Appendix
This appendix is divided into two parts. The first part is a complement to this article to help in reasoning about the exposed theory.

The second is a rewrite of the first article appendix with our current understanding of COVID-19.

It is necessary, for example, since the hemophagocytic syndrome is rare in COVID-19, and what justifies the anaemia presented by patients is due to other phenomena. Does this detract from some of the previous publications? NOT! This is science: dynamic and changeable.

Enjoy the reading!
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First Part: Additional information
To complement the reading of the article and expand the concepts concerning the tryptophan and COVID-19, I recommend the following assignments:
IMMUNOTHROMBOSIS

Kimberly Martinod & Carsten Deppermann (2020) Immunothrombosis and thromboinflammation in host defense and disease, Platelets, DOI: 10.1080/09537104.2020.1817360
Citation: Yang J, Wu Z, Long Q, Huang J, Hong T, Liu W and Lin J (2020) Insights Into Immunothrombosis: The Interplay Among Neutrophil Extracellular Trap, von Willebrand Factor, and ADAMTS13. Front. Immunol. 11:610696. doi: 10.3389/fimmu.2020.610696

IDO-1 AND IMMUNE RESPONSE
Wu, H., Gong, J., & Liu, Y. (2018). Indoleamine 2, 3-dioxygenase regulation of immune response (Review). Molecular Medicine Reports, 17, 4867-4873. https://doi.org/10.3892/mmr.2018.8537
Sorgdrager FJH, Naudé PJW, Kema IP, Nollen EA and Deyn PPD (2019) Tryptophan Metabolism in Inflammaging: From Biomarker to Therapeutic Target. Front. Immunol. 10:2565. doi: 10.3389/fimmu.2019.02565
SEROTONIN AND IMMUNE RESPONSE AND THERMOGENESIS

Crane, J., Palanivel, R., Mottillo, E. et al. Inhibiting peripheral serotonin synthesis reduces obesity and metabolic dysfunction by promoting brown adipose tissue thermogenesis. Nat Med 21, 166–172 (2015). https://doi.org/10.1038/nm.3766
TO RECALL THE THEORY ABOUT HOW SARS-COV-2 RELATES TO ITS HUMAN HOST
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Barros D’Elia Zanella, L.G.F.A.; de Lima Galvão L. The COVID-19 Burden or Tryptophan syndrome: autoimmunity, immunoparalysis and tolerance in a tumorigenic environment.

LUNG FIBROSIS AND ADENOSINE
Luo, Fayong et al. “Extracellular adenosine levels are associated with the progression and exacerbation of pulmonary fibrosis.” FASEB journal : official publication of the Federation of American Societies for Experimental Biology vol. 30,2 (2016): 874-83. doi:10.1096/fj.15-274845

Pelleg A., Polosa R. (2018) Adenosine Receptors in the Lungs. In: Borea P., Varani K., Gessi S., Merighi S., Vincenzi F. (eds) The Adenosine Receptors. The Receptors, vol 34. Humana Press, Cham. https://doi.org/10.1007/978-3-319-90808-3_18

Second Part: Second part: reviewing concepts and maturing ideas

SYSTEMIC VASCULITIS WITH VARIABLE EOSINOPHILIA

EOSINOPHILIA IN COVID-19

Eosinophils express indoleamine 2,3-dioxygenase (IDO), which catalyses the oxidative degradation of L-tryptophan through the kynurenine pathway, resulting in inhibition of effector T cell responses and induction of suppressive immunity. Furthermore, tumour cell derived thymic stromal lymphopoietin (TSLP) increases the expression of interleukin-4 (IL-4) and IL-13 in eosinophils, and IL-13 (likely IL-4 as well) can polarize macrophages into a tumour-promoting activation state characterized by an immunosuppressive phenotype. Tumour cell derived TSLP also increases the expression of vascular endothelial growth factor A (VEGFA), which induces angiogenesis. Eosinophils may synthesize and release a plethora of other growth factors, such as epidermal growth factor (EGF) and transforming growth factor-β1 (TGFβ1), which can induce tumour cell growth and epithelial mesenchymal transition, respectively. Eosinophil migration into circulation is regulated primarily by IL-5. Circulating eosinophils interact with endothelial cells, migrate through the vessel wall, and infiltrate a target organ by a regulated process involving the interaction between adhesion molecules, chemokine receptors on eosinophils (CCR3) via their respective chemokine gradients (eotaxins), and cytokines (in particular products of Th2 and ILC2 cells, such as IL-4, IL-5, IL-13). The characteristic pathologic findings of eosinophil involvement in vasculitis include eosinophilic infiltration in tissue and intravascular and extravascular granuloma formation with a zone of centralized eosinophilic necrosis and surrounding epithelioid cells, histiocytes, multinucleated giant cells, and neutrophils[30,56,57,79,80].

Eosinophilia is a cause of neurologic symptoms that cause confusion and other types of psychiatric disorders of mood, in addition to IL-6 and neural inflammation, whose physiopathology has been studied and assumed to be of great importance.

We are admitting patients with heart failure who had normal cardiologic exams after COVID-19, but one to three months passed by, and they are coming back to the hospital with symptoms of heart failure. Myocarditis is prevalent, and we think it is due to eosinophils, since the lung pattern of image is formation pneumonia and atelectasis that resemble eosinophilic vasculitis, besides we have been performing bronchoalveolar lavage with cytology, some of them with eosinophilic pattern, or with high IgE levels on sera, or systemic symptoms[59,75,76,81]. Increases in the number of circulating eosinophils as well as inflammation-induced surges in the expression of eotaxins, IL5, or other chemoattractant (including complement anaphylatoxins C3a and C5a) cause the migration of inflammatory eosinophils towards nonphysiologically homing tissues. The heart is one of the preferential targets for eosinophil inflammation; furthermore, 0.5% of myocardial autopsies show signs of eosinophil infiltration irrespective of the inciting cause. The reason for the preferential homing of eosinophils in the myocardium under systemic inflammation is not clear. Impaired IFNγ-Th17- or NK-dependent responses have been claimed as potential favouring factors. We observed many symptoms with diarrhoea, abdominal pain, and an interstitial image in the lung. It is not a coincidence. Behind all these symptoms there is eosinophilic syndrome triggered by the acute phase of SARS-CoV-2 infection[77,78].

EOSINOPHILIA MYALGIA SYNDROME

Credits: W. O. SPITZER, J. L. HAGGERTY, L. BERKSON, W. DAVIS, W. PALMER, R. TAMBLYN, R. LAPRISE, J. M. FATTH, J. G. ELMORE, R. I. HORWTTZ, CONTINUING OCCURRENCE OF EOSINOPHILIA MYALGIA SYNDROME IN CANADA, Rheumatology, Volume 34, Issue 3, March 1995, Pages,246–251, https://doi.org/10.1093/rheumatology/34.3.246
Website

More in:  http://www.apfed.org
And: National Eosinophilia Myalgia Syndrome Network, in: https://rarediseases.org/rare-diseases/eosinophilia-myalgia-syndrome/#references
The symptoms and severity of eosinophilia-myalgia syndrome can vary greatly from one person to another. In most cases, the onset of the disorder is rapid.

The initial symptoms associated with eosinophilia-myalgia syndrome include breathing difficulties such as shortness of breath (dyspnea) and muscle aches, cramping and spasms. Muscle pain (myalgia) also occurs and may become progressively worse. Eventually, muscle pain may become incapacitating making it difficult to walk or perform daily activities. The muscles of the legs, back and shoulders are most often affected. Muscle spasms may be triggered by movement or exercise. Muscle weakness usually does not occur until later during the disorder.

Additional symptoms that often occur during this earlier phase of eosinophilia-myalgia syndrome include cough, fever, fatigue, joint pain (arthralgia), swelling due to the abnormal accumulation of fluid (edema), and a sensation of numbness or tingling, most often in the hands, feet, arms or legs. Affected individuals may also develop a rash that can be extremely itchy (pruritus). This initial (acute) phase of the disorder usually lasts approximately 3-6 months.

After this initial phase, affected individuals experience chronic symptoms that can affect several different organ systems of the body. The skin is the organ most often affected and may slowly swell, thicken and harden (eosinophilic fasciitis). The arms and legs are most often affected. Some individuals develop small areas of hair loss (alopecia).

The central nervous system becomes involved in some cases and can cause decreased feeling (sensation) in the hands, increased sensation (hyperesthesia) in the back and arms or legs, progressive muscle weakness, bladder dysfunction, changes in mood or behavior and cognitive deficits such as memory loss, difficulty concentrating and difficulty communicating. However, the relationship between cognitive deficits or behavioral changes and eosinophilia-myalgia syndrome is controversial. Some researchers believe these problems arise from severe pain, depression and disturbances in sleep patterns associated with eosinophilia-myalgia syndrome and not from the direct, underlying effects of the disorder.

Additional symptoms can occur during the chronic phase of eosinophilia-myalgia syndrome although they occur less often than the abovementioned symptoms. Such symptoms include heart (cardiac) abnormalities including inflammation of the heart muscle (myocarditis), irregular heartbeats (arrhythmias) and palpitations. Some individuals may have gastrointestinal symptoms including nausea, vomiting, diarrhea and abdominal pain.

Muscle pain, the characteristic finding of the acute phase, also occurs during the chronic phase of the disorder, although it often comes and goes (remission and relapse). Fatigue, which can be profound, also occurs during the chronic phase. Muscle cramps and shortness of breath are also present.

Diagnosis

EMS is a syndrome with multiple clinical presentations and variable severity. The first clinical reports showed that most patients developed profound eosinophilia and severe myalgias. Further, other symptoms included joint pains, weakness or fatigue, difficulty breathing or cough, rash, headache, peripheral oedema (swelling), fever and abnormal tingling sensations. Most patients also showed an elevation of an enzyme called serum aldolase, which is an indicator of muscle damage. About one-half of the patients had abnormal liver function tests.

Clinical and histopathological findings of EMS overlap those of eosinophilic fasciitis a fibrotic syndrome characterized by tender swelling and hardening of subcutaneous tissues especially in arms and legs.

There are no medical tests to definitively diagnose EMS. Many physicians lack knowledge of EMS, and therefore, patients may be diagnosed with diseases that have overlapping symptoms, such as fibromyalgia, chronic fatigue syndrome, lupus, arthritis, fasciitis, and other autoimmune or neuromuscular disorders with similar symptoms. Criteria for the diagnosis have been described that are useful.

Clinical features

EMS is a syndrome with multiple clinical presentations and varying severity. The first clinical reportsshowed that most patients developed profound eosinophilia and severe myalgia. In addition, anothersymptoms included joint pain, weakness or fatigue, difficulty breathing or coughing, skin rash, headache,peripheral edema (swelling), fever and abnormal tingling sensations. Most patients alsoshowed an elevation of an enzyme called serum aldolase, which is an indicator of muscle damage.About half of the patients had abnormal liver function tests.

The clinical and histopathological findings of EMS overlap with those of eosinophilic to fibrotic fasciitissyndrome characterized by sensitive edema and hardening of the subcutaneous tissues, especially in the arms andlegs.

There are no medical tests to definitively diagnose SME. Many doctors are unaware of EMS andtherefore, patients can be diagnosed with diseases that have overlapping symptoms, such asfibromyalgia, chronic fatigue syndrome, lupus, arthritis, fasciitis and other autoimmune orneuromuscular diseases with similar symptoms. Diagnostic criteria have been described which areuseful.

Credits: Pulmonary Vasculitis

Dayna J. Groskreutz MD, Jess Mandel MD, in Pulmonary Vascular Disease, 2006

The pathophysiology of eosinophilia-myalgia syndrome is poorly understood. Nonspecific constitutional symptoms probably are caused by immunologic and inflammatory events during the acute phase of the disease. Serum levels of cytokines such as IL-5, interferon-γ, IL-2, and IL-4 may be elevated, especially during the acute phase and in patients with fasciitis and eosinophilia[100].
The signs and symptoms of eosinophilia-myalgia syndrome are variable, but many patients complain of flu-like constitutional symptoms such as fever, weight loss, and fatigue. Pulmonary symptoms include non-productive cough and dyspnoea in 30-80 percent during the acute phase[101]. Of the original 1,500 cases identified by 1990, 611 (59 percent) reported cough or dyspnoea[102]. Interviews of 16 patients meeting CDC criteria for eosinophilia-myalgia syndrome were performed in another study, and pulmonary symptoms appeared more prevalent: 14 (87 percent) reported dyspnea, 10 (62 percent) complained of chest tightness, 7 (44 percent) had chest pain, 7 (44 percent) reported wheezing, and 5 (31 percent) complained of a non-productive cough[103].
Eosinophilia-myalgia syndrome generally is characterized as having two phases: acute and chronic. The acute phase includes myalgias, fevers, rash, arthralgias, weight gain, edema, and dyspnea, while the chronic phase includes muscle cramps and pain, weakness, weight loss, fatigue, neuropathy, and scleroderma-like skin changes.

