucrose consumption and sucrose preference.

Although IFN-α i.c.v. administration only significantly changed the CSF concentrations of NA and DOPAC, the correlations between all measured monoamine metabolites and depression-related behaviors indicated their involvement in regulating these behaviors. Moreover, the correlations of the principal components derived from the CSF concentrations of these monoamine metabolites with depression-related behaviors suggested that some behaviors could possibly be mediated by multiple neurotransmitters.

The concentrations of neurotransmitters and their metabolites in the CSF were dependent on the balance between synthesis and metabolism. Although the 5-HIAA concentrations in the CFS was not significantly changed by IFN-α i.c.v. administration in this study, a change in functional 5-HT levels in the brain was still possible. IFN-α induces depression by activating IL-6 (Schaefer et al., 2003), which disrupts the function of tetrahydrobiopterin (BH4) in the synthesis of 5-HT (Felger and Lotrich, 2013). IL-6 can also inhibit the 5-HT synthesis via induction of indoleamine-2,3-dioxygenase (IDO) enzyme, which facilitates the metabolism of tryptophan into kynurenine (KYN) (Anderson et al., 2013). For example, a single i.c.v. IFN-α injection in rats significantly reduced the 5-HT levels in the frontal cortex, midbrain, and stratum of rats in a dose-dependent manner (Kamata et al., 2000).

It was found in mice that repeated peripheral administration of IFN-α induced depressive-like behaviors via downregulating the serotoninergic receptor 5-HT1A and promoting apoptosis in the hippocampus (Ping et al., 2012). Increase in IFN-α and serotonin transporter (SERT) expression happen together in central inflammation (Katafuchi et al., 2005), and IFN-α administration itself has been found to stimulate SERT expression (Schaefer et al., 2003). In both situations, the 5-HT uptake from the synapses is enhanced (Tsao et al., 2008). However, with upregulated 5-HT reuptake, the CSF concentrations of 5-HIAA should be decreased instead of unchanged as observed in the current study. A more plausible possibility was that IFN-α increased the metabolism of 5-HT into 5-HIAA (Schaefer et al., 2003), leading to an increased 5-HIAA/5-HT ratio (De La GarzaII, and Asnis, 2003) via inhibiting SERT function (Foley et al., 2007) and increasing platelet monoamine oxidase-B (MAO) activities (Bannink et al., 2005). The result will induce reduced recycling of 5-HT, even less material for 5-HT synthesis, and finally a deficiency of functional 5-HT in the synapses. In support of this possibility, decreased sucrose preference and exploratory behaviors, as well as increased immobility in forced swim test was observed in SERT knock-out mice and rats (Olivier et al., 2008; Popa et al., 2008). Patients with long-form of the SERT gene (LA/LA genotype) are more resistant to IFN-α-induced depression (Lotrich et al., 2009).

Similarly, peripheral IFN-α has been found to decrease the DA functions in the brain by inhibiting the conversion of the phenylalanine (Phen) to Tyr, the primary amino acid precursor of DA (Felger and Miller, 2012; Felger et al., 2013a). Moreover, rhesus monkeys receiving 4 weeks of IFN-α subcutaneous injections exhibited decreased striatal DA release and DA binding to receptors D2R, without change in the DA transporter (Felger et al., 2013b). However, significantly increased DA uptake and decreased DA turnover in caudate, putamen, and ventral striatum was observed in human patients receiving IFN-α for 4–6 weeks (Capuron et al., 2012). These changes in DA functions were similar to the 5-HT changes in peripheral IFN-α administration and might contribute to the IFN-α-induced anhedonia and depression. Nevertheless, the CSF concentrations of DOPAC were upregulated by i.c.v. IFN-α administration in this study, possibly because of increased metabolism of DA.

In conclusion, we hypothesize that i.c.v. IFN-α administration reduced the synthesis and increased the metabolism of 5-HT and DA, leading to a deficiency in functional 5-HT and DA in the brain (Kamata et al., 2000). It can explain the positive correlations of CSF concentrations of 5-HIAA and DOPAC with the severity of depression in rhesus monkeys in this study. The correlations of the CSF concentrations of 5-HIAA with DOPAC and HVA was probably a result of dose-dependent activation of monoamine metabolism by IFN-α. Nevertheless, the functioning and metabolism of NA is relatively special and more complicated among these monoamines because NA can be taken up by the DAT of dopaminergic neurons (Haenisch and Bönisch, 2011). It means that the depletion of noradrenaline transporters (NATs) can be partially compensated by other monoamine transporters, retaining the proportion between NA in the CSF and functional NA in the brain. The recruitment of DATs by NA further decreased the recycling/turnover of DA, making NA positively correlated with the severity of depressive symptoms including anhedonia and huddling behavior. Another possibility was that NA directly promoted depressive symptoms. In genetically modified mice, increased NA levels in the brain was accompanied with decreased sucrose preference and intake (Aizawa et al., 2016).

The mechanisms about how peripheral IFN-α regulates the metabolism and functioning of monoamines are relatively well studied (Felger and Miller, 2012). However, the behavioral and physical effects of both long-term and acute IFN-α i.c.v. administration have been scarcely studied. Little is known about how IFN-α in the CNS changes the process of monoamine synthesis, packaging, release, reuptake and metabolism, let alone how these changes contribute to the development of IFN-induced depression.

Accumulating studies have found that some possible mechanisms were involved in the development of IFN-α-induced depression, including dysregulation of monoaminergic and glutamatergic neurotransmitter systems (Capuron et al., 2003; Haroon et al., 2014), alterations of activities of the HPA axis (Felger et al., 2016), and impairment of neuronal survival and plasticity (Hoyo-Becerra et al., 2014; Zheng et al., 2015). However, most of these observations was obtained from patients with preexisting health problems or laboratory animals receiving IFN-α treatment through peripheral administration. However, the central nervous system is separated from the circulating blood by the blood–brain barrier. In rhesus monkeys, peripherally administrated IFN-α can hardly be detected in the CSF; on the other hand, the IFN-α in plasma is not detectable following an i.c.v. administration (Collins et al., 1985). Specifically, the initial CSF concentrations of IFN-α exceeded 100,000 U/ml with a dose of 120,000 U/kg i.c.v. administration and remained at levels above 100 U/ml for 2 days. Central administration of IFN-α provided a total exposure (area under the concentrations vs. time curve) for the CSF 3,000-fold greater than peripheral administration with a 20-fold larger dose (Collins et al., 1985). Thus, studies with central IFN-α administration are urgently necessary to answer these pivotal questions.

This animal model is the first non-human primate model of depression induced by central administration of IFN-α, which is necessary to explore the mechanisms of depression induced by i.c.v. IFN-α treatment and the CNS inflammation. Rhesus monkeys showed considerable depressive-like symptoms accompanied with changes in the CSF concentrations of monoamine metabolites after 6 weeks of i.c.v. IFN-α administration. Anhedonia was observed as significantly reduced sucrose intake during the IFN-α administration. Monkeys receiving i.c.v. IFN-α infusion spent more time huddling in a corner of their home cages and showed less interests in their physical and living environment even when they were stimulated. Bodyweights of both Ctrl and IFN groups were increased, suggesting that the i.c.v. administration of IFN-α or saline with the dose in this study did not cause health problem to these monkeys. In other words, the behavioral changes in the IFN group was not a result of IFN-α-induced sickness. This study also found that increased metabolism of monoamines in the brain might play an important role in central IFN-α-induced depression. Thus, even though both peripheral and central administration of IFN-α can induce depressive symptoms in humans and animal models, the underlying mechanisms and involved pathways are likely to be different. Restoration of normal monoamine metabolisms in the brain is a potential therapeutic strategy to prevent and cure depression induced by central IFN-α and CNS inflammation.
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The equilibrium and reciprocal actions among appetite-stimulating (orexigenic) and appetite-suppressing (anorexigenic) signals synthesized in the gut, brain, microbiome and adipose tissue (AT), seems to play a pivotal role in the regulation of food intake and feeding behavior, anxiety, and depression. A dysregulation of mechanisms controlling the energy balance may result in eating disorders such as anorexia nervosa (AN) and bulimia nervosa (BN). AN is a psychiatric disease defined by chronic self-induced extreme dietary restriction leading to an extremely low body weight and adiposity. BN is defined as out-of-control binge eating, which is compensated by self-induced vomiting, fasting, or excessive exercise. Certain gut microbiota-related compounds, like bacterial chaperone protein Escherichia coli caseinolytic protease B (ClpB) and food-derived antigens were recently described to trigger the production of autoantibodies cross-reacting with appetite-regulating hormones and neurotransmitters. Gut microbiome may be a potential manipulator for AT and energy homeostasis. Thus, the regulation of appetite, emotion, mood, and nutritional status is also under the control of neuroimmunoendocrine mechanisms by secretion of autoantibodies directed against neuropeptides, neuroactive metabolites, and peptides. In AN and BN, altered cholinergic, dopaminergic, adrenergic, and serotonergic relays may lead to abnormal AT, gut, and brain hormone secretion. The present review summarizes updated knowledge regarding the gut dysbiosis, gut-barrier permeability, short-chain fatty acids (SCFA), fecal microbial transplantation (FMT), blood-brain barrier permeability, and autoantibodies within the ghrelin and melanocortin systems in eating disorders. We expect that the new knowledge may be used for the development of a novel preventive and therapeutic approach for treatment of AN and BN.
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Introduction

Anorexia nervosa (AN) and bulimia nervosa (BN) are serious eating disorders with a substantial impact on the long-term quality of life and broad psychological, social and economic implications. These psychiatric disorders affect as many as 2-3% of young women and adolescents (1) and exhibit substantial mortality (with a mortality rate of 5-10% after 10 years) (2). Both AN and BN are disorders with severe disturbances in eating behavior. While AN is characterized by self-induced starvation, amenorrhea, severe weight loss due to reduction of both fat mass and fat free mass mainly at the expense of adipose tissue (AT), refusal to gain and maintain a minimal normal body weight (weight criterion for the diagnosis is under 85% of normal body weight), manifestations of BN include recurrent episodes of binge eating followed by inappropriate compensatory behavior such as self-induced vomiting, laxative and diuretics misuse (3).

Despite extensive research efforts worldwide, the etiopathogenesis of AN and BN has not been elucidated to date. Fetissov et al. hypothesized that AN is an autoimmune disease caused by delayed exposure to microorganisms (such as Group A β-hemolytic Streptococcus, Escherichia coli, and Helicobacter pylori) in which autoantibodies against appetite-regulating neuropeptides, neurotransmitters, peptide hormones, and hypothalamic neurons disturb appetite and mood and lead to decreased intake of food (4). A higher prevalence of autoimmune diseases such as type 1 diabetes and Crohn’s  disease was observed among patients with eating disorders (5). In this vein, the development of type 1 diabetes in adolescence seems to be a risk factor for the subsequent development of AN and BN (6). Further, patients with AN are suggested to be susceptible to autoimmune diseases and thus, a bi-directional relationship between eating disorders and autoimmunity was considered (7–9).

Recently, Watson et al. (10) identified multiple genetic loci for AN and reconceptualized AN as a metabo-psychiatric disorder. Negative genetic correlations were documented between anorexic patients and metabolic traits such as type 2 diabetes, insulin resistance, blood plasma insulin, leptin, and a significant positive genetic correlation was found with high-density lipoprotein (HDL) cholesterol. Disordered niacin metabolism leading to niacin deficiency was shown to provoke schizophrenia-like symptoms in neuropsychiatric diseases such as pellagra (11), which was seen as a secondary complication associated with a tryptophan-deficient diet in AN and BN (12, 13).

The gut, enteric nervous system, central nervous system, gut microbiome, and adipose tissue (AT) newly introduced as the AT-microbiome-gut-brain axis produce a variety of neuroactive factors with orexigenic and anorexigenic effects which are important in the regulation of food intake and body weight control (14–16) (Figure 1). The differential release of these compounds may act to initiate, maintain, or exacerbate cycles of food restriction or binge-purge behavior observed in AN and BN (17). In particular, translocation of intestinal bacterial antigens including enterobacterial caseinolytic protease B (ClpB) and food-derived antigens across the intestinal wall can trigger the production of autoantibodies cross-reacting with appetite-regulating hormones (18). This cross-reactivity is a phenomenon affecting the AT-microbiome-gut-brain axis.




Figure 1 | Scheme demonstrating the bi-directional interactions along the adipose tissue, microbiome, gut and brain leading to the development of eating disorders. Microbial composition and consequently the amount of microbial metabolites and components are affected by various factors like diet, antibiotics, infection and so on. Gut microbial metabolites and components act as signals to influence enteric nervous system and adipose tissue responses through various receptors. P/D1 like ghrelin cells in humans (or termed X/A like ghrelin cells in rodents) are localized in the oxyntic mucosa of the gastric fundus and duodenum. Enteroendocrine L cells secrete PYY and GLP-1/-2 (and/or co-release GLP-1/-2 together with PYY) in the mucosa of the distal ileum and colon. F (or PP) cells, which secrete pancreatic polypeptide (PP) under cholinergic control, are localized in the periphery of pancreatic islets of Langerhans, and also expressed in the distal gut. Enteroendocrine I and K cells, which secrete CCK and glucose-dependent insulinotropic peptide (GIP), are located in the mucosa of the upper small intestine. Short-chain fatty (FFA2-3) and hydroxy-carboxylic (HCA1-2) acid receptors are expressed on gastric P/D1 like ghrelin cells, ileal L cells, pancreatic α cells, enterochromaffin (EC) serotonin cells, duodeno-jejuno-ileal I and K cells, pancreatic β cells, and adipocytes. The signalization leads to ghrelin secretion inhibition or produce PYY, GLP-1/-2, serotonin, CCK, insulin, and leptin production. Leptin, an adipocyte-secreted hormone, is an indicator of energy stores and acts to reduce food intake and increase energy expenditure. These appetite-regulating hormones signal to NPY/AGRP and POMC/CART neurons, the mesolimbic reward system, and higher cortical areas, which all play a pivotal role in the regulation of metabolism. GABA has an inhibitory input from NPY/AGRP neurons to POMC/CART neurons in the hypothalamic arcuate nucleus. Activation of hypothalamic NPY/AGRP neurons stimulates hunger and inhibits energy expenditure and lipolysis in AT; however, stimulation of hypothalamic POMC/CART neurons together with MC4R leads to inhibition of food intake and enhancing of energy expenditure and lipolysis in AT. IgG immune complexes with orexigenic and anorexigenic peptides chronically activate MC4R leading to increased satiety in both AN and BN. Dysregulation of appetite-regulating circuits may affect altered feeding behavior leading to the onset, development, and maintenance of AN and BN. α2R, alpha-2 adrenoceptors; AGRP, agouti-related protein; AT, adipose tissue; β 1, 2, 3R, beta-1, 2, 3 adrenoceptors; BCFA, branched-chain fatty acids (isobutyrate, 2-methyl-butyrate, and isovalerate); ATB, antibiotics; CART, cocaine- and amphetamine-regulated transcript; CCK, cholecystokinin, CCK1, 2 R; cholecystokinin 1, 2 receptors; CLA, conjugated linoleic acid; ClpB, enterobacterial caseinolytic protease B; EC, enterochromaffin serotonin cells; FFAR, free fatty acid receptor; GABA, gamma-aminobutyric acid; GIP, glucose-dependent insulinotropic peptide; GIPR, glucose-dependent insulinotropic peptide receptor; GLP-1/-2, glucagon-like peptide-1 and 2; GLP1-R, glucagon-like peptide-1 receptor; GPR142, G protein receptor 142 for tryptophan, HCAR, hydroxy-carboxylic acid receptor; L-DOPA, L-3,4-dihydroxyphenylalanine; LPS, lipopolysaccharide; MC4R, melanocortin 4 receptor; NPY, neuropeptide tyrosine; POMC, pro-opiomelanocortin; PP, pancreatic polypeptide; PYY, peptide tyrosine tyrosine; PYY-Y1R, peptide tyrosine tyrosine-1 receptor, SCFA, short-chain fatty acids (butyrate, acetate, and propionate); TMA, trimethylamine; (+) = the stimulatory effect of ligands on hormone or serotonin secretion; (-) = the inhibitory effect of ligands on hormone secretion.



In the present review we show that the regulation of appetite, emotion, nutritional status, and adiposity is also under the control by secretion of autoantibodies directed against neuropeptides, neurotransmitters, and neuromodulators. This may lead to the onset, development, and perpetuation of severe food restriction or binge-eating behavior and psychopathological traits in eating disorders. Better understanding of the AT-microbiome-gut-brain axis in eating disorders and elucidation of its interactions with adipocyte lipolysis and adipogenesis may provide a novel therapeutic approach for treatment of anorexia and bulimia nervosa.

The goals of the present review were to: (i) describe the role of autoantibodies cross-reacting with appetite-regulating hormones and the gut microbiome in etiopathogenesis of AN and BN, and to (ii) discuss bi-directional communication along the AT-microbiome-gut-brain axis in eating disorders.



Involvement of Autoimmunity in AN and BN Pathogenesis

Various microorganisms have been shown to exhibit protein sequence homologies with some autoantigens including appetite-regulating peptides, which can lead to the production of autoantibodies (autoAbs) cross-reacting with these peptides and to the changed appetite regulation. Molecular mimicry concept was proposed to explain autoantibodies formation directed against microbial antigens and cross-reacting with host proteins, which can explain some microorganism-triggered autoimmune diseases (19, 20).

Such homology was reported for anorexigenic/anxiogenic peptide α-melanocyte-stimulating hormone (α-MSH) and bacterial protein Escherichia coli caseinolytic protease B (ClpB) (21). ClpB, α-MSH conformational mimetic produced by the bacterial Enterobacteriaceae family induces the production of antibodies cross-reacting with human α-MSH. In patients with AN, increased levels of IgM autoantibodies against α-MSH were detected (22). Another study showed lower levels of IgG autoantibodies against α-MSH in obese patients, but increased levels in anorectic and bulimic patients (23). Furthermore, IgG from patients with AN can form immunocomplexes with α-MSH, which chronically activate the melanocortin (MC) system involved in the feeding behavior regulation (24, 25). α-MSH signals via the MC type 4 receptor (MC4R), a key molecular pathway regulating appetite (23). This interaction may thus represent a pathophysiological trigger of both AN and BN (21).

α-MSH–reactive autoAbs as well as autoAbs directed against other appetite-regulating peptides are present also in the plasma of healthy people. Fetissov et al. (25) screened the plasma of healthy women for the presence of autoantibodies directed against 14 key appetite-regulating neuropeptides or peptide hormones including α-MSH, ACTH, NPY, ghrelin, leptin, insulin, or PYY suggesting a link between IgG and IgA classes of such autoantibodies and antigenic stimulation by gut microbiota in healthy subjects (25) (Table 1). High affinity autoantibodies are responsible for the neutralization of neuropeptides preventing them from immune complexes formation, while low affinity autoantibodies do not exhibit blocking properties and can bind neuropeptides reversibly and thus play a role in peptide transport or protection from degradation by peptidases (33, 34).