Chest radiograph findings are variable. A retrospective study reviewed the chest radiographs of 18 patients identified by state epidemiologists as meeting criteria for eosinophilia-myalgia syndrome. Of the 18 patients, 9 had normal results. Three radiographs demonstrated fine, irregular linear opacities most prominent at the bases, while three exhibited fine, irregular linear opacity.
Symptoms associated with EMS vary widely and can include:

Initial symptoms

• Acute pain

• High blood eosinophil count

• Strong muscle cramp and / or pain

• Pain in muscle tissues

• Neuropathy (malfunction of the nerves resulting in numbness, weakness, burning pain and loss of reflexes)

• Joint pain

• tremors

• Swelling of soft tissues

• Sensations of numbness, tingling or burning

• Sensitivity and swelling of the extremities • Dry skin patches of yellow or ivory color that become hard and slightly depressed

• Low fever

• Pulmonary disorders

• Skin rashes

• Weakness and severe fatigue

• Gastrointestinal problems

• Cardiac arrhythmia

• Hair loss

• Cough

• Headache

Symptoms and complications developing later

• Loss of short-term memory, decreased concentration, communication problems

• Muscle and joint pain

• Severe pain in the nerves

• Cardiomyopathy (heart muscle disease)

• Irreversible scarring of the liver

• Internal fibrosis (excessive growth of hard and fibrous tissue that replaces normal bone tissue in a single bone. Symptoms include pain and bone fracture)

• High pressure

• Desmoid tumor (benign soft tissue tumors that are widely intertwined with the surrounding tissues)

• Malignant fibrous histiocytoma (a rare disease in which histiocytes begin to multiply and attack the person's own tissue or organs, resulting in tissue damage, fatigue and other symptoms) • Scleroderma-like syndrome (a fibrous connective tissue disease in skin and sometimes also on other organs of the body)

• Fibromyalgia syndrome (causes chronic pain, stiffness and tenderness in muscles, tendons and joints without detectable inflammation)

• Chronic fatigue syndrome

• Post-traumatic stress disorder (a psychological disorder that develops in individuals who have had significant traumatic experiences)

• Depression

• Vision and dental problems

Figure 25.
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The time of COVID-19 with a later stage of Hyper inflammatory syndrome with variable eosinophilia, which seems to be dependent on the magnitude of the hypoxemia time to which a person was subjected to the first 14 days of the disease. The magnitude of hypoxemia must be responsible for the consumption of niacin and the diversion of the tryptophan cascade to form more vitamin B3. However, highly inflammatory medium tends to cascade to the formation of Kynurenine and its toxic metabolites. The symptoms for the resulting patients are due to eosinophilia and can be confused with the condition and EGPA, other eosinophilic syndromes, although COVID-19 provides all the conditions for an autoimmune disease and a true EGPA. Kynurenine 3-monooxygenase (KMO) is the only route of 3-hydroxykynurenine production known to occur in humans. KMO localizes to the outer membrane of mitochondria, and is highly expressed in peripheral tissues, including liver 
https://apfed.org/about-ead/eosinophilia-myalgia-syndrome/

COVID-19 AND TRYPTOPHAN METABOLISM: this is not a good “tryp”

LOW TRYPTOPHAN AND THROMBOSIS

Mechanisms of tryptophan-derived uremic toxins promoting thrombosis. Tryptophan-derived uremic toxins promote thrombosis by inducing platelet hyperactivity, endothelial dysfunction, production of endothelial and platelet microparticles, and TF expression on monocytes, vascular smooth muscle cells, and endothelial cells. TF induction is mediated by AhR (aryl hydrocarbon receptor) activation. A decrease in NO bioavailability and an induction of ROS in platelets and endothelial cells participate in the thrombotic effects of tryptophan-derived uremic toxins (Figure 4a) [31,32]. Endothelial cells can synthesize von Willebrand factor (vWf) protein, which is then either secreted in a constitutive way or stored within specific cellular secretory granules, Weibel-Palade bodies. Stimulated secretion of vWf from these organelles is thought to be induced by agonists causing a transient increase in cytoplasmic calcium concentrations. 5-HT released by activated platelets has also recently been shown to induce the secretion of vWf. Serotonin is linked to endothelial stabilization, downregulating adhesins and vasospasm.

CONSUMPTIVE SYNDROME (HIDDEN OR NOT HIDDEN) RELATED TO COVID-19 due to 5-HT

This syndrome has appeared with greater or lesser intensity depending on the characteristics of the patients, as we have already explained throughout the article and the metabolic pathways.

COVID -19 now becomes a metabolic disease with high energy consumption mediated by enzymes that lead to sarcopenia and by 5-HT anorexigenic Many people are evolving with weight loss in a drastic way, others not so much, but the sarcopenia is clear.

The metabolic pathways needed to be compensated are exemplified below. These pathways shown here need to have supplies for them to work properly and for us to guarantee the proper functioning in relation to aerobic cell respiration. It is a mistake not to guarantee the minimum substrate to patients so metabolically devastated by COVID-19. Not guaranteeing substrate to the depleted patient is to perpetuate the oxidative and inflammatory process, since there are no acceptors for electrons and protons of the normal reactions of the aerobic pathways. In other words, we simply contribute to the maintenance of the disease if we do not pay attention that the patient needs to have guaranteed the minimum supplies of the classic metabolism pathways so that he can pass the disease less deleterious.
The consumptive syndrome have uraemia due to glycogenolysis.
NEOPLASTIC DISEASES, BONE FRACTURES AND GRANULOMATOUS DISEASES ARE SECONDARY TO INFLAMMATION AND TRYPTOPHAN DEVIATION: another hypothesis or associated with the formation of autoantibodies?

Tryptophan is an essential amino acid, metabolized by the kynurenine pathway. Rate-limiting factors in this pathway are Tryptophan 2,3-dioxygenase (TDO) and Indoleamine 2,3-dioxygenase (IDO). TDO and IDO are active mainly in physiological conditions and conditions characterized by immune activation, respectively.

Furthermore, minor amounts of IDO-like enzymes are produced by gut bacteria. This activity has been described to be enhanced in HIV-infected individuals. IDO catalysis the catabolism of tryptophan to N-formylkynyrenine, which is rapidly decomposed to kynurenine. Thus, the ratio between kynurenine and tryptophan (KTR) in plasma can be used as an indirect measure of IDO activity. Increased KTR has been described in numerous conditions characterized by low grade inflammation, such as Alzheimer’s disease, cancer, and viral infections. We and other groups have described an increased KTR in HIV infection. Tryptophan catabolites, in particular kynurenine and quinolinic acid, are associated with immune activation, and increased KTR is associated with a higher level of immune activation in untreated HIV-infected individuals. Furthermore, tryptophan catabolism has been linked to CD4+ immune regulation. In particular, an inverse association between KTR and the ratio between Th17 cells and T regulatory cells in both primary and chronic phases of HIV infection has been described.

Oxidation products like kynurenine stopped proliferation of bone marrow mesenchymal stem cells. This may result in inhibition of osteoblastic proliferation and differentiation. Kynurenic acid acts as an antagonist at glutamate receptors, which are expressed on osteoclasts. Quinolinic acid activates N-methyl-D-aspartate receptors. 3-hydroxyanthranilic acid exhibits pro-oxidant and antioxidant activity. Decreased concentration of 3-hydroxyanthranilic acid can be one of the causes of osteoporosis. 3-hydroxykynurenine reduced the viability of osteoblast-like cells. Picolinic acid exerted osteogenic effect in vitro. Kynurenine derivatives exert various effects on bones. Discovery of the exact mechanism of action of tryptophan metabolites on bones may take us a step closer to understanding the complicated mechanism of bone metabolism, which in turn may result in finding a new, effective therapy for treating bone diseases’ (Michalowska M, Znorko B, Kaminski T, Oksztulska-Kolanek E, Pawlak D. New insights into tryptophan and its metabolites in the regulation of bone metabolism. J Physiol Pharmacol. 2015 Dec;66(6):779-91. PMID: 2676982).

Circulating levels of kynurenine, the oxidized product of tryptophan, are increased in aged (24mo) vs. mature (12mo) mice, and we recently observed that kynurenine‐treated mice have high marrow fat and low bone mass, mimicking the phenotype of Hdac3‐deficient and aged animals. This raises the possibility that oxidized by products, in particular kynurenine, could be a mechanistic link between aging and bone loss.

A study identified …” Tph1 as an erythroid gene and uncovered a fundamental role for 5-HT in regulating hematopoietic stem cell fate along the erythroid pathway. EPO induces TPH1 expression and 5-HT synthesis necessary for erythroid progenitor’s survival and proliferation. Importantly, as one of the hallmarks of MDS is ineffective haematopoiesis with anaemia, our findings argue that the use of selective serotonin reuptake inhibitors (SSRIs), such as fluoxetine—a common antidepressant, in the earliest stages of Myelodysplastic Syndrome (MDS), where anaemia is a major sign, may represent an innovative therapeutic strategy IDO is ubiquitously expressed and present in most extrahepatic tissues, and TDO present in the liver is responsible for regulating systemic tryptophan levels. Tryptophan is also the precursor of serotonin (5-hydroxytryptamine or 5-HT), a monoamine highly conserved throughout evolution. 5-HT synthesis is initiated by the rate-limiting enzyme, tryptophan hydroxylase (Tph), with two isoforms: Tph1 in the periphery and Tph2 in the central nervous system (CNS). 5-HT synthesized by Tph2 has a well-recognized role as neurotransmitter, acting on 5-HT receptors in various brain regions” … between the Kyn/Trp ratio and tryptophan plasma levels, indicating that an increase in IDO activity leads to greater tryptophan metabolism.” 

A study … “found that inhibition of tryptophan catabolism in IDO1-knockout mice led to increased mucosal destruction, cecal haemorrhage, and increased production of IFN-γ in response to C. difficile infection, but no significant change in mucosal effector or regulatory T cell numbers or IL-10 mRNA expression. The increased immunopathology in infected IDO1-knockout mice was associated with a lower C. difficile burden and an increased percentage of IFN-γ-expressing neutrophils. We further demonstrated the ability of kynurenine to induce apoptosis in bone marrow-derived neutrophils, whereas the presence of tryptophan reversed this effect, providing a possible mechanism for the increased neutrophil accumulation in IDO1(-/-) mice.” 

Both high IDO expression and intra‐tumoral neutrophils infiltration were independent prognostic factors for poor survival for HCC patients. There are three Trp‐catabolic enzymes (IDO1, IDO2, and TDO) in mammals which catalyze conversion of the essential amino acid tryptophan (Trp) to kynurenine (Kyn). In humans, IDO1 shows a high protein expression in the peripheral lymph organs, while IDO2 and TDO show high tissue specificity and much lower expression level than IDO1 that significantly restrict their activity. The “IDO” we discussed in this study was IDO1. In patients with solid tumours, such as colorectal cancer, small cell lung cancer, melanoma, and ovarian cancer, high IDO expression is correlated with a poor prognosis and shorter overall survival. In HCC, IDO was expressed in HCC cells following the stimulation of IFN‐γ, and our study confirmed that high IDO expression was a prognostic factor for poor survival for HCC patients. IDO modifies inflammation and immunity through a variety of effector cells: induces the differentiation of Treg cells and apoptosis of effector T cells, prevents Treg cells destabilization and maintains the suppressive phenotype, recruits and activates MDSCs to suppress antitumor immune responses, inhibits the surface expression of activating receptors and regulates NK‐cell function. There is strong evidence that suppression of antitumor immune responses by IDO would make such catabolism an attractive target for therapeutic intervention. 

In chronic granulomatous disease (CGD), defective phagocytic nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity causes reduced superoxide anion (O2·̄) radical production leading to frequent infections as well as granulomas and impaired wound healing indicative of excessive inflammation. Based on recent mouse studies, the lack of O2·̄-dependent interferon γ (IFNγ)–induced synthesis of kynurenine (kyn), an anti-inflammatory tryptophan metabolite produced by indolamine 2,3 deoxygenase (IDO), was proposed as a cause of hyperinflammation in CGD and this pathway has been considered for clinical intervention. Here, we show that IFNγ induces normal levels of kynurenine in cultures of O2·̄-deficient monocytes, dendritic cells, and polymorphonuclear leukocytes from gp91PHOX- or p47PHOX-deficient human CGD donors. Kynurenine accumulation was dose- and time-dependent as was that of a downstream metabolite, anthranilic acid. Furthermore, urinary and serum levels of kynurenine and a variety of other tryptophan metabolites were elevated rather than suppressed in CGD donors. Although we did not specifically evaluate kyn metabolism in local tissue or inflamed sites in humans, our data demonstrates that O2·̄ anion is dispensable for the rate-limiting step in tryptophan degradation, and CGD patients do not appear to have either hematopoietic cell or systemic deficits in the production of the anti-inflammatory kynurenine molecule.