Table 1 | Summary of changes in autoantibodies against appetite-regulating hormones, the ClpB-mimetic protein, and neurotransmitters in AN, BN, depression, in healthy subjects, in obesity, and diabetes.



Except higher levels of α-MSH (IgM class), higher levels of ACTH (IgG class) autoantibodies were also found in the plasma of patients with AN (22, 35). On the contrary, lower levels of acylated ghrelin (IgM class) autoantibodies (26) and lower levels of NPY (IgG class) autoantibodies in depressive disorder, a common comorbidity of eating disorders, were found (28). This is in contrast to increased levels of plasma NPY in BN and AN patients, which can act as a protective mechanism that prevents the exhaustion of energy reserves (36). Garcia et al. supported NPY protective role in depression by detection of decreased plasma levels of NPY IgG autoantibodies in patients with depression while their increased affinities were associated with lower body mass index (BMI) and reduced appetite (28).

IgG leptin-neutralizing autoantibodies were found in healthy subjects with a lower BMI; however, a decreased affinity of these antibodies was found in obese patients, which might be relevant to leptin resistance in obesity (30) (Table 1). Fetissov et al. reported that levels and affinities of autoantibodies against orexigenic and anorexigenic neuropeptides correlated with psychopathological traits in patients with eating disorders and these neutralizing autoantibodies were suggested as important attributors to mechanisms controlling motivation in AN and BN (22).

Moreover, immunoglobulin class switching of autoantibodies reacting with appetite-regulating hormones could be responsible for the differences in pathological manifestations of AN and BN.

In AN, the dysregulated immune profile includes an over-expression of anorexigenic and pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β). IL-1β and TNF-α influence the expression of certain crucial neuropeptides, which are known to be associated with anxiety states and AN. Importantly, it has been surmised that AN may result from an inability to produce neutralizing antibodies to TNF-α and/or IL-1β (37). Direct TNF-α, IL-1β, and IL-6 down-regulating monoclonal antibodies such as infliximab, adalimumab, etanercept, and tocilizumab as well as monoclonal antibodies against appetite-regulating hormones have not been evaluated as a treatment of AN and BN so far, although there is a strong theoretical rationale that could justify such a study (38, 39). Beneficial effects of anti-TNF-α therapy and an improvement in psychopathological traits in a case of AN with comorbid Crohn’s disease and with juvenile idiopathic arthritis were reported (40, 41).

In our previous studies, we observed in vivo increased sympathetic nervous system (SNS) activity, especially elevated norepinephrine (NE) concentrations in subcutaneous abdominal adipose tissue (AT) in AN and BN patients (36, 42, 43). NPY is synthesized in AT and co-localized with NE in perivascular sympathetic nerve fibers of the AT. NPY is also co-localized with NE and gamma-aminobutyric acid (GABA) in the brain. NPY amplifies growth hormone (GH) release, and stimulates appetite and lipogenesis (36, 44). Corcos et al. hypothesized that dopamine, dopamine-β-hydroxylase, and serotonin could be the antigenic cerebral targets reacting with “anti-brain” antibodies in BN (32). The role of up- or down-regulated neutralizing autoantibodies (IgM, IgG, and IgA classes), and changes of their affinity directed against appetite-regulating neuropeptides and neurotransmitters (dopamine, dopamine-beta-hydroxylase, and serotonin) in neuropeptidergic transmission was documented in the pathogenesis of eating disorders (26, 32) (Table 1). Moreover, a link between CNS neuroinflammation, autoimmunity, and neuropsychiatric disorders was reported (45–47).



“Leaky Gut” and the Blood-Brain Barrier Permeability in AN and BN

The gut microbiota transform dietary components, including macro- and micronutrients, fibers, and polyphenols, into a range of metabolites, including amino acid derivatives, vitamins, short-chain fatty acids (SCFA), and trimethylamines. These microbial-derived metabolites and dietary components can modulate host homeostasis, including gut and blood-brain barrier integrity (48–50).

SCFA (in particular butyrate, acetate, propionate), and other microbial metabolites can act on the intestinal epithelial barrier, the blood-brain barrier, and directly on brain neurons; they can regulate the endocrine and immune system to protect against the pathological inflammation (49). SCFA-producing gut microbiota was shown to up-regulate the expression of blood-brain barrier tight junction proteins occludin, claudin-5, and zonulin, and to reduce the permeability of the blood-brain barrier (51).

SCFA can mediate appetite reduction via increased POMC/CART neurotransmission of glutamatergic neurons and via decreased NPY/AGRP neurotransmission of GABAergic neurons in the hypothalamic arcuate nucleus (52, 53). Starvation and weight loss of AN patients may decrease the gut-barrier permeability (54) and increase the permeability of the blood-brain barrier through increased plasma free fatty acids levels and increased ketone bodies production (55, 56). Disruption of blood-brain barrier integrity in parallel with decreased expression of tight junction proteins occludin and claudin-5 have been also related to stress, post-streptococcal autoimmune disorders (PANDAS), and increased pro-inflammatory anorexigenic cytokines including TNF-α, IL-6, and IL-1β (37, 57–59). Autoantibodies against appetite-regulating peptides, and neurotransmitters can also disrupt the blood-brain barrier permeability and the gut-barrier permeability referred to as “leaky gut” underlying low-grade inflammation in AN and BN patients (18, 24). Indeed, penetration of circulating neuropeptides to the brain may be assisted by neuropeptide autoantibodies (60).

It is believed that the access of high-affinity autoantibodies against appetite-regulating neuropeptides and peptides to the brain centers, otherwise protected by the blood-brain barrier, can trigger the development of AN and BN. The increased affinity of plasmatic IgG for acyl-ghrelin in obesity was associated with increased ghrelin function, while increased plasma IgG/α-MSH affinity in obesity was shown to decrease activation of MC4R (23, 61). Monteleone et al. reported a decrease of intestinal permeability in the small intestine by measuring lactulose/mannitol absorption in AN patients (54). Jésus et al. observed increased colonic permeability with decreased expression of the tight junction protein claudin-1 in an activity-based anorexia model in mice (62). Methotrexate-induced intestinal inflammation was shown to acutely disrupt the gut-barrier permeability and induce anorexia in rats (63). Coquerel et al. linked intestinal inflammation to the production of autoantibodies against neuropeptides and showed that changes in anti-α-MSH autoAb plasma levels may participate in the body weight control relevant to the pathophysiology of AN (64).

Intestinal fatty acid binding protein (I-FABP) was proposed as a biomarker for small intestinal epithelial damage and subsequently for potentially altered gut permeability in Crohn’s and celiac diseases (65, 66). It is a small (14-15 kD) protein, which constitutes up to 2% of the cytoplasmic protein content of mature enterocytes (67). Upon death of the enterocyte, its cytoplasmic content is liberated into the circulation. I-FABP is present in very small amounts in the plasma of healthy individuals, probably representing the normal turnover of enterocytes, but its levels rise rapidly after episodes of acute intestinal ischemia and inflammation.

We determined a significantly increased I-FABP level in patient with severe and enduring AN suffering from the small intestinal bacterial overgrowth syndrome. Patient treatment with fecal microbiota transplantation (FMT) led to an improvement of the gut barrier function reflected by a decrease in I-FABP levels within 6 months post-FMT with non-detectable values 1 year post-FMT (68).



The Ghrelin, Leptin, and Melanocortin System in AN and BN

Ghrelin is a 28-amino-acid peptide produced mainly by the neuroendocrine cells named P/D1 in humans in the oxyntic mucosa of the gastric fundus, and to a far lesser extent in the duodenum, and also in the epsilon pancreatic islet cells (69, 70). Ghrelin is cleaved from the 117-amino-acid preproghrelin protein encoded by the human ghrelin gene on chromosome 3p25-26. Two major molecular forms of ghrelin were found in the stomach and plasma, i.e. acyl ghrelin with n-octanoylated serine in position 3 attached by the GOAT (Ghrelin O-Acetyltransferase), and des-acyl ghrelin. Acyl ghrelin is involved in the regulation of growth hormone (GH) secretion, energy homeostasis, gastric emptying, cardiac performance, cardiac output and contractility, antidepressant-like and anxiolytic responses (71–73). It was reported that in contrast to acyl ghrelin, des-acyl ghrelin induces a negative energy balance by decreasing food intake and delaying gastric emptying (71, 74). The physiological role of ghrelin in food intake regulation is reflected by an increase in its plasma level before eating and its decrease after the meal (75).

Thus, des-acyl ghrelin does not bind to growth hormone secretagogue receptor type 1a (GHS-R1a). Moreover, it has anti-ghrelin effects including the loss of ghrelin’s appetite-stimulating effect via increasing expression of melanocortin 4 receptor (MC4R) in the hypothalamic arcuate nucleus (76). It was found that des-acyl ghrelin level was higher in symptomatic AN patients than in healthy controls, which may elucidate why AN patients report being less hungry compared to healthy women. On the other hand, the des-acyl ghrelin level was lower in AN patients after renourishment than in heathy women (71, 77).

Acyl ghrelin binds to GHS-R1a and its plasma levels have been documented to be decreased in AN when compared to age-matched and weight-healthy women (71, 78, 79). Therefore, treatment with acyl ghrelin and/or Relamorelin, a pentapeptide ghrelin receptor agonist, may be useful for stimulating appetite, gastric emptying, and weight regain in AN patients (80).

Plasma total ghrelin levels are increased in patients with AN; however, anorexic patients report less hunger when compared to healthy women. This discordance may be explained on the basis of ghrelin resistance in anorectic women (71, 78) or a changed acyl/des-acyl ghrelin ratio and/or ghrelin reactive autoantibodies (77, 81). Patients with AN display lower levels of autoantibodies (IgG) against acyl-ghrelin and higher levels of autoantibodies against des-acyl ghrelin present in immune complexes compared to healthy controls. Moreover, negative correlations between plasma ghrelin autoantibodies (IgG) and ghrelin peptides were found. The observed decrease in the levels of bioavailable ghrelin autoantibodies (IgG) was suggested to lead to increased ghrelin levels and ghrelin resistance in patients with AN (26) (Table 1). Moreover, a decrease in IgM and IgA classes of acyl ghrelin autoantibodies in AN was also detected (26). Subsequently, the refeeding of AN patients led to an increase in IgM acyl ghrelin autoantibodies levels, which may indicate new antigenic stimulation resulting from realimentation-induced changes in the gut-barrier permeability. Furthermore, high affinity anti-ghrelin IgG autoantibodies were proposed to enhance ghrelin’s orexigenic effect, which may contribute to increased appetite and overeating and may enhance the bioactivity of endogenous or exogenous ghrelin in obese patients (27, 61) (Table 1). In addition, this shows that ghrelin degradation is inhibited by these autoantibodies, i.e. by forming ghrelin-IgG immune complexes in obese patients (27).

The presence of immune complexes prevents des-acyl ghrelin from occurring with a decrease of the free fraction of autoantibodies binding ghrelins resulting in elevated levels of free acylated ghrelin in AN patients, and eventually in ghrelin resistance in AN (26). High-affinity insulin autoantibodies have been proposed to be involved in a mechanism underlying severe insulin resistance after insulin administration (31) and have also been also studied as a marker of type 1 diabetes (Table 1). Low-affinity autoantibodies against insulin may influence the levels of bioavailable insulin with potential effects on hypoglycemia (31). Using a homeostasis model assessment of insulin resistance (HOMA-IR), significantly lower values of HOMA-IR in malnourished and underweight patients with AN were found when compared to healthy controls (82). However, refeeding led to the onset of insulin resistance in patients with AN (83). Indeed, the onset of type 1 diabetes in adolescence seems to place female patients at risk for the subsequent development of AN and BN (5, 6, 78, 84). Importantly, a decrease in leptin-reacting immunoglobulin affinity kinetics may also be related to hyperinsulinemia, insulin resistance, and leptin resistance in patients with type 2 diabetes (30). Intravenous injection of leptin-neutralizing antibodies was reported to induce hyperinsulinemia in mice (85). Conversely, an increase in IgG affinity kinetics for leptin was found in healthy controls with lower BMI suggesting an enhancing role of IgG in leptin transduction with anorexigenic and antidiabetic properties (30) (Table 1).

Obestatin, a 23-amino-acid peptide cleaved of the pro-hormone preproghrelin, appears to function as a part of the anorexigenic gut-brain axis that decreases food intake and reduces body weight in rats (86). Obestatin has been postulated to antagonize ghrelin action on energy balance and gastrointestinal function. However, controversies exist as regards its specific effects on food intake in animals and humans (71, 87). Patients with AN displayed increased circulating levels of both obestatin and ghrelin and an increased ghrelin/obestatin ratio, whereas patients with BN did not (88).

Gastric ghrelin stimulates appetite, while gut hormones pancreatic polypeptide (PP) and peptide tyrosine tyrosine (PYY) have the opposite effect on the hypothalamic level. PP and PYY, 36 amino acid peptides, are secreted from pancreatic F cells and enteroendocrine L-cells following meals, respectively (89, 90). Importantly, G protein receptor 142 for tryptophan (GPR142) is expressed on gastro-enteroendocrine and pancreatic islet cells to stimulate ghrelin, PYY, glucagon-like peptide-1 (GLP-1), cholecystokinin (CCK), and insulin secretagogue activities, respectively (91, 92) (Figure 1). It was shown that SCFA including butyrate and lactate are ligands of FFA2, FFA3, and HCA1 receptors which are expressed on gastric ghrelin cells and ileal L cells. Their activation reduces ghrelin secretion and increases PYY secretion, respectively (69, 73, 93). Furthermore, PYY and GLP-1 stimulate serotonin (5-hydroxytryptamine, 5-HT) secretion from small intestinal and colonic enterochromaffin (EC) cells (94) (Figure 1). The SCFA receptors FFA2, FFA3, and HCA1 were found in AT where they increase the secretion of the anorexigenic hormone leptin (95, 96), and the blood-brain barrier is endowed with FFA3 (97). Interestingly, an endogenous ligand for HCA2 and FFA2 receptor is 3-hydroxy-butyrate. Thus, FFA2 and HCA2 receptors are activated by the endogenous ligand 3-hydroxy-butyrate as well as the exogenous ligand anti-dyslipidemic drug niacin having protective effects of the prebiotic fiber-derived butyrate in the gut-barrier permeability (42, 98, 99). We documented reduced ghrelin levels and increased PP, PYY, and leptin levels after administration of the niacin-like anti-dyslipidemic drug Olbetam in bulimic patients when compared to healthy-weight Czech women (42).

The subpeptide PYY3-36 is the major form of PYY in the circulation. This peptide reduces food intake in humans. In AN, unlike ghrelin, plasma levels of anorexigenic PYY are paradoxically increased (100). Elevated levels of PYY might contribute to decreased food intake and disordered eating psychopathology in AN. PYY levels remain elevated despite renourishment and weight regain (101, 102). Healthy humans showed a negative correlation between ghrelin plasma concentrations and BMI (103) and a negative correlation of PYY and body weight (104). However, two independent research groups documented that BN patients, despite of higher BMI, had increased plasma ghrelin levels before food ingestion with a decreased response of ghrelin after food ingestion (105, 106). In those patients with BN, the increase of plasma PYY levels after food ingestion was also blunted. Depressed and blunted PYY levels may result from reduced and impaired CCK secretion in BN. The anorexigenic hormone CCK is a stimulant of PYY secretion (107). PYY3-36 is known as meal terminator opposed to ghrelin considered as meal initiator in the feeding behavior. The suppression of plasma ghrelin and the increase of plasma PYY3–36 after food ingestion may indicate compensatory activation of peripheral signals promoting termination of food ingestion in healthy humans. Thus, the altered CCK, PYY, and ghrelin response to food intake may play a role in the perpetuating post-binge eating behavior in bulimic patients (108).

Ghrelin has an important role in regulation of energy homeostasis and appetite by acting centrally through GHS-R1a or via vagal afferents. Furthermore, ghrelin can activate hypothalamic GABAergic arcuate neurons that secrete the orexigenic peptides NPY and the agouti-related peptide (AGRP). It can inhibit anorexigenic neurons secreting α-MSH resulting in higher energy intake to be induced by increased GABA-mediated inhibitory inputs from NPY/AGRP neurons to hypothalamic glutamatergic arcuate neurons, which express anorexigenic pro-opiomelanocortin (a precursor of α-MSH), and cocaine- and amphetamine-regulated transcript (POMC/CART) (42, 89). Anorexigenic/anxiogenic α-MSH is a 13-amino-acid-long neuropeptide derived from POMC. Activation of POMC neurons leads to stimulation of the melanocortin satiety pathway. Cone has demonstrated that the central melanocortin system operating through α-MSH on MC4R provides the final common pathway signaling satiety (109). High plasma levels and changes of affinity kinetics of autoantibodies reacting with α-MSH and ACTH seem to be caused by the exposure to stress as a result of concomitant hypothalamic-pituitary-adrenal (HPA) axis activation (110, 111). These results support the hypothesis that changes in affinity of autoantibodies reacting with α-MSH and ACTH are involved in the pathogenesis of AN and BN and that increased levels of high-affinity anti-α-MSH or anti-ClpB (α-MSH conformational mimetic produced by Enterobacteriaceae) autoantibodies can induce bulimia, while increased levels of low-affinity anti-α-MSH autoantibodies can induce anorexia (24, 110, 112) (Table 1).

α-MSH and ClpB may exert a dual effect on the anorexigenic/orexigenic pathway. A key role in appetite regulation is played by the melanocortin 4 receptor (MC4R), which is activated by its main ligand α-MSH in both peripheral and central sites. In this vein, α-MSH and ClpB can induce the activation of MC4R expressed on intestinal enteroendocrine L cells which regulate the release of satiating hormones PYY or GLP-1/-2 leading to activation of the POMC neurons releasing α-MSH via the vagal and endocrine pathways (29, 113, 114) (Figure 1). Surprisingly, α−MSH can also induce activation of MC4R expressed on gastric ghrelin cells which stimulate orexigenic hormone ghrelin secretion (73, 92, 93) (Figure 1). In AN patients, plasma α-MSH were significantly lower all over the day. Thus, lower circadian α-MSH levels integrate the adaptive profile of appetite regulation in AN (115).