Leukocyte recruitment into tissue compartments is a tightly regulated process orchestrated by chemokines. Chemokines convert leukocyte rolling or tethering on the vascular endothelium to firm arrest via the activation of leukocyte surface integrins. As chemoattractants, chemokines subsequently play an important role in the directional migration of leukocytes through tissues. Chemoattractant receptors are a subtype of G protein-coupled receptors (GPCRs) one of the largest known families of human proteins. Chemoattractant receptors bind a variety of agonists, including proteins such as interleukin-8 (IL-8, CXCL8) and monocyte chemoattractant protein-1 (MCP-1, CCL2), small peptides such as fMLP, as well as bioactive lipids including leukotriene B4. As such, chemoattractant receptors mirror the entire family of GPCRs, which can be activated by ligands ranging in size from metabolites to large protein.

GPR109B (also known as HM74) is an orphan G protein coupled receptor (GPCR), which was cloned during a search for novel leukocyte chemoattractant receptors relating to receptors for IL-8, N-formyl peptide, and C5a. A related receptor, GPR109A (HM74A), has been identified as a receptor for nicotinic acid (niacin). GPR109A is highly expressed in adipose tissue and the spleen. Nicotinic acid inhibits adipocyte lipolysis by inhibiting hormone-sensitive triglyceride lipase. This antilipolytic effect of nicotinic acid involves the inhibition of cAMP accumulation in adipocytes through Gi protein mediated inhibition of adenylyl cyclaseGPR109B (HM74) is a putative G protein-coupled receptor (GPCR) whose cognate ligands have yet to be characterized. GPR109B shows a high degree of sequence similarity to GPR109A, another GPCR that was identified as a high-affinity nicotinic acid (niacin) receptor. However, the affinity of nicotinic acid to GPR109B is very low. In this study, we found that certain aromatic D-amino acids, including D-phenylalanine, D-tryptophan, and the metabolite of the latter, D-kynurenine, decreased the activity of adenylate cyclase in cells transfected with GPR109B cDNA through activation of pertussis toxin (PTX)-sensitive G proteins. These D-amino acids also elicited a transient rise of intracellular Ca2+ level in cells expressing GPR109B in a PTX-sensitive manner. In contrast, these D-amino acids did not show any effects on cells expressing GPR109A. We found that the GPR109B mRNA is abundantly expressed in human neutrophils. D-phenylalanine and D-tryptophan induced a transient increase of intracellular Ca2+ level and a reduction of cAMP levels in human neutrophils. Furthermore, knockdown of GPR109B by RNA interference inhibited the D-amino acids-induced decrease of cellular cAMP levels in human neutrophils. These D-amino acids induced chemotactic activity of freshly prepared human neutrophils. We also found that D-phenylalanine and D-tryptophan induced chemotactic responses in Jurkat cells transfected with the GPR109B cDNA but not in mock-transfected Jurkat cells. These results suggest that these aromatic D-amino acids elicit a chemotactic response in human neutrophils via activation of GPR109B. 

This bacterium uses the kynurenine pathway to catabolize tryptophan. Interestingly, many host cells also produce kynurenine, which is known to control immune system homeostasis. We showed that most strains of P. aeruginosa isolated from cystic fibrosis patients produce a high level of kynurenine. Moreover, a strong transcriptional activation of kynA (the first gene involved in the kynurenine pathway) was observed upon contact with immune cells and particularly with neutrophils. In addition, using coculture of human neutrophils with various strains of P. aeruginosa producing no (ΔkynA) or a high level of kynurenine (ΔkynU or ΔkynA pkynA), we demonstrated that kynurenine promotes bacterial survival. In addition, increasing the amount kynurenine inhibits reactive oxygen species production by activated neutrophils, as evaluated by chemiluminescence with luminol or isoluminol or SOD-sensitive cytochrome c reduction assay. This inhibition is due neither to a phagocytosis defect nor to direct NADPH oxidase inhibition. Indeed, kynurenine has no effect on oxygen consumption by neutrophils activated by PMA or opsonized zymosan. Using in vitro reactive oxygen species-producing systems, we showed that kynurenine scavenges hydrogen peroxide and, to a lesser extent, superoxide. Kynurenine׳s scavenging effect occurs mainly intracellularly after bacterial stimulation, probably in the phagosome. In conclusion, the kynurenine pathway allows P. aeruginosa to circumvent the innate immune response by scavenging neutrophil reactive oxygen species production. 

Credit: Masato Hoshi, Hiroyasu Ito, HidetsuguFujigaki, Masao Takemura, Takeshi Takahashi, Eiichi Tomita, Masami Ohyama, Ryo Tanaka, Hirofumi Ohtaki, Kuniaki Saito & Mitsuru Seishima (2009) Changes in serum tryptophan catabolism as an indicator of disease activity in adult T-cell leukemia/lymphoma, Leukemia& Lymphoma, 50:8, 1372-1374, DOI: 10.1080/10428190903045393
Adult T-cell leukemia/lymphoma (ATLL) is a peripheral T-cell neoplasm that develops in a small population of human T-cell lymphotropic virus type 1 (HTLV-1)-infected individuals and is characterized by mostly CD4+ and CD25+ mature T-cell phenotypes, and onsets at middle age or later. The exact mechanism of immune modulation in ATLL remains unknown. The essential amino acid l-tryptophan (l-TRP) is required for the biosynthesis of proteins and is precursor for several biologically important compounds: (a) 5-hydroxy-tryptamine (serotonin) which is formed by tryptophan 5-hydroxylase following decarboxylation; (b) kynurenine which is produced by l-tryptophan 2,3-dioxygenase (TDO); and indoleamine 2,3-dioxygenase (IDO). The latter two enzymes catabolize tryptophan via the so-called kynurenine-pathway synthesizing nicotinic acid, the vitamin niacin and nicotinamide adenine dinucleotides as end products. Although TDO is localized in the liver and is up-regulated by corticosteroids, IDO is expressed by a variety of cells and is inducible by various cytokines, especially interferon-γ. Recently, IDO has been identified as an enzyme endowed with powerful immunomodulatory effects, resulting from its enzymatic activity that leads to catabolism of the essential amino acid l-TRP. For example, certain IDO-generated l-TRP-derived metabolites, in particular l-kynurenine (l-KYN), have been reported to block Ag-driven specific T-cell proliferation and even to induce T-cell death. On the other hand, IDO has been found in various tumours of different histotypes and increments of IDO activity correlate with tumour progression. In addition, we have been reported that IDO is highly expressed in ATLL cells. Therefore, the provided l-TRP catabolism as a result of IDO activity may play an important role in the immune regulation exerted by the antigen-presenting cells. In this study, we investigated whether the level of l-TRP metabolites in blood could be a useful parameter of chemotherapy efficacy for ATLL patients.

Credits: Allison L. Bartlett, Lindsey Romick-Rosendale, Adam Nelson, Sheyar Abdullah, Nathan Luebbering, Jamen Bartlett, Marion Brusadelli, Joseph S. Palumbo, Kelly Lake, Bridget Litts, Alexandra Duell, Annette Urbanski, Adam Lane, Kasiani C. Myers, Susanne I. Wells, Stella M. Davies; Tryptophan metabolism is dysregulated in individuals with Fanconi anemia. Blood Adv 2021; 5 (1): 250–261. doi: https://doi.org/10.1182/bloodadvances.2020002794
multiple tryptophan-related metabolic abnormalities in individuals with FA undergoing bone marrow transplant. Increased peripheral serotonin was detected in response to the stress of HSCT and was accompanied by reduced levels of kynurenine, both at baseline and after HSCT. Moreover, we discovered production of serotonin in the skin in FA. Abnormalities in the role platelets play in transport of serotonin and TGF-β were identified, suggesting previously undescribed abnormalities of platelets in FA. In addition, an inverse correlation was found between BMI and serotonin, suggesting that abnormalities of tryptophan metabolism may influence key parts of the FA phenotype.

Serotonin levels surge after HSCT (a severe stress, likely involving direct injury to the skin) in individuals with FA, despite baseline values being similar to those of transplant recipients with other diagnoses. In contrast, kynurenine levels were markedly reduced in individuals with FA before and after transplant, suggesting preferential metabolism of tryptophan into serotonin rather than kynurenine. TPH1 expression was increased in PBMCs in FA individuals at baseline and day 14 compared with non-FA individuals, in agreement with this finding. These data suggest that individuals with FA preferentially metabolize tryptophan into serotonin, with markedly reduced production of kynurenine, in contrast to persons without FA. The occurrence of similar changes in TPH1 and IDO RNA expression in host PBMCs (baseline samples, affected by FA) and donor PBMCs (day 14 sample, unaffected by FA) suggest that expression of TPH1 and IDO may not be cell autonomous but responsive to environmental cues. We recognize that these data are limited to PBMCs, based on sample availability, and that many other cells likely play important roles in tryptophan metabolism. Study of other tissues such as gut and skin when available is warranted.

The gut is known to be the site of production of most peripheral serotonin. Surprisingly, our data showed that serotonin in stool decreased after HSCT in individuals with FA, in contrast to the marked increase observed in serum. In the absence of evidence that serotonin originated in the gut, we tested potential alternative sites of production. The skin is one of the most consistently abnormal organs in individuals with FA, with characteristic pigmentation abnormalities and café au lait spots. In the general population, persons with burn injury exhibit elevation in tissue and blood serotonin.Increased local and systemic serotonin production after a burn improves wound healing by decreasing cell death, accelerating cellular migration to the affected site, and upregulating keratinocyte and fibroblast proliferation.Moreover, excess serotonin after burn injury is not mobilized from the gut but produced locally by skin-intrinsic mechanisms, likely bypassing the storage and transport role of platelets. Surges in skin serotonin in response to burn injury are accompanied by >10-fold increases in serotonin in the skin, with approximate twofold increases in serum and urine. In the current study, immunohistochemistry identified the presence of TPH1 in skin samples that was similar in patients with and without FA, confirming the capacity for production of serotonin in the skin, as outlined earlier. However, staining for serotonin in the skin was only observed in individuals with FA, whereas none was observed in age-matched control skin. Skin biopsy samples were collected from individuals with FA undergoing routine annual bone marrow examinations, outside of the setting of profound marrow failure and the major genotoxic stress of HSCT. In conjunction with normal serum serotonin values at baseline in this population, these data suggest that the skin of FA individuals produces serotonin throughout life, allowing chronic local and systemic increases. As a primary defence organ for the body, the skin is constantly exposed to stressors, including UV radiation, air pollution, infectious agents, and trauma. It is possible that skin tissue damage from the transplant preparative regimen releases a surge of serotonin, explaining the increases in circulating serotonin we measured. However, with multiple peripheral sites in the body capable of intrinsic serotonin production in addition to the skin, including the lungs, pancreas, adipocytes, and mammary epithelium, additional investigation surrounding contributing sites of production is warranted.

Platelets store and transport serotonin produced by enterochromaffin cells in the gut in dense granules, and TGF-β is similarly transported in α granules. We therefore expected that serotonin and TGF-β levels would be correlated with platelet count, and indeed found this to be true in transplant recipients without FA. In contrast, in patients with FA, neither serotonin nor TGF-β correlated with platelet count at baseline, suggesting that the constitution and function of platelet granules might differ in FA. At day 14, when platelets are largely blood bank derived, a strong correlation was observed between platelet count and TGF-β in persons with FA, suggesting an abnormality, likely cell autonomous to the platelet. In contrast, there was still no relationship between serotonin and platelet count at day 14 in FA, supporting a model of serotonin release from the skin that did not involve storage and transport by platelets. These findings were independent of platelet transfusion need during transplant, which was comparable between patients with and without FA. Further studies focused on platelet structure and function in FA are warranted.

Hyperserotonemia may contribute to the unexplained poor growth and numerous metabolic abnormalities in FA. Abnormalities reported in FA include insulin resistance, thyroid dysfunction, abnormal BMI, and dyslipidemia, all of which have been reported in association with abnormalities in serotonin metabolism, transport, and signaling in other clinical settings.Further support for a possible link between hyperserotonemia and FA metabolism is indicated by an inverse correlation between BMI and serum serotonin levels in individuals with FA. Many individuals with FA have low BMI and marked paucity of subcutaneous fat, which in general, is refractory to nutritional interventions. Metabolomics analysis suggests that FA individuals favor a metabolic fat burning “starvation” phenotype, tilted toward lipolysis. Moreover, patients with FA generally have reduced insulin sensitivity and increased blood glucose under stress, another effect of serotonin.Finally, increased levels of serotonin are reported to stimulate susceptibility to squamous cell carcinomas and hepatocellular carcinomas, both of which are markedly increased in FA.We recognize, however, that the functions of peripheral serotonin generally are complex and likely tissue dependent, regulated by expression of different serotonin receptors in various tissues, and prevalent paracrine loops within tissues. Additional studies will be needed to fully characterize the extent of abnormalities of tryptophan metabolism in FA.