As mentioned above, the gut microbiota serving as a direct source of antigens was shown to produce molecules that share similar sequence and conformational homologies with some neuroactive peptides (25). Healthy humans display IgG and IgA autoantibodies directed against appetite-regulating hormones and neuropeptides, such as leptin, ghrelin, PYY, neuropeptide Y and others. These neuropeptides share sequence homology with various peptides produced by some commensal and pathogenic microorganisms including Lactobacilli, Bacteroides, Helicobacter pylori, Escherichia coli, and Candida species. The autoAbs may thus affect hunger and satiety pathways (25). The presence of H. pylori was also associated with decreased adiposity, high levels of stomach leptin, and insulin resistance. On the other hand, decreased ghrelin and increased obestatin were found after H. pylori eradication (116, 117). Psychological stress was shown to alter the gut microbiome, e.g. to decrease Bacteroides and to increase Clostridium abundance (118). Certain bacterial proteins of Clostridium perfringens and Enterococcus faecalis were shown to have sequence homology with orexigenic ghrelin (24, 25).

Appetite-stimulating hormone ghrelin (increased in AN) was associated with greater levels of Bacteroides and Prevotella and reduced levels of Bifidobacterium and Lactobacillus. Simultaneously, appetite-suppressing hormone leptin (decreased in AN) showed an inverse association with reduced levels of Bacteroides and Prevotella and higher levels of Bifidobacterium and Lactobacillus in rats (119). In another study incorporating an activity-based anorexia mouse model mimicking the core features of AN, bacterial taxa that correlate positively or negatively with body weight, food intake, and fat mass as well as with hypothalamic mRNA levels of orexigenic NPY and satiety inducer POMC, were identified (120).

Recently, Schalla & Stengel (121) discussed the link between ghrelin and gut microbiota. They surmised that positive effectors such as exercise, prebiotics, probiotics, and food supplements are efficient to increase Blautia cocoides, Bacteroidetes/Firmicutes ratio, Faecalibacterium, Prevotellaceae, Streptococcus, Escherichia coli, Shigella, and SCFA leading to a suppression of plasma acylated ghrelin and a decrease of GHS-R1a-induced food intake and weight regain. Conversely, negative effectors including the gut dysbiosis, food restriction, fasting, antibiotics, and pesticides are able to stimulate Coriobacteriaceae, Veillonellaceae, Clostridium sensu stricto 1, Ruminococcus, Prevotella, and Coprococcus, which may result in an increased plasma acylated ghrelin and its orexigenic and the obesogenic side effects (121).



The Gut Microbiome in AN and BN

It is now generally accepted that the immune and nervous systems maintain a state of systemic homeostasis by continuous communication. The gut microbial content plays an important role in this communication. Disruption of the pathways connecting gut and brain can lead to various psychopathologies (122, 123). In our studies we described the role of gut microbiota and the gut-barrier permeability in the pathogenesis of inflammatory, autoimmune diseases, including neurological, and psychiatric diseases (19, 124–126). Kleiman et al. showed that the intestinal microbiota plays a role in key features of AN, including weight regulation, energy metabolism, anxiety, and depression as well as a role in the development, maintenance, and recovery from BN (127).

Microbial diversity seems to be essential for health and disease prevention (14, 15). The predominant bacterial phyla in the human gut microbiome are obligate anaerobes Bacteroidetes (e.g. genera Bacteroides and Prevotella) and Firmicutes (e.g. genera Lactobacillus, Clostridium, Enterococcus, and Streptococcus), and facultative anaerobes present in lesser abundance such as Actinobacteria (e.g. Bifidobacteria), Proteobacteria (e.g. Escherichia coli), Verrucomicrobia (e.g. Akkermansia muciniphila), and Archaea (e.g. Methanobrevibacter smithii) (128). Microbiome dysbiosis is characterized by either expansion of pathobionts, loss of commensals, loss of microbial diversity, or their combinations (129). There are conflicting results regarding specific changes in microbiome composition in patients with AN (Table 2). Current research and microbiota signature associated with acute ill AN patients show a relative depletion of Firmicutes (e.g. Roseburia, Clostridium, Anaerostipes, and Faecalibacterium prausnitzii) for the benefit of Bacteroidetes (133, 134, 136–138) together with increased abundance in the archeon Methanobrevibacter smithii (130, 131, 134, 136), the mucin-degrader Akkermansia muciniphila (134, 139) and Proteobacteria (Escherichia coli) (131, 136) (Table 2).


Table 2 | Gut microbial studies in patients with AN.



Simultaneously, inconsistent results were reported on bacterial alpha and beta diversity in AN. The gut microbiome exerted lower alpha microbial diversity (describes intra-sample variance) in five studies in underweight AN patients (133, 135, 137, 138, 140); in three additional studies, no difference in alpha diversity was found (126, 134, 136). A significant increase in alpha microbial diversity after weight rehabilitation of patients with AN was shown in two studies (133, 134). Recently, we measured parameters of microbial alpha diversity and detected only an increased Chao 1 index in patients with AN before their renourishment considering their interindividual variation. In this study, weight gain in patients with AN led to a modification of the Chao 1 index which reached healthy control values (126).

Furthermore, differences in beta microbial diversity (describes inter-sample variation) were found in three studies showing higher heterogeneity in AN patients (126, 133, 134). This beta microbial diversity was modified during weight regain in AN patients (126, 133). Bacterial composition of the control and of patients with AN was similar in two studies (136, 138).

Various studies of the gut microbiota in patients with AN revealed an increase in Methanogens (e.g. Methanobrevibacter smithii), while Lactobacillus species were linked to obese patients (130, 131). M. smithii is known to recycle and convert hydrogen and carbon dioxide to methane, increase the transformation of nutrients to calories by free hydrogen reduction in the colon, increase the fermentation of prebiotic fiber and resistant starch generating SCFA (butyrate, acetate, and propionate), thus increasing energy harvest. Methanogens in AN may be thus associated with an adaptive response to very low caloric diet (130) (Table 2). However, M. smithii may contribute to delay gastric emptying and constipation in AN (78). Archaeal family Methanobacteriaceae co-occur with the bacterial family Christensenellaceae and are more abundant in lean individuals with lower BMI (141). Christensenella spp. can efficiently support the metabolism of M. smithii by H2 production (142).

FMT of Christensenella minuta to microbiome-lacking mice, i.e. germ-free mice, led to weight gain and adiposity reduction suggesting a role of the gut microbiome in the altered metabolism of AN (141). Furthermore, FMT from lean donors increased insulin sensitivity in patients with the metabolic syndrome and obesity-associated insulin resistance (143). Conversely, FMT from obese mice to germ-free mice led to greater adiposity and increased weight gain indicating that manipulation of gut microbiome might be a possible approach in the treatment of obesity (144, 145).

Lactobacillus intake may be associated with weight gain, anxiolytic or antidepressant effects and may reduce intestinal permeability. In a recent study, Lactobacillus rhamnosus decreased anxiety and depression and reduced stress-induced ACTH and corticosterone levels in mice. This study demonstrated that these effects are dependent on the vagus nerve and that parasympathetic innervation is necessary for Lactobacillus rhamnosus participation in the gut microbiota-brain interaction (146). Consumption of Bifidobacterium species by rats was found to change serotonin metabolism in the brain (147).

Bacterial species produce a number of neuroactive compounds including serotonin (Bacillus spp., Lactobacillus plantarum, Clostridium ramosum, and Escherichia coli), dopamine, the major disruptor of the mesolimbic-neocortical reward circuit in the brain (Lactobacillus plantarum, Clostridium spp., Escherichia coli, Bacillus spp., Serratia spp.), norepinephrine (Clostridium spp., Escherichia coli, and Bacillus spp.), and acetylcholine (Lactobacillus plantarum), and they synthesize the inhibitory neurotransmitter GABA from glutamate, reducing anxiety and stress (Bacteroides, Escherichia coli, Lactobacillus reuteri, Bifidobacterium, Lactobacillus rhamnosus, Lactobacillus brevis, and Lactobacillus plantarum) (146, 148–158). These microbially-derived neurotransmitters may induce intestine epithelial cells to release molecules that in turn modulate neural signaling within the enteric nervous system and consequently signal brain function and host behavior. Mood and depressive-like behavior regulators include serotonin which is an important neurotransmitter implicated in psychiatric disorders including AN and BN. Hata et al. observed significantly lower brainstem serotonin levels in anorectic mice, which may be associated with reduced tryptophan intake resulting from restricted food intake (159). Recently, Prochazkova et al. (126) detected lower levels of serotonin, dopamine and GABA in fecal samples of patients with AN when compared with healthy women.

The central nervous system (CNS) modulation by microbiota occurs primarily through neuroimmune and neuroendocrine mechanisms. Except neurotransmitters and hormones, this communication is mediated by gut microbial metabolites, including SCFA, bile acids, and tryptophan metabolites. SCFA are generated by microbial fermentation of non-digestible colon polysaccharides.

Overall, there are inconsistent results for fecal concentrations of SCFA and branched-chain fatty acids (BCFA; isobutyrate, 2-methyl-butyrate, and isovalerate) in AN patients (132, 134, 136, 160). In our study, we detected reduced butyrate and acetate in AN, which were not changed after weight recovery (126). Reduced levels of acetate and propionate were found in another study (132), while Borgo et al. found decreased butyrate and propionate concentrations in patients with AN (136).

FMT is a therapeutic procedure to modify the recipient’s gut microbiota. FMT is commonly used for the treatment of recurrent pseudomembranous colitis caused by toxin-producing Clostridium difficile (161). Moreover, FMT was also used to alleviate chronic intestinal pseudo-obstructive syndrome (CIPO) mimicking mechanical intestinal obstruction (162, 163) or the small intestinal bacterial overgrowth syndrome (SIBO). SIBO is a gastrointestinal disorder diagnosed as an excessive and/or abnormal bacterial colonization in the small intestine (more than 105 colony-forming units of bacteria per mL of jejunal aspirate) associated with various metabolic disorders and serious malnutrition found also in patients with AN (68, 163) who suffer from delayed gastric emptying and constipation (164, 165).