Mouse and human data support an important role for serotonin in energy homeostasis. In general, available murine and human data suggest that peripheral serotonin promotes obesity, in contrast to our finding of an association of higher serotonin level with lower BMI. Our data indicate that much of the serotonin we measured was likely not produced by gut enterochromaffin cells and that at least one important site of production in FA is the skin. It is possible that production of serotonin in the skin could result in biological effects that are distinct from effects of serotonin produced in the gut. For example, skin-derived serotonin may have a strong local paracrine effect. It is also possible that additional sites of serotonin production outside the gut are important in FA, modifying the effect of serotonin on phenotype. Adipocytes produce serotonin, and notable different effects of serotonin on lipogenesis and lipolysis in brown and white adipocytes are regulated by differential receptor expression.Central serotonin reduces appetite, and higher levels of CNS serotonin are associated with reduced BMI. While the current study focused on serotonin production, transport and metabolism of serotonin are of great interest. The extent to which serotonin crosses the blood–brain barrier is controversial. In this study, we did not have the opportunity to measure serotonin in the CNS or in adipocytes in individuals with FA. It is possible that CNS serotonin, and production and metabolism of serotonin in tissues such as adipocytes, is also abnormal in FA, contributing to metabolic and phenotypic changes in individuals with FA. Experiments to test these hypotheses will be difficult in humans but may be feasible in mouse models; however, many murine models of FA poorly recapitulate the human phenotype.

Serotonin is a therapeutic target, and a number of licensed drugs modify production or block required receptors and might be beneficial in improving growth and correcting metabolic defects in individuals with FA. Individuals with FA are at a markedly increased risk of malignancy, and the literature implicates aberrant tryptophan metabolism and increased serotonin as important factors in oncogenesis, tumor development, progression, and metastasis in a variety of cancers, including squamous cell and hepatocellular carcinoma.Our findings suggest serotonin inhibition as a new avenue to diminish a multitude of clinical risks and disease phenotypes in FA, which will now require detailed characterization of local and systemic serotonin metabolism.

Figure 7A.

Credits 

Herr, N., Bode, C., &Duerschmied, D. (2017). The Effects of Serotonin in Immune Cells. Frontiers in cardiovascular medicine, 4, 48. https://doi.org/10.3389/fcvm.2017.00048
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Figure 26.
Tryptophan metabolism. Kynurenine monooxygenase (KMO) (number 4) is an enzyme of the kynurenine (Kyn) pathway (KP), which is the major catabolic route of tryptophan. Kyn represents a branch point of the KP, being converted into the neurotoxin 3-hydroxykynurenine via KMO, neuroprotectant kynurenic acid, and anthranilic acid. As a result of this branch point, KMO is an attractive drug target for several neurodegenerative and/or neuroinflammatory diseases, especially Huntington's (HD), Alzheimer's (AD), and Parkinson's (PD) diseases. 
(I) Serotonin pathway: 1: tryptophan hydroxylase, 2: L-aromatic amino acid decarboxylase, and 3: serotonin-N-acetyltransferase and hydroxyindole-O-methyltransferase; (II) kynurenine pathway: 1: tryptophan dioxygenase (TDO) and indoleamine 2,3-dioxygenase (IDO), 2: formamidase, 3: kynurenine aminotransferases (KATs), 4: kynurenine 3-monooxygenase (KMO), 5: kynureninase, 6: kynureninase, 7: 3-hydroxyanthranilic acid oxygenase, and 8: quinolinic acid phosphoribosyltransferase.

RENAL INJURY BY KINURENINE

Enzymes involved in the metabolism of tryptophan along the kynurenine pathway are located throughout the

body and brain and are most abundant in the liver and kidney. The conversion of tryptophan to N-formylkynurenine (KYN) is catalysed by tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenases (IDOs). The kynurenine pathway diverges at kynurenine into two distinct branches that are regulated by kynurenine aminotransferases (KATs) and kynurenine 3-monooxygenase (KMO), respectively. KMO is the only route of 3-hydroxykynurenine production known to occur in humans. KMO localizes to the outer membrane of mitochondria, and is highly expressed in peripheral tissues, including liver and kidney1. KMO expression in mouse kidney is localized to the proximal tubule epithelial cells when measured by single-cell transcriptomics and KMO protein in humans is also localized to kidney tubule epithelial cells using immunohistochemistry. 3-Hydroxykynurenine is injurious to several cell types, causing tissue injury via oxidative stress, pathological cross-linking of proteins, and inducing apoptotic cell death. Kynurenine may also be metabolized to kynurenic acid by KATs and to anthranilic acid by kynureninase. Kynurenic acid is sedative. and has been shown to be protective against cell injury in certain inflammatory situations (Figures 7-8). Zheng, X., Zhang, A., Binnie, M. et al. Kynurenine 3-monooxygenase is a critical regulator of renal ischemia–reperfusion injury. Exp Mol Med 51, 1–14 (2019). https://doi.org/10.1038/s12276-019-0210.

KMO is a mitochondrial protein, localizing to the outer mitochondrial membrane (OMM) due to a hydrophobic C-terminal domai. Although the catalytic properties of KMO and its role in disease have been extensively studied, any biological relevance of its mitochondrial localization are not understood. Mitochondrial dysfunction is typically accompanied by dissipation of membrane potential, which causes PTEN-induced kinase 1 (PINK1) to accumulate on the OMM. PINK1 phosphorylates Ser65 of ubiquitin molecules at the OMM, which promotes recruitment and tethering of PRKN. PINK1 also phosphorylates Ser65 of the ubiquitin-like domain of PRKN, activating its E3 ubiquitin ligase activity, leading to the extension of polyubiquitin chains on the OMM. Ubiquitin and PRKN are further phosphorylated by PINK1, creating a positive-feedback loop of mitochondrial PRKN recruitment, activation of its E3 ubiquitin ligase activity and decoration of mitochondria with polyubiquitin chains. PRKN ubiquitinates a number of targets on the OMM, including the mitofusins ​​MFN1 and MFN2 (encoded by Marf in Drosophila), targeting them for proteasomal degradation.

MFNs are important factors in the regulation of mitochondrial dynamics, an umbrella term for the mechanisms which control fission and fusion of mitochondria. While MFNs are responsible for fusion of the OMM, the mitochondrial dynamin-like GTPase OPA1 is responsible for fusion of the inner mitochondrial membrane. Dynamin related protein (DRP1), a GTPase which forms ring structured polymers, causes mitochondrial fission by constriction of the organelles. Mitochondrial dynamics and mitophagy have been well characterized in Drosophila. Indeed, parkin and Pink1 mutant flies exhibit a range of mitochondrial and morphological phenotypes, including elongated and aggregated mitochondrial networks, a decrease in respiratory capacity, ATP synthesis and locomotor ability, as well as dopaminergic neuron and muscle degeneration. An increase in gene dosage of Drp1 or a reduction in Marf or Opa1 rescues Pink1 and parkin mutant Drosophila phenotypes, revealing that the mechanisms governing mitochondrial dynamics and mitophagy are intrinsically linked. PINK1 regulates DRP1 GTPase activity in human cells by phosphorylating OMM-bound A-kinase anchoring protein 1 (AKAP1), releasing its interaction with protein kinase A (PKA) and resulting in a decrease in DRP1 phosphorylated at the Ser637 residue, and thus an increase in mitochondrial fission. This is thought to facilitate the compartmentalisation and selective mitophagy of damaged regions of the mitochondrial network, as opposed to wholesale elimination.

KMO overexpression in HEK 293T cells has been shown to be protective against 3-HK mediated loss of mitochondrial membrane potential. This protection was abolished upon inhibition of KMO enzymatic activity, or knockdown of downstream enzymes kynureninase (KYNU) and quinolinic acid phosphoribosyltransferease (QPRT), both of which are upregulated upon KMO overexpression, revealing complex feedback mechanisms operating in the KP. Therefore, the effect(s) of KMO overexpression on mitochondrial DRP1 could be further explored by pharmacological KMO inhibition or knockdown of KYNU/QPRT, which would clarify whether these observations are a direct effect of KMO protein or due to feedback mechanisms operating within the KP. Again, elevated KYNA cannot be excluded as the cause of this effect, potentially via alterations in Ca2+ signalling due to GPR35 activation, resulting in activation of calcineurin and dephosphorylation of DRP1. In: Maddison DC, Alfonso-Núñez M, Swaih AM, Breda C, Campesan S, Allcock N, et al. (2020) A novel role for kynurenine 3-monooxygenase in mitochondrial dynamics. PLoS Genet 16(11): e1009129. https://doi.org/10.1371/journal.pgen.100912

CALCIUM DISEASES AND OTHER LINKS THAT SHOW SENOIDAL VARIATION DURING CHRONIC COVID-19

Ca 2+ is widely recruited in the processes of apoptosis, migration, activation and NETosis of neutrophils, in addition to being used by megakaryocytes in platelet activation. A calcium depletion as it occurs in the worst spectra of the hyperinflammatory phase means intense endothelial injury, plus hypoxemia, activation of inflammation again, diversion of the tryptophane cascade to Kynurenine. This can all happen together with the existence or not of autoantibodies formed in the first phase of COVID-19, contributing to the maintenance of the second phase, which is catastrophic and has killed many people.

Calcium accompanies the variation of neutrophils in peripheral blood, which can be seen in a simple blood count. In the same way that there is an elevation of platelets and fibrinogen until a certain moment when there is a cascade of injury in the target organ or organs. When the lesion occurs, in the case of arteries and veins, there is a subtle decrease in platelets and fibrinogen, indicating that there was a new vascular lesion. The blood count is very characteristic showing this fluctuation in the number of cells almost periodically every 5 to 7 days showing a peak of neutrophils with hypocalcaemia. It is an observation hypothesis. 

Ref 9-20

SEROTONIN METABOLISM (5-HT): LEUKEMOID IMPLICATIONS AND CENTRAL

The time of COVID-19 with a later stage of Hyper inflammatory syndrome with variable eosinophilia, which seems to be dependent on the magnitude of the hypoxemia time to which a person was subjected to the first 14 days of the disease. The magnitude of hypoxemia must be responsible for the consumption of niacin and the diversion of the tryptophan cascade to form more vitamin B3. However, highly inflammatory medium tends to cascade to the formation of Kynurenine and its toxic metabolites. The symptoms for the resulting patients are due to eosinophilia and can be confused with the condition and EGPA, other eosinophilic syndromes, although COVID-19 provides all the conditions for an autoimmune disease and a true EGPA. Kynurenine 3-monooxygenase (KMO) is the only route of 3-hydroxykynurenine production known to occur in humans. KMO localizes to the outer membrane of mitochondria, and is highly expressed in peripheral tissues, including liver and
Ref: 1,2,3,4
DO NOT PERFORM CONTINUOUS SEDATION WITH MIDAZOLAM NOR FENTANILA. ALWAYS PREFER KETAMINE

The kynurenine pathway is involved in hyperalgesia. This pathway is activated by inflammation. Ketamine would interact with the kynurenine pathway and inflammation. A working hypothesis are the clinical effects of ketamine on neuropathic pain are greater in the presence of systemic inflammation and the mechanism of action involves an interaction on the kynurenine pathway. Ketamine has rapid antidepressant effects on treatment-resistant depression, but the biological mechanism underpinning this effect is less clear. Our aims were to examine whether kynurenine pathway metabolites were altered by six infusions of ketamine and whether these biological factors could act as potential biomarkers to predict ketamine's antidepressant effects.

A study shows “at baseline, serum levels of TRP and KYNA and the KYNA/KYN ratio were lower and the KYN/TRP ratio was greater in depressed patients than in healthy controls. Overall, fifty (59.5%) patients responded to ketamine at 13 d. Ketamine responders had a greater KYNA level and KYNA/KYN ratio than nonresponders at 24 h and 13 d (all P<0.05). Elevations in the KYNA levels and KYNA/KYN ratio at 24 h were significantly associated with reductions in MADRS scores at 24 hours, 13 d and 26 d in the linear regression analysis (all P<0.05). Our results showed a possible involvement of the kynurenine pathway in the rapid antidepressant effect of ketamine. Early changes in serum KYNA levels and the KYNA/KYN ratio could be potential predictors of antidepressant effects of repeated ketamine administration.” 

Midazolam treatment significantly downregulated Adora2b or Per2 mRNA in the hippocampus of C57BL/6J mice, and hippocampal PER2 protein expression or T-maze alternation was significantly reduced in Adora2b-/- mice. ADORA2B agonist BAY-60-6583 restored midazolam mediated reduction in spontaneous alternation in C57BL/6J mice. Analysis of hippocampal Tnf-α or Il-6 mRNA levels in Adora2b-/- mice did not reveal an inflammatory phenotype. However, C-fos, a critical component of hippocampus-dependent learning and memory, was significantly downregulated in the hippocampus of Adora2b-/- mice.

Ref: 5,6,7,8.