Conclusions

Various stressors, especially infectious, but also components of diet, mental stress, and others can modify the gut and the blood-brain barrier function leading to the production of antibodies directed against microbial compounds and cross-reacting with human neuropeptides and neurotransmitters. The interplay between the gut microbiome, immune, hormonal, behavioral, and emotional regulation provides a complex mechanism underlying AN pathophysiology as well as other neuropsychiatric diseases. Immunization against ClpB could be validated as a potential preventive and therapeutic option for AN and BN. The current long-term pharmacological therapy of AN and BN patients is rather inefficient, is associated with adverse side effects, and given that these disorders tend to relapse. New approaches to prevention and therapy could be suggested. The gut microbiota modulation realized by lifestyle changes and by application of prebiotics, probiotics (psychobiotics), FMT could represent an useful tool for prevention and treatment of eating and other neuropsychiatric disorders.
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Parameters Ear Hair Tooth Eyes

Detachment Growth Eruption Open
GROUP Before After Before After Before After Before After
PN4 PN4 PNS PN5 PN10 PN10 PN14 PN14
Control Count 2 30 0 31 6 22 7 10
9% within GROUP 6.2 938 0 100 214 786 412 588
PTU 4mg Count o 24 0 2 8 12 5 6
9% within GROUP 0 100 0 100 40 60 455 545
OMC 250mg Count o 21 0 21 9 10 7 8
9% within GROUP 0 100 0 100 474 526 46.7 533
OMC 500mg Count 6 16 0 22 1 21 10 8
% within GROUP 273 72.7 0 100 45 955 55.6 444
OMC1.000mg  Count 8 21 7 22 6 23 7 21+
9% within GROUP 276 72.4 24.1 759 207 793 2 75

Postnatal day of ear detachment, hair growth, tooth eruption, and eyes open over 16 days of PTU or OMC administration for pups from both genders. Control: Corn ol (vehicie); Data
are displayed as counting and percentage of counting. Animals were observed from PN1 to PN16 (N = 17). The differences were significant at p < 0.05 ('),
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Transcript Forward Primer Reverse Primer Size

CychA CycA-F CycA-R 101pb
PPIA GenelD:5478  5'-gcatac gggtectgg  §'-tge cat cea ace act

cate ttg-3' cag tet tg-3'
GRa GRF GRa-R 159bp
NR3CT, §'gaaggasactocage  §'-gat gat tic age taa
GenelD:2908 cag aac-3' catc tog-8'
Transcript variant 1
GRp NR3CT, GRF GRB-R
GenelD:2908 §-gaaggaaactccage S-tgagegocaagatty 144 bp
Transcript variant 6 cag aac-3' ttg g8
11BHSD1 11BHSDT F 11BHSDT R
HSD11B 1, 5-atgataticaccatlg  §-ataggcagcaaccat  158pb
GenelD:3290 tgo gca—3' tog ataag-3'
11BHSD2 11BHSD2 F 11BHSD2 R
HSD11B 2, S-tegegoggtgeteat  §-gtacgeagetegatg  132pb
GenelD:3291 cac-3' gea ce-d’

PPIA, peptidylprolylisomerase A; NRSCT, nuclear receptor subfamily 3 group C member
1; GR, glucocorticoids receptors; HSD11B1, hydroxysteroid 11-beta dehydrogenase 1;
HSD11B2, hydroxysteroid 11-beta dehydrogenase 2.
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Parameters Co DM B TB+DM Overall p-value

(n=22) (n=18) n=21) n=11)
Age (years) 45 (35-62) 54 (51-61) 41(34-59) 50 (41-62) ns.
Sex (F/M) 9/13 108 813 65 ns.
BCG (%) 95.4 789 762 455 0001
BMI (kg/m?) 27.0 (25.9-29.6) 28,0 (25.1-31.5) 20.9 (19.4-23.9) 269 (23.4-31.9)% <0.0001
Glycemia (mg/d) 895 11 87.0 213H& <0.0001
[rv: 70-100) (84.3-106) (94.5-129) (81.0-104) (161-285)
HoA1G (%) 55 755 58 o7& <0.0001
[rv: 4.8-6] (6.0-5.8) (6.0-10) (6.4-6.3) (7.0-11)
Insuiin (uIU/m) 67 7.4 70 144% 0.0003
[rv: 2.6-25) (6.4-98) (6.7-13) (3.9-86) (6.4-29)
HOMAR 143 322" 161 651"4& 0.0003
[rv: <3.2) (1.08-2.12) (1.82-4.45) (0.832-2.20) (2.31-15.8)
ESR (mm/1° hs) 50 10,0 57.5° 60.0* <0.0001
[rv: 1-15] 2393 (7.8-20.5) (34.5-895) (36.0-92.0)

Co, controls; DM, patients with type 2 diabetes melitus; T8, patients with pulmonary tuberculosis; TB+DM, patients with pulmonery tuberculosis and type 2 diabetes melltus; n.s., not
significant; F, femle; M, mele; BCG, Becillus Calmette-Guerin vaccination; BMI, body mass index. v, reference values; HOMAyg index, finsulin (w/U/mi glycemia (mmoV/L)y/22.5; ESR,
Erythrocyte Sedimentation Rate. Results are shown as median (25-75 percentiles). *different from HCo, p < 0.05; *different from DM, p < 0.05; *different from TB, p < 0.05.
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Parameter On admission Postoperative Reference range

ACTH 10 763 7.2-63.3 pg/mL
Cortisol 18.60 10.90 6.02-18.4 pg/dL.
Aldosterone 271 302 0-353.0 pg/mL
Plasma renin activity 13 14 4.4-48.4 plU/mL
Urinary metanephrine 145.28 15082 38-266 pg/24 h
Urinary normetanephrine 116.54 11486 27-561 pg/24 h
Plasma metanephrine <0.07 <0.07 <0.21 nmol/L
Plasma normetanephrine <006 <006 <0.59 nmol/L.
Urinary epinephrine 14 25 0-14 ng/24 h
Urinary norepinephrine 385 279 1-100 pg/24 h
Urinary doparmine 167.83 108.57 18-504 ng/24 h
Urinary vanillyimandelic acid 16.8 214 0-41.28 pmol//24 h
Urinary homovanilis acid 15.14 866 0-41.86 umol/24 h
TSH 0919 ND 0.27-4.2 plU/mL
3 211 ND 2.0-4.4 pg/mL
T4 11.56 ND 9.32-17.09 ng/L
Dexamethasone suppression test before surgical operation
Dexamethasone Basal 2mg

Cortisol (ug/dL) 185 19.10

ACTH, adrenocorticotropin; TSH, thyroid stimulating hormone; fT3, free triodothyronine;
fT4, free thyroxine; ND, no data.
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Authors

Apple et al. (4)
Kitahara et al. 5)

Park etal. (6)
Lieberum et al. (7)
Dahir et al. @)
Otsuka et al. (9)
Willenberg et al. (10)

Palau et al. (1)
Fohretal. (12)
Thomas et al. (13)
Semacetal. (14)
Chen et al. (15)
Kumar et al. (16)
Tutal etal. (17)
Lietal. (18)
Present case

Age/gender

50/F
12F

51F
64/M
39/F
56/F
B1/F

55/M
23M
70F
68/F
53/F
a6/F
40/F
39M
55/M

AM Cortisol
(ng/el

52
107.1

59
High, ND
306
765
176.0

High, ND
38
744
987
896
%6
61.1
37.68
18.60

ACTH (pg/mi)

167
136

278
95.6
730

318.4
1078

High, ND
287
2730
317.0
432.4
3120
679
151.50
10

Hypertension

+ o+

4 o+t

okt

Hyperglycemia

Hypokalemia

ND

Catecholamine
excess

ND
+

ND
ND

ND

ND

Location

Right nasal sinuses
Lung;

Anterior mediastinum
Paranasal sinus
Mediastinum
Retroperitoneum
Retroperitoneum

Mediastinum
Anterior mediastinum
Left paranasal sinus
Right nasal sinuses
Retroperitoneum
Right nasal sinuses
Left kidney

Thymus
Retroperitoneum

Clinical outcome

Recovery

Died; malignant
paraganglioma

Died of mediastinitis
Recovery

Recovery

Recovery

Died of puimonary
bleecing 6 months after
operation

Recovery

Recovery

Recovery

Recovery

Recovery

Recovery

Recovery

Recovery

Recovery

All are paraganglioma proved by immunohistochemistry. ACTH, adrenocorticotropin; F, female; M, male; ND, not documented.
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Parameter

WBC

Hg

Pit
Neutrophil
Eosinophil
Lymphocyte
Glucose
Na*

K

WBC, white blood cell; Hg, hemoglobin; Plt, platele

‘On admission

10.1
14

246

7.57
01
25
8

1406

34

Postoperative

83
14
284
5.84
0.0
24
78
1428
47

+

Reference range

5.2-11.4 103/pL
12-16 g/dlL
130-400 10%uL
1.9-8 10%/uL
0-0.810%/pl
09-5.210%/uL
70-100 mg/dL
136-145 mmol/L
3.5-5.1 mmol/L.

(*+, potassium.
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Transcript
RPL13a

Rpl13a, Gene ID: 22121
IL-1r1

1r1, Gene ID: 16177
IL-18

Ii1b, Gene ID: 16176
EPAC2

Rapgefd, Gene ID: 56508
Ptgs2

Ptgs2, Gene ID: 19225
Me2r

Mec2r, Gene ID: 17200

Specific selected primers for IL-1, IL-1r1, EPAC2, Ptgs2, Mc2y, and RPL13a transcripts (quantitative polymerase chain reaction). RPL13a, ribosomal protein L13A; IL-1r1, interleukin 1
receptor type I; IL-18, interleukin 1 beta; EPAC2, rap guanine nucleotide exchange factor (GEF) 4; Ptgs2, prostaglandin-endoperoxide synthase 2; Mer2, melanocortin 2 receptor; bp,

base pair.

Forward primers

RPLI3a-F

5'-gea tga ggt ogg otg gaa g-3'
IL-1r1-F

5/-tac agg gac tec tge tet ggt -3’
IL-1p-F

§'-age tga aag ctc tec acc tea at-3’
EPAC2-F

5'-gta cta cag gag cca gee ctt-3'
Ptgs2-F

§'-agt tca toc otg ace coc aag-3'
Me2r-F

5'-gac ctt otg coc aaa taa ccc t-3'

Reverse primers

RPL13a-R
§/-ctc cac att ctt ttc tge ctg tHt-3'
L-1r1-R

§/-coc toc aag ace tea ggo aa-3’
IL-18-R

5/-gtg ggt gtg ceg tot tto att a-3'
EPAC2-R

5/-atg gec tte gag got cta ato -3’
Pigs2-R

5'-gaa aag gog cag ttt atg ttg tet-3'
Me2r-R

5/-cgg ttg cag aag age atc ctt -3’

Product size (bp)

133

152

163

149

185

159
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Gene ID logzFC

UP-REGULATED

Chemokines Csf3 10.89
Co2 957
Cxcll0 8.06
Cxelt1 796
Cell1 7.67
Csf2 7.41
Col? 735
Cols 7.8
Leukocyte adhesion Selp 867
Sele 6.13
Veam-1 6.40
lcos! 58
Angiopoiesis Pdgf 584
Angpt2 572
Inflammation e 979
Sphki 759
IL27 7.18
Plgs2 74
ILim 637
Acodt 656
Serpint 6.44
cp2r4 585
Saa3 571
INF-induced genes Mt 806
Ifit2 6.11
1ft3 599
Ifitt 585
IrfS 5.78
DOWN-REGULATED
Wnt & VEGFR signaling PHk7 -8
Apoptosis &Autophagy Dapk2 —4.96
Development Shh -5.93
Cell junctions Rapsn —8.44
Dsc2 —6.1
Zedgz —5.42
Kenb1 -463

Podhi2 _a21
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AAPs

Olanzapine

Clozapine

Quetiapine

Asenapine

Aripiprazole

Risperidone

Paliperidone

lloperidone (see
Supplementary Material
section)

Ziprasidone

Lurasidone
(see

Supplementary Material
section)

Diseases

Schizophrenia
Bipolar disorder
(mixed or

manic episodes)

Treatment-
resistant
schizophrenia
Psychosis
Depression

Schizophrenia
Bipolar disorders
Depression

Bipolar

depression

Aniety

Deliium

Obsessive
compulsive disorder
Schizophrenia
Bipolar disorders
Bipolar disorder in
children

and adolescents

Bipolar disorder
(manic and mixed
episodes)
Schizophrenia
Irritability
associated ASD
Tourette
syndrome
Adjunctive
treatment for MDD
Schizophrenia
Schizoaffective
disorder
Schizophrenia in
pediatric
population s
(13-17 years)
Bipolar mania in
pediatric
population (10-17
years)
Autism-related
initabilty

(>5 years)

Schizophrenia
Schizoaffective
disorder
Schizophrenia in
pediatric
population
(12-17 years)
Acute phase of

Stabilization
phase

of schizophrenia
Schizophrenia
Bipolar disorders

Schizophrenia
Depression

associated with
bipolar disorder

Endocrine effects

Lower concentrations of BNDF
Insulin-resistance

Increase in serum prolactin (only female in
short term treatment)

Decrease in serum prolactin (long term
treatment)

Hyperinsulinermia

Diabetic ketoacidosis

Increase in leptin

Decrease in ghrelin

Increase in postprandial ghrelin (rats)
Decrease in cortisol

Glycemic deregulation

Insulin resistance

Increase in leptin levels

Increased cholesterol concentration
Sialorrhea (secondary to VIP interaction with
muscarinic receptor)

Ovarian mitochondrial dysfunction

Low incidence of hyperprolactinernia
Insulin resistance

Low levels of insulin

Hyperglycemia

High levels of glucagon

High levels of growth hormone

Low levels of T4 and free T4

High levels of TSH

Low levels of cortisol

Hyperinsulinermia
Variation in glucagon release
Hypoprolactinemia

Increased DNA methylation of GLUTA
Increased fatty acid synthesis and
hypertriglyceridernia

Decreased levels hyperprolactinernia

Hyperprolactinemia (human and pigtail
macaques).

Decrease i testosterone levels in women
and estradiol levels in both genders.
Increase in leptin and insulin levels.
Increase in TSH levels.

Decrease in adiponectin levels.

Increase in insulin levels in FVB/N line (mice).

Decrease in a-MSH, AGRP, and CART (rats).
Increase in glucagon, leptin, and ghrelin
levels (rats).

Ovarian mitochondiial dysfunction (rats).

Hyperprolactinemia
Elevated insulin levels.

Hypoprolactinernia
Hyperprolactinermia with galactorrhea

Hyperprolactinermia with galactorrhea
Hypocortisolemia

Decrease in levels triglyceride levels
Increase in HDL cholesterol

Immune effects

Increased levels of IL-1, IL-6, and TNF-x
(mice)

Eosinophilia

Hypersensitivity syndrome

Leukopenia

Decrease in IL-6 and TNF-« production
(THP-1 cells)

Increased levels of IL-10, IL-6, and TNF-a.
Decreased levels of IL-12

Reduction in NO levels

Decreased expression of 5-HToaz in T
lymphocytes

Inhibits Th1 differentiation

Neutropenia
Leukopenia

Agranulocytos's,

Thrombocytopenia

In vitro: low levels of IL-2

In vitro: high levels of TNF-a and IL-17
In vitro: high levels of IL-4 and IL-10
In vitro: low levels of IFN-y

High plasrma levels of BDNF

No available data

Decreased levels of TNF-a, IL-8, IL-21, IL-13,
IL-17, CXCL1, OXCL10, CCL4, IFN-y, IL-1-B,
IL-6, IL-12, IL-23, and IL-4.

Reduction of levels of PGE2, COX2, and NO.
Increase Glutathione peroxidase (GSH-Px)
and Superoxide Dismutase (SOD)

Leukopenia
Neutropenia

Lymphopenia
Thrombocytopenia

Fever

Development  of  acute
preumonia

Elevated BDNF levels only in relapsing males
Increase in IL-6, TNF-a, and CRP levels (rats)
Decreased IL-18, IL-6, IL-8, MIP-1B,
fraktaline, TNF-o, IL-7, IL-13 IL-17a, IL-
23, IL-21, IL-4, IL-10, eotaxin, and MCP-1
levels.

Increase in IL-10, IL-RA, and TNF-q levels.
Increase in Igy chain levels.

Decrease in titers of platelet-associated
antibodiies titers.

Reduced platelet aggregation.

Reduction in IFN-y production and Th1
differentiation by PBMCs.

Reduction in IFN-y production by CD4 T cells.
Increased IL-10, IL-6, IL-8, and TNF-«
production by MDDCs.

Decreased IP-10 and IL-12 production by
MDDCs with neutrophil death and decreased
IFN-y secretion by T cells

Inhibition of adhesion, phagocytosis, and
ROS in U-937 cells

* Decrease in IL-6 and IL-8 and increase IL-10
production by macrophages.

Decreased Th17 cell count.

Induction of NF-kB target genes in
adipocytes.

Increased TLR2 expression in T cels.
Decreased TLR4 expression in monocytes.
Up-regulation of genes in blood cells: cytokine
receptors, PRRs, molecules involved in
apoptosis, BDKRB1, IGF1R, and CRI.
Increased of VCAM, ICAM, E-selectin, MCP-
1, and TNF-a levels in aortic tissue (rats)

* Decreased IL-17, IL-2, and IL-4 secretion
in acute EAE; increase splenocytes Tregs,
CD4* T cells and IFN-y levels in chronic EAE
(mice)

Decrease IL12 and increase  IL-10
production; reduction of IFN-y, IL-17,
and increase IL-10 production by T cells
(mice).