The diagnosis of serotonin syndrome is established on the basis of history and physical examination. These patients met the Sternbach and Hunter criteria for serotonin syndrome. Both patients had inducible clonus, agitation, and diaphoresis after being given an additional serotonergic agent. Neither had a reasonable alternative diagnosis such as neuroleptic malignant syndrome, anti-cholinergic toxicity, alcohol/sedative withdrawal, hallucinogen use, hypoglycemia, or other metabolic derangement. The administration of flumazenil to the first patient before arrival in the hospital might seem to suggest a diagnosis of benzodiazepine withdrawal. However, flumazenil has a short duration of action, with an elimination half-life of < 1 h, and we would not expect a prolonged episode of delirium after a single dose. It is more likely that flumazenil unmasked agitation secondary to serotonin syndrome by reversing benzodiazepine sedation. The family, and later the patient herself, denied regular benzodiazepine use as well as recent alcohol intake. Her return to baseline and discharge on the third hospital day is also inconsistent with alcohol (or benzodiazepine) withdrawal delirium, which typically continues for at least 3–5 days. Sedative withdrawal is unlikely in the second patient, because gabapentin and benzodiazepines were continued through her hospital admission. Although the second patient's agitation, hyperreflexia, and clonus were not noted until the first post-operative day, these symptoms were probably masked by the midazolam and morphine she received during and after her surgery.

The timing of symptom occurrence, after fentanyl administration in the setting of SSRI use, supports the diagnosis of serotonin syndrome due to drug interaction. Resolution of symptoms after these medications were withheld lends further support. Although alcohol/sedative-hypnotic withdrawal can mimic serotonin toxicity, there is little evidence favouring such a diagnosis in these patients. Anti-cholinergic toxicity, another alternative diagnosis, is quite unlikely because both patients were diaphoretic. As discussed below, there is a plausible pharmacological mechanism for fentanyl precipitating serotonin syndrome when combined with other serotonergic drugs. Re-challenging the patients with fentanyl and SSRI might have provided further support for the diagnosis of serotonin syndrome due to drug interaction. But such a re-challenge would have been a risky undertaking given the severity of these patients' symptoms.

The mechanism through which fentanyl might cause serotonin toxicity is not yet fully elucidated. Fentanyl, like other phenylpiperidine opioids (e.g., meperidine, tramadol, dextromethorphan), seems to be a weak serotonin reuptake inhibitor, but may also enhance serotonin release. A rodent study demonstrated that, in addition to acting as a direct agonist at the serotonin 1A receptor, fentanyl enhances serotonin release in the dorsal raphe nucleus. A recent human case report noted muscle rigidity in a patient chronically taking venlafaxine after she was given i.v. fentanyl during surgery (though she had also received a single dose of intramuscular meperidine just before the procedure) . That patient's physical examination was significant for hyperreflexia and ankle clonus. She may have met the Hunter serotonin toxicity criteria (the report does not specify whether diaphoresis or agitation occurred), but the authors do not consider the diagnosis of serotonin syndrome. Another case report notes onset of confusion with diaphoresis, rigidity, and myoclonus in a patient taking amitryptiline (a non-selective serotonin reuptake inhibitor) immediately after he was given i.v. fentanyl 50 μg. It is interesting to speculate whether the chest wall rigidity that sometimes complicates rapid i.v. fentanyl administration might be mediated by serotonin toxicity. Another rodent study demonstrated that pre-treatment with the serotonin antagonist ketanserin attenuated muscle rigidity induced by the fentanyl analogue alfentanil.

Kirschner R, Donovan JW. Serotonin syndrome precipitated by fentanyl during procedural sedation. J Emerg Med. 2010 May;38(4):477-80. doi: 10.1016/j.jemermed.2008.01.003. Epub 2008 Aug 30. PMID: 18757161.
Figure 27
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 The spectrum of clinical features in serotonin syndrome. gCS indicates glasgow Coma Scale. Source: Buckley et al. 8
NERVOUS SYSTEM CHANGES

Neurological manifestations are the sum of the hyper eosinophilic syndrome mediated by IL-6, plus diversion of the Tryptophan cascade to Kynurenine metabolites and finally added to phenylketonuria: a complex list of diseases caused by a virus that knows how to read the singularities of each person, making a unique disease, although with characteristics common to me, for each person.

Enteric Nervous System: Irritable Bowel Syndrome

It is well understood clinically that there is a bidirectional influence of the gut’s enteric nervous system (ENS) on the brain’s central nervous system (CNS) and vice versa. We commonly discuss “gut feelings” and recognize stress and emotions affect GI function, modify the gut microbiome, and change symptoms in IBS patients.31 In addition to elevations in cortisol, patients with IBS have significantly higher postprandial serotonin levels, which are associated with altered gastric emptying, increased small bowel contractions, faster small bowel transit time, and altered pain perception.

Dr. Michael Gershon first described the enteric nervous system (ENS) as the “second brain” 33 that detects nutrients, monitors the progress of digestion, and modulates the pressure / motility of the GI tract. Alterations in the gut – brain axis observed with functional magnetic resonance imaging (MRI) and brain network function testing35 highlight the role of emotions and mood in the perception of pain in patients with IBS. Recent studies recognize the importance of gut microflora, as well as diet, in bidirectional communication with the brain. That is, brain signaling changes the gut environment while changes in gut microflora can affect both emotions and pain perception through CNS signaling via vagal afferent nerves.36 Specific mechanisms through which this may occur include short-chain fatty acids (SCFA), bile salts, modified microbiome composition, metabolite production, and protease activity. Imbalances in microbiota composition and metabolism may modify signaling, as well as mucosal permeability (creating potential “downstream” consequences). There is a synergistic effect on signaling when inflammatory mediators are also present, leading to a further increase in visceral hypersensitivity.

Microflora, metabolism, serotonin-producing enterochromaffin cells, and localized inflammation also contribute to gut signaling. Pharmacological approaches have focused on the use of agents to bind enteric serotonin receptors; however, the untoward side effects of these agents have resulted in a high risk / benefit ratio. Integrative medicine takes the root cause of individual imbalances into account, leading to therapies that focus on the aforementioned areas of diet, digestion, intestinal permeability, gut microflora, inflammation / infection, stress, and mood.

Credits: Ninety-five percent of the body’s serotonin is in the gut rather than the brain. Patrick J. Hanaway MD, in Integrative Medicine (Fourth Edition), 2018

Serotonin and 5-hydroxyindoleacetic Acid (HIAA)

Urinary excretion of 5-hydroxyindoleacetic acid (HIAA) is the end product of serotonin metabolism. False-positive blood serotonin tests may occur due to release of platelet serotonin as well as by ingestion of tryptophan/serotonin-rich foods. Blood serotonin levels are not recommended as a standard diagnostic test for neuroendocrine tumours. Measurement of the 24-hour urinary excretion of HIAA is generally most useful in patients with primary midgut (jejunoileal, appendiceal, ascending colon) carcinoid tumours. Foregut (gastroduodenal, bronchus) and hindgut (transverse, descending and sigmoid colon, rectum, genitourinary) carcinoids rarely secrete serotonin, because they lack the enzyme DOPA decarboxylase and cannot convert 5-hydroxytryptophan (5-HT) to serotonin, and therefore to 5-HIAA into urine. A patient with symptoms may still have a carcinoid tumour even if the 5-HIAA level is normal. In patients treated for a carcinoid tumor, decreasing levels of 5-HIAA indicate a response to treatment, while increasing or excessive levels indicate a non-response. Putao Cen, ... Robert J. Amato, in Renal Disease in Cancer Patients, 2014.
Neuroleptic Malignant Syndrome

The pathogenesis of neuroleptic malignant syndrome (NMS) is not completely understood. Alterations in dopaminergic transmission, changes in sympathetic outflow, alterations in central serotonin metabolism, and abnormalities in muscle membrane function have been implicated. NMS has been associated with all groups of neuroleptics, although high‐potency agents, specifically haloperidol and fluphenazine, have been most frequently cited. Neuroleptic malignant syndrome has been described with the atypical neuroleptic medications clozapine, risperidone, and olanzapine.

Neuroleptic malignant syndrome tends to occur with the initiation of treatment or increases in dose and is more common with depot forms of neuroleptics. Affective disorder, concomitant lithium carbonate administration, psychomotor agitation, dehydration, exhaustion, and mild hyperthermia seem to increase susceptibility toward this condition.6
The principal features of NMS are hyperthermia, muscle rigidity, autonomic dysfunction, and mental status changes. Laboratory findings include elevated creatine kinase (CK), polymorphonuclear leucocytosis, elevated aldolase, alkaline phosphatase, lactic dehydrogenase, alanine aminotransferase and aspartate aminotransferase, hypocalcaemia, hypomagnesemia, low iron, proteinuria, and myoglobinuria. Approximately 40% of patients with NMS develop medical complications that may be life threatening. NMS is a clinical diagnosis based on the presence of the proper historical setting and the characteristic constellation of signs. Disorders with similar features include malignant hyperthermia, heat stroke induced by neuroleptics, lethal catatonia, other drug reactions, and vascular, infectious, or postinfectious brain damage.

Neuroleptic malignant syndrome is a potentially fatal disease, and a high index of suspicion is required for early recognition and intervention. Treatment includes discontinuing the offending agent, providing supportive measures, and administering dantrolene or bromocriptine or a combination of the two. In: Katie Kompoliti, Stacy S. Horn, in Textbook of Clinical Neurology (Third Edition), 2007

I recommend this site: Department of Psychiatry & Behavioral Neurosciences at McMasterUniversity  https://www.mhaus.org/nmsis/medical-education-programs/serotonin-syndrome/
Tryptophan Metabolism and Atherosclerosis

The development and progression of atherosclerosis, which ultimately gives rise to cardiovascular disease, has been causally linked to hypercholesterolemia. Mechanistically, the interplay between lipids and the immune system during plaque progression significantly contributes to the chronic inflammation seen in the arterial wall during atherosclerosis. Localized inflammation and increased cell-to-cell interactions may influence polarization and proliferation of immune cells via changes in amino acid metabolism. Specifically, the amino acids l-arginine (Arg), l-homoarginine (hArg) and l-tryptophan (Trp) have been widely studied in the context of cardiovascular disease, and their metabolism has been established as key regulators of vascular homeostasis, as well as immune cell function. Cyclic effects between endothelial cells, innate, and adaptive immune cells exist during Arg and hArg, as well as Trp metabolism, that may have distinct effects on the development of atherosclerosis. In this review, we describe the current knowledge surrounding the metabolism, biological function, and clinical perspective of Arg, hArg, and Trp in the context of atherosclerosis. ryptophan

Considering its role in diverse biological processes, including neurological and immune functions, Trp remains a well-researched AA throughout recent years. Unlike Arg and hArg, Trp is an essential AA that cannot be synthesized endogenously and must be acquired through diet. Although its role in protein synthesis continues to be integral, its metabolism and downstream metabolites have also demonstrated clear effects within the body; thus, Trp represents an intriguing player during plaque progression. Understanding Trp metabolism is essential to piece together its effects on atherosclerosis.

Within the body, Trp primarily initiates either the serotonin pathway or the kynurenine pathway. First, Trp can act as a substrate for serotonin and melatonin synthesis. Serotonin performs multiple functions, such as neurotransmission, in the central nervous system where its physiological levels are associated with anxiety and depression. In the periphery, it is also involved in thrombocyte aggregation, as well as blood pressure regulation.41–44 However, approximately only 10% of Trp enters the serotonin pathway, whereas the other 90% enters the kynurenine pathway. Here, Trp serves as a substrate for the enzyme IDO (indoleamine 2,3-dioxygenase) to first be metabolized to N-formyl-kynurenine, which is further degraded into kynurenine. Kynurenic acid or 3-hydroxy-kynurenine are subsequently generated, the latter being further metabolized into 3-hydroxyanthranilic acid (3-HAA), quinolinic acid, and ultimately to pyridine nucleotide nicotinamide adenine dinucleotide (NAD+), an electron/proton carrier (NADH) used in energy-producing pathways, such as glycolysis and citric acid cycle. Similar to the ARG enzyme, 2 isoforms of IDO exist. IDO1, typically expressed in lymphoid organs, is induced on inflammatory stimuli, including T helper (Th) 1 cytokines like IFN-γ. IDO2, however, is an IDO1 paralog, which was only recently discovered and has not been well-studied yet. Interestingly, a third enzyme called TDO (tryptophan 1,2-dioxygenase) catalyzes the same reaction as IDO but is resistant to inflammatory stimuli and rather controls Trp homeostasis in the body. Together, IDO and TDO form the rate-limiting reaction within the kynurenine pathway. 
Atheroinflammation is crucially driven by various cytokines, including IL-6 and IFN-γ, which act as mediators and inducers of AA metabolism. Specifically, expression of iNOS and IDO can be controlled to shape the inflammatory response. Therefore, Arg, hArg, and Trp metabolism may crucially contribute to immune cell regulation in atherosclerosis, which will be further addressed below.
Immune Cells, Function, and Metabolism in Atherosclerosis

As previously mentioned, atherosclerosis is defined as a chronic inflammatory disease of the arterial wall. Various cell types are responsible for the persistent inflammation seen during plaque progression including ECs, innate immune cells, and adaptive immune cells. As a consequence of the proinflammatory environment seen within the plaque, cell-to-cell interactions increase substantially, which leads to changes in cell metabolism. In the following section, we will address the contribution of ECs, innate immune cells, and adaptive immune cells to plaque progression with a focus on the cell-specific effects of Arg, hArg, and Trp metabolism.

Credits: Nitz K, Lacy M, Atzler D. Amino Acids and Their Metabolism in Atherosclerosis. ArteriosclerThrombVasc Biol. 2019 Mar;39(3):319-330. doi: 10.1161/ATVBAHA.118.311572. PMID: 30650999.

Endothelial Cells

Although not an immune cell per se, ECs and their AA metabolism play a decisive role in vascular homeostasis and pathogenesis of atherosclerosis. Physiologically, ECs express eNOS, which hydrolyzes Arg and potentially hArg into NO, which subsequently activates the NO/cGMP cascade in VSMCs leading to vasodilation. However, several atherosclerotic risk factors, such as low shear stress, oxidative stress or LDL, and modified LDL cholesterol, promote EC dysfunction.52 In particular, limited bioavailability and activity of antithrombotic and antihypertensive molecules, such as Arg, eNOS, and NO may lead to eNOS uncoupling, a patho-physiological condition where eNOS produces superoxide instead of NO. 

Credits: Nitz K, Lacy M, Atzler D. Amino Acids and Their Metabolism in Atherosclerosis. ArteriosclerThrombVasc Biol. 2019 Mar;39(3):319-330. doi: 10.1161/ATVBAHA.118.311572. PMID: 30650999.
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Metabolic pathways of the amino acids l-arginine (Arg), l-homoarginine (hArg), and l-tryptophan (Trp). A, Metabolic pathways of dietary and de novo synthesized Arg. Synthesis of Arg is catalyzed within the urea cycle: ornithine (Orn) is converted by OTC (ornithine transcarbamylase) to citrulline, which is further metabolized by ASS (argininosuccinate synthetase) and ASL (argininosuccinate lyase). NOS (nitric oxide synthase) and ARG (arginase) use Arg as a substrate to catalyze the formation of NO and urea, respectively. AGAT (l-arginine:glycineamidinotransferase) catalyzes the conversion from Arg and glycine to guanidino acetic acid, an intermediate which is further converted by GAMT (guanidoacetate methyltransferase) to form creatine. B, Metabolic pathways of dietary and de novo synthesized hArg. Endogenous hArg is generated by AGAT conversion from Arg and lysine (Lys). Alternatively, hArg may be synthesized via urea cycle enzymes (OTC, ASS, and ASL) from homocitrulline. Although hArg is predominantly excreted by the kidneys, intracellular hArg may serve as an alternative substrate for NOS, as well as putative inhibitor for ARG. C, Metabolic pathways of dietary Trp. Trp is metabolized by 2 distinct pathways: (1) Trp serves as a substrate for TPH (tryptophan hydroxylase) which generates 5-hydroxytryptophan and subsequently serotonin through AADC (amino acid decarboxylase) or (2) IDO (indoleamine 2,3-dioxygenase) and TDO (tryptophan 2,3-dioxygenase) catalyze the conversion of Trp to N-formyl-kynurenine that is further processed by KFase (N-formyl-kynurenine formamidase) into KYN (kynurenine). KYN is subsequently converted into KYN acid or into 3-hydroxy-kynurenine by KMO (kynurenine hydroxylase monooxygenase) which is further metabolized to 3-hydroxyanthranilic acid by KYNU (Kynureninase) and subsequently into quinolinic acid. Eventually, NAD+ is generated. Credits: Nitz K, Lacy M, Atzler D. Amino Acids and Their Metabolism in Atherosclerosis. ArteriosclerThrombVasc Biol. 2019 Mar;39(3):319-330. doi: 10.1161/ATVBAHA.118.311572. PMID: 30650999.
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Figure 29 B-C

l-arginine (Arg), l-homoarginine (hArg), and l-tryptophan (Trp) metabolism in endothelial and immune cells. A, Endothelial function of Arg, hArg, and Trp. Under normal conditions, eNOS (endothelial NO synthase) hydrolyzes Arg and potentially hArg to NO, which diffuse to vascular smooth muscle cells (VSMCs) to prompt relaxation. In atherosclerosis, eNOS may become uncoupled, a condition where it generates reactive oxygen species instead of NO leading to endothelial dysfunction. Whereas Arg is subjected to ARG (arginase) metabolism, hArg serves as an inhibitor of ARG. IDO (indoleamine 2,3-dioxygenase) expression in endothelial cells promotes the conversion of tryptophan to kynurenine, which leads to relaxation of VSMCs as well. B, Cytokine-induced expression of Arg and Trp metabolizing enzymes promote polarization into distinct macrophage subsets. T helper (Th) 1 cytokines IFN (interferon)-γ and TNF (tumor necrosis factor)-α induce expression of IDO and iNOS (inducible NO synthase) and skew polarization into proinflammatory M1 type macrophages, which promote cytotoxicity and atheroprogression. Th2 cytokines IL (interleukin)-4 and IL-13 induce expression of ARG1 and favor polarization into anti-inflammatory M2 type macrophages, which promote immune suppression and tissue repair. C, Effects of myeloid Arg and Trp metabolism on T cells. Myeloid-mediated Arg and Trp starvation activates T-cell stress kinase GCN2 (general control nonderepressible 2) to phosphorylate eIF2a (phos-eukaryotic initiation factor 2a) to halt proliferation and protein synthesis via downregulation of the CD3ζ chain of the T-cell receptor. Myeloid-derived NO inhibits Jak/STAT (Janus kinase signal transducer and activator of transcription) phosphorylation and subsequent IL-2Ra (IL-2 receptor a) signaling in T cells. The myeloid-derived Trp metabolites kynurenine (KYN) and KYN acid induce expression of FoxP3 (Forkhead box P3), the lineage-defining transcription factor for regulatory T cells (Tregs). Activated T cells reenforce IDO expression in myeloid cells via CTLA-4 (cytotoxic T-lymphocyte associated protein 4).
Credits: Nitz K, Lacy M, Atzler D. Amino Acids and Their Metabolism in Atherosclerosis. ArteriosclerThrombVasc Biol. 2019 Mar;39(3):319-330. doi: 10.1161/ATVBAHA.118.311572. PMID: 3065099
JAK3/STAT5 (JANUS KINASE SIGNAL TRANSDUCER AND ACTIVATOR OF TRANSCRIPTION

to the myeloid-derived Arg starvation, myeloid-derived NO has been shown to affect T-cell proliferation. iNOS-derived NO from macrophages and myeloid-derived suppressor cells was found to diminish T-cell proliferation by interfering with the traditional NO/cGMP signaling pathway and via inhibiting Jak3/STAT5 (Janus kinase signal transducer and activator of transcription) phosphorylation. Of note, IL-2/IL-2r (IL-2 receptor), which uses JAK/STAT, has been established as a pivotal pathway for T-cell differentiation and proliferation. Typically, regulatory T cells act as suppressors against the chronic inflammation seen during plaque progression. Interestingly, the IL-2r JAK3/ STAT5 axis is critical for development of regulatory T cells as the lineage-defining transcription factor forkhead box P3 (FoxP3) gene is activated. 

In contrast to these well-studied T-cell responses to myeloid-driven iNOS metabolism, knowledge on endogenous iNOS metabolism in T cells is still little. Endogenous iNOS expression has been confirmed in mouse and human Th17 cells and, although still vague, functional studies suggest that it regulates apoptosis and Th17 differentiation. Similarly, Trp metabolism crucially contributes to T-cell function as well as proliferation. Here, Trp metabolism also works either through metabolite deprivation or IDO-generated Trp metabolites, such as kynurenine, kynurenic acid, or 3-HAA. First, IFN-γ induces IDO activity in macrophages and dendritic cells, which subsequently leads to enhanced Trp metabolism and local Trp starvation. This phenomenon, similar to Arg starvation, has been shown to be sensed by the stress kinase GCN2-eIF2α axis, which ultimately leads to the arrest of T-cell proliferation and again downregulation of CD3ζ chain on CD8+ T cells. Later, myeloid-derived kynurenine further exerts immune suppressive functions by promoting regulatory T cell differentiation. Similar anti-inflammatory effects have also been implicated for 3-HAA. Mechanistically, activated T cells may induce IDO1 expression in dendritic cells through CTLA-4 (cytotoxic T lymphocyte-associated protein 4) thereby promoting their own immunosuppression. Conversely, blocking of IDO in dendritic cells promotes T-cell differentiation towards Th17-like cells, rather than regulatory T cells, through dendritic cell secretion of IL-6. 

Cell polarization and phenotypic switching are key inflammatory mechanism of atherosclerosis; therefore, targeting metabolism, including Arg, hArg, and Trp, as well as their downstream metabolites, may provide interesting strategies for clinical interventions. Credits: Nitz K, Lacy M, Atzler D. Amino Acids and Their Metabolism in Atherosclerosis. ArteriosclerThrombVasc Biol. 2019 Mar;39(3):319-330. doi: 10.1161/ATVBAHA.118.311572. PMID: 30650999
5-HT AND CELL

Credits: Herr, N., Bode, C., &Duerschmied, D. (2017). The Effects of Serotonin in Immune Cells. Frontiers in cardiovascular medicine, 4, 48. https://doi.org/10.3389/fcvm.2017.00048
SEROTONIN MAY AFFECT THE PHAGOCYTIC ACTIVITY OF NEUTROPHILS

In a study by Nannmark et al. from 1992, direct treatment of polymorphonuclear leukocytes with serotonin suppressed tumor cell- and zymosan-induced phagocytosis in a chemiluminescence assay suggesting a possible negative role for serotonin in tumor cell destruction. These findings may explain the observation by Skolnik et al. (1985) that thrombocytopenia and 5-HT2 receptor antagonism with ketanserin both decreased the liver invasion by injected tumor cells. In contrast, as early as in 1961, Northover saw that serotonin stimulated polymorphonuclear cell phagocytosis of staphylococci.

When Schuff-Werner and Splettstoesser examined general biological functions of human polymorphonuclear cells after treatment with serotonin in 1999, they found complex dose-dependent responses upon challenge with opsonized Staphylococcus aureus: at physiological serotonin concentrations (1–10 µM), the antibacterial defense improved significantly (may be due to reduced autooxidation), whereas higher concentrations (1–10 mM) counteracted an efficient bacterial killing.

In conclusion, several studies suggest specific responses of neutrophils to serotonergic stimulation—and hence the presence of at least one serotonin receptor. To date, however, this has not been examined to the best of our knowledge. According to the presented studies, the main effect of serotonin on neutrophils may be the improvement of autooxidation and the suppression of oxidative burst, but neutrophil recruitment may also be influenced.
EOSINOPHILS

Eosinophils express 5-HT1A, 5-HT1B, 5-HT1E, 5-HT2A, 5-HT2B, and 5-HT6 receptors with 5-HT2A being the most predominantly expressed.Via the 5-HT2A receptor eosinophil recruitment, airway inflammation, airway hyperresponsiveness, and remodeling is mediated in allergic asthma. In 2013, Kang et al. showed that serotonin induces eosinophil trafficking and recruitment via activation of ROCK, MAPK, PI3K, and the PKC-calmodulin pathway. Selective activation of the 5-HT2A receptor with (R)-DOI prevents eosinophil recruitment in an asthma model.
BASOPHILS/MAST CELLS

Mast cells in rodents are described to be an important source of serotonin, while in humans, serotonin is normally absent in mast cells (or at least found in very low concentrations). Serotonin is only found in mast cells in nameable concentrations in humans in discrete pathologies such as in the stroma of carcinoid tumors or in mastocytosis. Rodent and human mast cells express the enzyme Tph1, so that they are capable to produce serotonin and release it to form early edema in inflammation. One study of Crivellato and colleagues in 1991 even suggests that mast cells can release serotonin in part under neural control from nerve fibers containing substance P, calcitonin gene related peptide, vasoactive intestinal polypeptide, and somatostatin in the rat mesentery with a close anatomical relationship. In 2006, a study of Kushnir-Sukhov and colleagues showed that mast cell adhesion and migration in human and rodent mast cells is induced by serotonin via the 5-HT1A receptor.

LYMPHOCYTES

Lymphocytes take up serotonin via SERT. Interestingly, serotonin uptake via SERT drove apoptosis of Burkitt lymphoma cells, which could be reversed by SSRIs, in a study by Serafeim et al. in 2002.

In 2000, Stefulj et al. measured mRNA levels in spleen, thymus, and peripheral blood lymphocytes of the rat and found significant levels of 5-HT1B, 5-HT1F, 5-HT2A, 5-HT2B, 5-HT6, and 5-HT7 receptor mRNA. 5-HT3 receptor mRNA was only detected after stimulation with mitogens.

T-CELLS

T-cells express numerous 5-HT receptors as well as all other serotonergic components (TPH1, SERT, and MAO).

In 1991, Askenase and colleagues described that serotonin released from mast cells and activating 5-HT2 receptors on recruited T-cells initiates the delayed-type hypersensitivity. In 1997, the same group showed that local secretion of serotonin from platelets initiates T-cell-dependent contact sensitivity mediated by IgEantibodys.