Increased NO levels and apoptosis;
decreased Bo/BAX, IL-10 production and
increase IL-1, IL-6, TNF-o and IFN-y in RAW
264.7 line (mice)

Leukopenia
Neutropenia

Lymphopenia

Agranuiocytosis

Increase in BDNF levels

Enrichment of NF-«B pathways
Decrease in cell survival (U-937 cell ine)

eosinophiic

No available data

« Agranulocytosis
Low levels of IL-10

It induced allergic responses: high levels of
19G and complement proteins C3 and G4

In vitro: high levels of NO and ROS

In vitro: high levels of IL-1, IL-6, TNF-a,

and IFN-y

« Decrease in G-reactive protein (CRP)
Leukopenia
* Thrombocytopenia
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Olanzapine
Clozapine
Quetiapine
Asenapine
Aripiprazole
Risperidone
Paliperidone
lloperidone
Ziprasidone
Lurasidone

The binding affinity (Ki) are expressed in nM by each AAPs and receptor when the information was available. 1

M1

73.0
6.1
858.0

6780.0
>10,000
>10,000

nd

300.0
>1,000

12

1

o

D1

1.0
266.2
7120

1.4
265.0
580.0
554.0
216.0
130.0
262.0

nd
nd

D2

14.4
167.0
245.0

13

66.0

3.2

28

£l

4.8

16

12 D3

2
1
1
1
2
1
1
2
1
1

43.0
269.0
4830

0.4
0.8
18.0
75
i

72
16.7

12

2
1
1
1
2
1
1
2
1
1

D4

50,0
263
12020
14
440
220
38.0
250
105.0
300

12 5HTia

2 34420
1 12387
1 4320
1 25
2 55

1 2820
1 10300
2 168.0
1 76.0
nd 6.7

1/2 5HTzn 1/2 SHTx 1/2 5HTs

1
-4
2
1
2
1
1
1
2
2

4.0
5.3
101.0
0.1
8.7
0.5
0.8
56
1.4
20

2
1
1
1
1
2
&
2
1
1

1100 2
944 1
25020 1
003 1
2200 2
1900 2
19.00 2
14.00 2
13.00 2
41500 nd

1/2 SHT; 1/2

2
1
1
1
1
1
1
2
1

nd
179
307.0
1.4
96
35
3.8
22.0
9.3
05

intagonist; 2 = agonist; nd = non determined.

«1A

19.0
16
22.0
1.2
26.0
8.0
1.0
>10000
18.0
48.0
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Two-way ANOVA analysis
p-value

Time

<0.0001
0.4015
0.0002
0.1616
0.0437
0.0035

<0.0001

<0.0001

0.0042
0.2610
0.0022
0.0165
0.0226
0.2071

0.4456
0.8306
0.9390
0.0274
0.0935
0.0004
0.0064
0.6143
0.5214

0.1598
0.0257
<0.0001
0.3438
0.2189
0.4675
0.9284

Diet

0.3308
0.9599
0.1484
0.7026
0.9673
0.9989
0.5351
0.0573

0.1705
0.4658
0.0140
0.7572
0.0014
0.4654

0.0888
0.8648
0.8424
0.0024
0.0025
0.1116
0.0412
0.7868
0.6840

0.8468
0.0194
0.7817
0.0934
0.6340
0.1899
0.6975

Diet, Time, and Interaction effects were evluated in microglia for circadlan, inflammatory,
‘metabolic, and mitochondial genes. Statistical significance was determined using Two-
way ANOVA effect for Interaction, Diet, and Time (Z1). Data are presented as means &
SEM. Genes are considered rhythmic when p < 0.05 (Bold).
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Median ages Clinical characteristics

Prenatal —birth Decreased fetal movements
Lower birth weight and body mass compared to sibs
0-9 months Severe hypotonia
Feeding problems and failure to thrive
9-25 months. Improved feeding and appetite
Normal growth
Delayed physical and social milestones
2.1-4.5 years Weight increasing without appetite increase or excess
calories
45-8years Weight increasing with appetite increase

Giobal developmental delay
8 years—adulthood  Hyperphagic, rarely feels satiety
Mild intellectual disability and behavior problems
Hypogonadism
Adulthood Appetite no longer insatiable for some
‘Short stature and small hands and feet

Gunay-Aygun et al. (13); Miller et al. (14); Driscoll et al. (5)
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Administration route

Intranasal (IN)

Intranasal (IN)

Tail vein injection (TV)
Intravenous injection (IV)
Tail vein injection (TV)
Tail vein injection (TV)
Tail vein injection (TV)

Protein dosage

15 ng
10 g
100 pg
250 uL
100 png
100 pg/day for 3 days
100 pg

Quantity

7.5 x 109 exosomes
3 x 109 exosomes
EVs released by 2 x 108 MSCs

References

Long et al., 2017
Kalani et al., 2016
Zhang et al., 2017¢
Doeppner et al., 2015
Xin et al., 2013

Song Y. et al.,, 2019
Shen et al., 2018





OPS/images/fendo-10-00864/crossmark.jpg
©

2

i

|





OPS/images/fendo-10-00719/fendo-10-00719-t001.jpg
Gene Primers sequence

coitb Forward 5 GAGCATCAATAGCCAGCCTCAGTG &
Reverse 5' CCAACAGCCAGGTCCATCAAGC 3
iNOS Forward 5 GTTTACCATGAGGCTGAAATCC &
Reverse 5/ CCTCTTGTCTTTGACCCAGTAG 8
Arg-1 Forward 5/ CATATCTGCCAAAGACATCGTG &'
Reverse 5" GACATCAAAGCTCAGGTGAATC 3
p-actin Forward 5/ CTACCTCATGAAGATCCTGACC 8/
Reverse 5 CACAGCTTCTCTTTGATGTCAG &
NF-<B Forward 5 CAAAGACAAAGAGGAAGTGCAA &
Reverse 5/ GATGGAATGTAATCCCACCGTA S’
TRAFS Forward 5 GAAAATCAACTGTTTCCCGACAY
Reverse & ACTTGATGATCCTCGAGATGTC 3"
IRAKA Forward 5 GTTATGTGCCGCTTCTACAAAG &'
Reverse 5 GATGTGAACGAGGTCAGCTAC 3"
TNF-o Forward 5/ ATGTCTCAGCCTCTTCTCATTC 3
Reverse 5 GOTTGTCACTCGAATTTTGAGA &'
L6 Forward 5 CTCCCAACAGACCTGTCTATAC 3/
Reverse 5 CCATTGCACAACTCTTTTCTCA S
IL-10 Forward 5 TGCTAACCGACTCCTTAATGCAGGAC 3
Reverse 5 CCTTGATTTCTGGGCCATGCTTCTC &
us Forward 5 CTCGCTTCGGCAGCACA Y
Reverse 5 AACGCTTCACGAATTTGCGT &
miR- Forward 5 CGCTGAGAACTGAATTCCATGGGTT 8/
146a-5p

p-actin was used as mRNA and U6 as miRNA reference gene, with the 2~24Ct method
used for quantitation. Triplicate experiments were performed and repeated at least 3 times.
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Molecules Types

Class 1and 2in
invertebrates; class 3, 4, 5,
6, and 7 in vertebrates;
class 8 in viruses
Subclasses designated with
letters (ie., Sema3A or
SemadD, etc.)

Class 1and 4-7
semaphorins are
transmembrane proteins;
class 2, 3 and viral
‘semaphorins are soluble
proteins

SemadD has a soluble form

Semaphorins

Neurotrophins (all of them
are soluble proteins)

Nerve growth factor (NGF)
Brain derived neurotrophin
factor (BDNF)

Neurotrophin 3 (NT-3)
Neurotrophin 4 (NT-4)
Pro-forms and mature forms
are released. Pro-forms can
be cleaved intra

or extracellularly

Receptors on neural cells

Plexins: grouped into four
classes (A-D), and
presenting many different
subtypes

Neuropilins: co-receptors
for class 3 semaphorins

Tropomyosin-related kinase
(Trk) receptors A, Band C,
high-affinity receptors for
mature forms of
nerotrophing

p75 neurotrophin receptor
(P7SNTR), “low-affinity
receptor,” showing high
affinity for pro-forms
PTSNTR is specifically
re-expressed under cytokine
influence and during injury
[reviewed in (96-104)]

Activities

Axon guidance molecules with
capacity to attract or repel
axonal growth cones.
Modulation of synaptic activity in
the hippocampus

Plasticity in uterine sympathetic
nerves

Modulation of hormone release
in the pituitary

Organogenesis, angiogeness,
neuronal apoptosis and tumor
progression

Many immune functions:
cell-to-cell contact, modulation
of immunological synapses,
regulation of immune cell
activation (by serving as
costimulatory molecules),
proifferation, differentiation, cell
migration, and cytokine
production

Mature forms promote cell
survival, axonal and dendritic
outgrowth, mainly via Trk
receptors

Neurotrophins (mainly their
pro-forms) can also mediate
axonal degeneration or
apoptosis via p75NTR, when Trk
receptors activation is reduced
or absent

Synaptic plasticity within the
hippocampus

Plasticity in uterine sympathetic
nerves

Immune functions: modulation of
immune cells apoptosis,
proiiferation and

cytokine production

Expression on immune cells

4A Semaphorin: expressed on
antigen-presenting cells (52)

4G Semaphorin: upregulated on
folloutar T helper cells (53)

4D Semaphorin: expressed on T
cells, B cells and denditc cells (DCs),
markedly increased upon activation
[reviewed in (49-51)]

6D Semaphorin: present in T cells, B
cells and NK cells (49-51)

7D Semaphorin: seen in activated T
cells and in double positive
thymocytes (49-51)

3A Semaphorin: produced by
activated CD4*+ and CD8* T cells,
hurman blood peripheral monocytes,
macrophages and DCs (54, 55)

3F Semaphorin: present in T-cell
precursors in the human thymus (56)

BDNF: in vitro on activated human T
cells, B cells and monocytes (82)
NT-3, BDNF, TrkB, and TrkC: human
immune cels (83)

NGF, BDNF, NT-3, and NT-4/5: rat T
cells, significantly increased upon
antigen activation (84)

BDNF, pro-BDNF, and Trk receptors:
hurman B cels (92)

TrkA: human monocytes (95)
p7SNTR: murine and human
plasmacytoid denditic cels (94)
P75NTR and pro-BONF: murine
innate immune cells (93)

Elevated levels of neurotrophins found
in many different inflammatory
scenarios (85-91)

These molecules are widely expressed in many different cell types, in some cases under the influence of cytokines in an inflammatory milieu.
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