T cell proliferation involves 5-HT2 receptors. The stimulation of the 5-HT1A receptor on T-cells was shown to increase cell survival and S-phase transition by increased translocation of NFκB to the nucleus. In 2007, Léon-Ponte et al. showed that naive T-cells express predominantly the 5-HT7 receptor and T-cell activation was hereby enhanced through serotonin stimulation. Activation of the 5-HT2A receptor subtype, which is expressed in high levels in activated T-cells, with (R)-DOI represses T helper cell 2 (Th2) gene expression in allergic asthma.

B-CELLS

In 1995, Iken and colleagues described that mitogen-stimulated B-cell proliferation was dependent on serotonin stimulation via the 5-HT1A receptor .Rinaldi et al. identified, in 2010, the expression of 5-HT3A in normal and neoplastic B-cells. In 2005, Meredith and colleagues showed that upon activation, B-cells exhibit a significant increase in SERT expression. As described above, serotonin uptake via SERT drives apoptosis in Burkitt lymphoma cells and could be reversed by selective serotonin reuptake inhibitors. Hernandez et al. showed accordingly that treatment with SSRIs increases the number of circulating B-cells. These findings show that serotonin influences the adaptive immune response.

NK-CELLS

As described above, serotonin suppressed interactions between monocytes and NK cells, leading to an increase of NK cell functions that are normally inhibited by monocytes, such as cytotoxicity and IFN-γ production in studies by Hellstrand and colleagues in the early 1990s. In 2008, Evans et al. showed that SSRIs enhanced the cytosolic functions of natural killer cells in vitro. Furthermore, 2 years later, Hernandez and colleagues showed that the long-term treatment with SSRIs enhanced the NK cell proliferation.Thesignaling mechanisms remain unclear.
IMMUNE COMPLEX (IC)

Credits: loutier N, Allaeys I, Marcoux G, Machlus KR, Mailhot B, Zufferey A, Levesque T, Becker Y, Tessandier N, Melki I, Zhi H, Poirier G, Rondina MT, Italiano JE, Flamand L, McKenzie SE, Cote F, Nieswandt B, Khan WI, Flick MJ, Newman PJ, Lacroix S, Fortin PR, Boilard E. Platelets release pathogenic serotonin and return to circulation after immune complex-mediated sequestration. ProcNatlAcadSci U S A. 2018 Feb 13;115(7):E1550-E1559. doi: 10.1073/pnas.1720553115. Epub 2018 Jan 31. PMID: 29386381; PMCID: PMC5816207.

There is a growing appreciation for the contribution of platelets to immunity; however, our knowledge mostly relies on platelet functions associated with vascular injury and the prevention of bleeding. Circulating immune complexes (ICs) contribute to both chronic and acute inflammation in a multitude of clinical conditions. Herein, we scrutinized platelet responses to systemic ICs in the absence of tissue and endothelial wall injury. Platelet activation by circulating ICs through a mechanism requiring expression of platelet Fcγ receptor IIA resulted in the induction of systemic shock. IC-driven shock was dependent on release of serotonin from platelet-dense granules secondary to platelet outside-in signalling by αIIbβ3 and its ligand fibrinogen. While activated platelets sequestered in the lungs and leaky vasculature of the blood-brain barrier, platelets also sequestered in the absence of shock in mice lacking peripheral serotonin. Unexpectedly, platelets returned to the blood circulation with emptied granules and were thereby ineffective at promoting subsequent systemic shock, although they still underwent sequestration. We propose that in response to circulating ICs, platelets are a crucial mediator of the inflammatory response highly relevant to sepsis, viremia, and anaphylaxis. In addition, platelets recirculate after degranulation and sequestration, demonstrating that in adaptive immunity implicating antibody responses, activated platelets are longer lived than anticipated and may explain platelet count fluctuations in IC-driven diseases.

POST-STROCK DEPRESSION

Credits: Hu, J., Zhou, W., Zhou, Z., Han, J., & Dong, W. (2020). Elevated neutrophil‑to‑lymphocyte and platelet‑to‑lymphocyte ratios predict post‑stroke depression with acute ischemic stroke. Experimental and Therapeutic Medicine, 19, 2497-2504. https://doi.org/10.3892/etm.2020.8514

Post-stroke depression (PSD) is one of the most prevalent psychiatric disorders following strokes, and affects nearly a third of the survivors during the first 5 years after the stroke. The occurrence of PSD is associated with negative clinical outcomes, including impaired cognition and delayed recovery of neurological functions. Furthermore, PSD acts as a prominent barrier to stroke rehabilitation and has been related to a reduced quality of life as well as an increasing risk of stroke recurrence and mortality. Thus, early diagnosis as well as efficient management of PSD must be a priority in clinical stroke rehabilitation.

Extensive investigations have suggested that inflammation plays an important role in acute ischemic stroke and depression by stimulating various pro-inflammatory markers, where the subsequent inflammation has been demonstrated to be involved in the development of PSD. Acute ischemic stroke has been demonstrated to induce the inflammatory response accompanied by a significant increase in the expression levels of inflammatory and pro-inflammatory cytokines markers, such as interleukin (IL)-1β, IL-1α, tumour necrosis factor (TNF)-α, IL-6, IL-8 and soluble TNF receptor 1 in the plasma, which are frequently found in the acute phase of stroke. Pro-inflammatory cytokines induce an inflammatory cascade reaction, and the expression of inflammatory related cytokines are strongly related with larger infarct sizes and a poorer prognosis for stroke patients.

Previous studies have shown that low-grade inflammation plays a critical role in the development of depression. Antidepressants may moderately improve depressive symptoms by reducing the levels of pro-inflammatory cytokines and increase the production of anti-inflammatory cytokines. Inflammatory mediators have been found to interact with key biological systems in depression, including altering neurotransmitter metabolism, neuroendocrine function, neural plasticity and the levels of reactive oxygen species. Similarly, a cohort study showed that the serum levels of IL-6, IL-10, TNF-α and IFN-γ were significantly higher in the PSD cohort compared to the non-PSD cohort. Furthermore, a recent study found that the coexistence of higher homocysteine and C-reactive protein (CRP) expression levels were independent risk factors for PSD .

In recent years, the neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR) have emerged as well-accepted biomarkers for the assessment of overall inflammatory status. The NLR and PLR are simple and cost-effective biomarkers that can be easily derived from blood during routine examinations. Elevated levels of NLR and PLR have been found to be related with oxidative stress and increased cytokine production in patients with depressive disorders. Furthermore, the NLR and PLR are strongly related to the prognosis of infarction and thrombo-inflammatory state. The NLR has been used as an indicator to reflect the prevalence of intracranial atherosclerosis and is an independent risk factor for ischemic stroke and a poorer prognosis. Similarly, the PLR has been used to predict poor prognoses, the rate of insufficient recanalization and the size of infarcted area following stroke.

In addition to the inflammation and stroke, the NLR and PLR are also considered to be related to psychiatric disorders, especially depression. The NLR has been found to be increased in patients with major depression without antidepressant therapy; however, the NLR returned to normal levels after 3 months of Selective Serotonin Reuptake Inhibitor treatment. Moreover, the PLR in patients with major depression has also been found to be increased. Recent studies have suggested that the NLR or PLR are associated with PSD 1 month following stroke occurrence, which highlighted the relationship between early PSD and the inflammation index. However, there was not clear association between these indicators and 6-month PSD. To the best of our knowledge, the present study is the first to explore the association between the NLR/PLR and PSD at 6 months. The aim of the present study was to examine the value of the NLR and PLR as joint indicators in the diagnosis of PSD. Whether the joint index has better diagnostic value than independence index is a valuable question which may improve the diagnosis of PSD.

NEUTROPHILIC LEUKOCYTOSIS

Credits: Boiocchi, L., Gianelli, U., Iurlo, A. et al. Neutrophilic leukocytosis in advanced stage polycythemia vera: hematopathologic features and prognostic implications. Mod Pathol 28, 1448–1457 (2015). https://doi.org/10.1038/modpathol.2015.100
The concurrence of elevated counts of peripheral neutrophils and pronounced mature myeloid proliferation in marrow prompted the hypothesis that at least some cases could share a biological relationship with the other types of myeloproliferative neoplasms that typically show increased neutrophilic and/or myeloid proliferation, as chronic neutrophilic leukaemia, atypical chronic myeloid leukaemia BCR-ABL1 negative or chronic myelomonocytic leukaemia. All cases retained their JAK2V617F mutation positivity and remained negative for BCR-ABL1 fusion. To explore other possible mechanisms involved with the development of leucocytosis, we investigated eight cases for mutations of CSF3R, SETBP1, and SRSF2 genes. Truncation mutations of the receptor cytoplasmic domain for CSF3R have been recently identified as a highly sensitive and specific molecular marker for CNL and SETBP1 is frequently mutated in atypical chronic myeloid leukemia26 in other myelodysplastic syndromes, myelodysplastic/myeloproliferative neoplasms27 or chronic myelomonocytic leukaemia. SRSF2 mutations has been described in 47% of chronic myelomonocytic leukaemiaand, although less frequently, in other types of myelodysplastic and myeloproliferative neoplasms. All neutrophilic post-polycythemic myelofibrosis cases showed only wild-type alleles for these genes, a finding that suggests that the neutrophilic proliferation arising during the fibrotic stages of polycythaemia vera is caused by mechanisms biologically distinct from those involved in chronic neutrophilic leukaemia or atypical chronic myeloid leukaemia.

Cytogenetic abnormalities and complex karyotypes are a common feature of post-polycythaemia myelofibrosis and are considered evidence of progressive accumulation of genetic damage. However, among the neutrophilic cases an abnormal karyotype was found in 38% of cases, fewer than in the control group. The presence of chromosomal abnormalities did not correlate with the degree of peripheral neutrophilia or neutrophilic proliferation in marrow. In fact, among the four cases showing the highest myeloid:erythroid ratios and neutrophil counts cytogenetic results were mixed: two patients showed chromosomal anomalies but the remaining two displayed normal karyotypes. Moreover, there was no association between the development of leucocytosis and any specific alteration.

In spite of these negative results, the most likely explanation is that a yet undiscovered molecular alteration such as the presence of a myeloid cell subclone present at disease onset or acquired later in the course of polycythaemia vera, succeeds in becoming dominant during the late stage of the disease. The presence of such clonal instability might account both for the observed phenotypic shift and the worse overall survival of these patients. Clonal complexity as a mechanism underlying phenotypic shifts in myeloid neoplasm has been recently reviewed by Itzykson et al. The more widely known and best characterized example includes the development in cases of JAK2 mutation-positive myeloproliferative neoplasm of two different leukemic clones, one with JAK2 mutation-positive blasts and one with JAK2 wild-type blasts; another example of this mechanism could explain the selection of JAK2 positive/BCR-ABL1 negative clones from those rare cases of myeloproliferative neoplasms with concurrent BCR-ABL1 and JAK2 mutation-positivity treated with imatinib. Therefore, a more comprehensive mutational analysis with more numerous samples might be able to better estimate the type and frequency of molecular alterations associated with this uncommon event.
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Figure30..

Effects on IDO activity on immune responses. IDO is expressed by various cells of the immune system in response to activation by inflammatory markers such as IFNs, ILs, TNFs, PGs and LPS. By decreasing the amount of available Trp IDO activates the GCN2 stress-kinase pathway leading to T cell anergy and cell cycle arrest, inhibits the mTOR pathway thus decreasing T cell proliferation. By increasing KP metabolite concentrations IDO also contributes to the apoptosis of effector T cells and promotes the formation of T cells of the regulatory subtype. Via these mechanisms IDO might exert profound effects on both systemic and local immune responses. Abbreviations: IFNs: interferons; Ils: interleukins; TNFs: tumour necrosis factors; PGs: prostaglandins; LPS: lipopolysaccharide; DC: dendritic cell; IDO: indoleamine 2,3-dioxygenase; Trp: tryptophan; KP: kynurenine pathway; mTOR: mammalian target of rapamycin. In: BorosFanni A., VécseiLászl. Immunomodulatory Effects of Genetic Alterations Affecting the Kynurenine Pathway. Frontiers in Immunology. Vol. 10, 2019. DOI=10.3389/fimmu.2019.0257Kynurenine 3-monooxygenase in mitochondrial dynamics

Figure 31.
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Serotonin and cells
NEUTROPHILIA AND MAINTENANCE OF A SYNDROME

Credits: Duerschmied, D., Suidan, G. L., Demers, M., Herr, N., Carbo, C., Brill, A., Cifuni, S. M., Mauler, M., Cicko, S., Bader, M., Idzko, M., Bode, C., & Wagner, D. D. (2013). Platelet serotonin promotes the recruitment of neutrophils to sites of acute inflammation in mice. Blood, 121(6), 1008–1015. https://doi.org/10.1182/blood-2012-06-437392
Platelets store serotonin in their dense granules at millimolar concentration and secrete it when they become activated. This requires a complex mechanism of uptake, storage, and targeted release that is similar to that in neurons, with the exception that platelets are not stationary but circulate in high numbers throughout the vasculature. Platelets do not synthesize serotonin but incorporate and store serotonin that is synthesized in duodenal enterochromaffin cells and secreted into blood. Several different effects of non-neuronal serotonin have been unraveled in the past, including prohemostatic (on platelets and vascular smooth muscle cells), mitogenic (on hepatocytes and pulmonary smooth muscle cells), and immunomodulatory (on lymphocytes, monocytes, and smooth muscle cells) functions. In vitro studies have shown that serotonin also activates the release of Weibel-Palade bodies (WPBs) from endothelial cells, which would promote leukocyte rolling via the WPB constituent P-selectin. However, it is not clear whether serotonin influences neutrophil-endothelial interactions, a central step in early innate immune responses.

We chose 2 approaches to study serotonin effects on leukocyte rolling and recruitment: genetic deficiency of non-neuronal serotonin, as has been established in Tph1−/− mice, and pharmacologic depletion of platelet serotonin. Tryptophan hydroxylase (TPH) 1 is the rate-limiting enzyme for the synthesis of serotonin in non-neuronal cells and has been identified in enterochromaffin cells (primary source), pulmonary endothelial cells, mast cells, and with limited indirect evidence, monocytes/macrophages. It is distinct from the neuronal isoform TPH2. Tph1−/− mice are known to have defects in haemostasis, liver regeneration, pulmonary arterial pressure regulation, and erythropoiesis, but acute inflammatory responses mediated by neutrophil recruitment have not been addressed. 

A striking inflammatory response is septic shock. We tested the hypothesis that non-neuronal serotonin enhances this neutrophil-driven disorder, which was suggested previously by pharmacologic studies with 5-HT2 receptor antagonists and fluoxetine. Indeed, Tph1−/− mice were protected from lethal LPS-induced septic shock. In the early response to LPS challenge, heart rate and blood pressure slightly decrease, TNFα levels increase, and heart rate variability drops significantly in mice. Because Tph1−/− mice showed a similar response in these parameters as WT mice, they appear to be independent of non-neuronal serotonin (serotonin-enhanced sympathetic tachycardia is primarily mediated by neuronal serotonin receptors). Serotonin is a known platelet coactivator and enhances the procoagulant properties of activated platelets, which may also affect intravascular coagulopathy in sepsis. Together, our data indicate that Tph1−/− mice are protected from septic shock because of reduced neutrophil recruitment (and possibly reduced platelet activation), but not because of a difference in cytokine secretion or cardiovascular changes.

5-HT AND BONE

In earlier works, it has already been shown that osteoblasts have several serotonin receptors, and here we investigated the bone phenotype of mice with a global invalidation of the serotonin 2B receptor (htr2b−/−). In all, 30% of newborn htr2b−/− mice die at birth with cardiac malformation, but the survivors have normal life expectancy and display only minimal cardiac dysfunction.  We have previously shown that mice displayed significantly reduced bone formation from 4 months of age.32 This osteopenia was intensified in 18-month-old mice that displayed a phenotype reminiscent of aging-related osteoporosis. This could not be detected in 3-month-old mice with an osteoblast-specific deletion of this serotonin 2B receptor studied by Yadav et al.  In the absence of serotonin, osteoblasts of 5-HT2BR−/− mice have reduced bone proliferation. Our pharmacological data suggest that this 2B receptor is capable of both constitutive and paracrine activities in accordance with the data obtained by Locker et al.41 on a mesoblastic cell line. The only other serotonin receptors known to have binding sites on osteoblasts were 5-HT2AR and 5-HT1AR. Several points need to be considered: first, although osteoblasts do express Tph1 transcriptionally, we could not detect any significant serotonin synthesis.42 Second, we observed that 10–100 nM serotonin has a proliferative action on primary murine osteoblasts, which is consistent with previous data for chicken osteoblasts, whereas an antiproliferative effect could be observed from 50 μM (unpublished data).

SEROTONIN AND OSTEOCLASTS.

In order to investigate in greater depth the role of the serotoninergic system in bone remodelling, we conducted a detailed in vivo study in Tph1−/− mice. We studied male mice while they were growing (six weeks of age) and at maturity (16 weeks). In the growing Tph1−/− mice, we observed an increase in bone mass that was resolved at maturity, in accordance with the data of Cui et al.34 In both juvenile and mature mice there was evidence of decreased bone resorption, as evaluated by both histomorphometry and D-pyridinoline, a biochemical marker of bone resorption. Bone formation was unchanged in growing mice and reduced in mature mice, which explains the elevated bone density seen in the growing mice that had returned to normal at maturity. We also showed that in vivo the decrease in bone resorption could be overridden by treatment with 5-HTP, which offsets the absence of TPH1. Furthermore, bone-marrow transplantation at birth of Tph1−/− mice with wild-type cells retarded the deficit in bone resorption and proved that an intrinsic osteoclast defect was responsible for the osteoclast phenotype. Ex vivo studies showed that osteoclast differentiation from spleen cells (in the absence of any osteoblastic cell of the osteoblast lineage) was reduced in Tph1−/− animals. Finally, we could show that osteoclasts were able to synthesize serotonin, and that this synthesis was increased by RANKL. These data could not have been observed by Yadav et al, as they reported only specific invalidation of Tph1 in the gut.

This result shows for the first time that there is a source of serotonin in the bone microenvironment. This synthesis of serotonin by osteoclasts might increase in a pathological situation where there is an increase in RANKL. Although our data show that serotonin increases osteoclastogenesis by a paracrine/autocrine mechanism, the physiological role of serotonin in osteoblastogenesis is less clear. It is possible that osteoclast synthesis of serotonin is sufficient to induce an increase in osteoblast proliferation, and that serotonin is one of the 'coupling factors' that are synthesized by osteoclasts and stimulate osteoblast formation.43 However, this hypothesis cannot explain why normal bone formation was maintained in growing mice despite the decreased bone resorption in Tph1−/− mice. 

Credits:deVernejoul, M. C., Collet, C., &Chabbi-Achengli, Y. (2012). Serotonin: good or bad for bone. BoneKEy reports, 1, 120. https://doi.org/10.1038/bonekey.2012.120
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ANEMIA IN COVID-19 IS NOT CAUSED BY HEMOPAGOCYTIC SYNDROME: FERRITIN AND INFLAMMATION

The COVID-19 patient can present anemia in two ways: 1) from the lack of serotonin, with little stimulation of the erythroid receptors; 2) from neutrophil activation, presenting a much more intense and destructive inflammatory responses.  Serum ferritin levels, within the normal range, represent an independent risk factor of arterial stiffness in a large cohort of naïve hypertensive patients with different glucose tolerance and a strong effect modifier on the relationship between inflammation and PWV, thus a possible candidate for early marker of atherosclerosis at least in this setting of patients. This may be clinically relevant because ferritin is an easily determined laboratory parameters and widely used in medical practice.

The main limitation of the study is its cross-sectional design; therefore no causal link can be claimed. In addition, the measurements of hepcidin, a well-known regulator of body iron fluxes, were not available. This may be important because the determination of hepcidin levels could give more information about iron metabolism, also in subclinical inflammation. However, we evaluated transferrin saturation which is an important determinant of hepcidin release.

Oxygen supply to tissues is a fundamental principle of mammalian life. Regulation of tissue oxygenation has attracted significant interest since it was first observed more than 100 years ago that the number of red blood cells is inversely related to ambient oxygen pressure, suggesting a negative feedback loop between tissue oxygen and red cell formation. The key regulator of this feedback loop is erythropoietin (EPO), which is mainly produced by kidneys and liver. Studies of EPO regulation led to the discovery of hypoxia-inducible transcription factors (HIFs), master regulators of hypoxic gene expression. HIFs are heterodimers formed by 1 of 3 oxygen-regulated α subunits and a constitutive β subunit. The oxygen-dependency of prolyl-hydroxylase domain enzymes (PHDs), which target HIFα for proteasomal degradation, provides the basis of a widespread oxygen-sensing mechanism. The roles of the different HIF isoforms are partially overlapping, but HIF-2 appears solely responsible for induction of EPO gene expression in response to hypoxia.

Figure 33.
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 Schematic illustration of the role of hypoxia-inducible factor 2 ( HIF-2) in the control of red blood cell (RBC) production. Blood oxygen content, which is determined by the number of RBCs and arterial oxygen saturation, influences tissue oxygen concentrations and thereby impacts oxygen-dependent gene expression. HIF-2 determines erythropoietin (EPO) gene expression in the liver (mainly in fetal and early postnatal life) and kidneys (in adulthood). Hepatic hepcidin suppresses iron release from intestinal cells and macrophages (not shown in the scheme). Erythroid progenitor cells release erythroferron on stimulation with EPO, which suppresses hepcidin and thereby enhances iron availability to match the increased need. At a cellular level, hepcidin binds to and inactivates ferroportin (FPN), the only known cellular iron exporter. Intestinal iron absorption requires active ferroportin and appears to be responsive to the hypoxia-sensing pathway, with HIF-2 enhancing the expression of iron-absorbing genes. Recent data by Schwartz et al. 
 demonstrate that ferroportin can directly stabilize HIF-2 through a ferroportin-mediated iron efflux. This iron efflux presumably lowers intracellular iron concentrations and thereby inhibits one or more prolyl-hydroxylases, which normally target HIF-2 for proteasomal degradation. pO 2, partial pressure of oxygen.

 De Vernejoul, M. C., Collet, C., &Chabbi-Achengli, Y. (2012). Serotonin: good or bad for bone. BoneKEy reports, 1, 120. https://doi.org/10.1038/bonekey.2012.120
Schwartz AJ, Das NK, Ramakrishnan SK, et al. Hepatic hepcidin/intestinal HIF-2α axis maintains iron absorption during iron deficiency and overload. J Clin Invest.
GUT INFLAMMATION AND TRYPTOPHAN METABOLISM
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Figure 34.
Effects of gut microbes on innate immune receptor. (A) Bifidobacterium infantis 35624 treatment increases IL-10 secretion through the TLR2/TLR6 pathway in human myloid dendritic cell (mDC) and monocyte-derived DC (MDDC), while IL-10 secretion in plasmacytoid DC (pDC) is TLR9 dependent. (B) Lactobacillus acidophilus NCFM facilitates murine myeloid DC to express antiviral genes, such as myxovirus resistance 1, interferon (IFN)-β and interferon stimulated gene 56 (Isg56), via TLR2 pathway. (C) Lactobacillus delbrueckii subsp. delbrueckii TUA4408L (Ld) response against Enterotoxigenic Escherichia coli (ETEC) 987P infection in porcine intestinal epithelial cells. Acidic extracellular polysaccharide (APS) and neutral extracellular polysaccharide (NPS) of Ld attenuate inflammation dependent on TLR2 and TLR4, respectively. (D) Non-invasive Helicobacter pylori infection in NOD2−/− mice relies on NOD2 signaling to induce Th1 inflammation response. (e) Non-invasive Clostridium difficile infection recruits neutrophils to infection sites via nucleotide-binding oligomerization domain protein 1 (NOD1). (F) Citrobacter rodentium induces inflammation exacerbation in NLRC4−/− mice by producing IL17A and IFN-γ.
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Figure 35.
The effects of gut bacteria on T cells differentiation. (A) The polysaccharide A of segmented filamentous bacteria (SFB) induces Th17 cells differentiation and the antigen of SFB presented by dendritic cell (DC) is dependent on major histocompatibility complex II (MHCII). SFB adhesion induces Th17 accumulation by producing serum amyloid A (SAA) and reactive oxygen species (ROS). (B) The Bacteroides fragilis improves Treg cells differentiation mediated by PSA-activated DC. (C) Clostridia species induces Tregs accumulation presumably by cooperating with DC in the colon. (D) Butyrate, a large intestinal bacterial metabolite, drives colonic expansion of Treg cells in mice by reinforcing histone H3 acetylation in the promoter and conserving non-coding sequence regions of the Foxp3 locus. (e) Bacteria-producing Zwitterionic capsular polysaccharides (ZPS) can stimulate differentiation of Treg cells and IL-10 production dependent on antigen-presenting cell (APC). (F) Commensal A4 bacteria of Lachnospiraceae family inhibit Th2 cells production by increasing transforming growth factor-β (TGF-β) production of DC. (G) The Th17 cells produce IL-17, IL-21, and IL-22 to enhance inflammation response, while the Treg cells produce IL-10 to attenuate inflammation.
Figure 36.
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Tryptophan mediates the bacteria-immune crosstalk. When induced by proinflammatory cytokines, the majority of tryptophan is metabolized through the kynurenine (Kyn) pathway mediated by indoleamine 2,3-dioxygenase (IDO). Kyn can serve as agonists for aryl hydrocarbon receptor (AhR), and act on dendritic cell (DCs) to inhibit DCs maturation. Through AhR, Kyn can cause T cell energy loss and apoptosis, promote the proliferation of Treg and Th17 cells, and also decrease the differentiation of highly inflammatory Th17 cells and enhance the generation of IL-22 and IL-10. Tryptophan can be degraded to 5-HT by the aid of Tryptophan hydroxylase gene (TPH1). Corynebacterium spp., Streptococcus spp., and Escherichia coli can also synthesize 5-HT themselves from tryptophan. Spore-forming bacteria (Sp) can regulate the concentration and synthesis of 5-HT. Melatonin can be then secreted after 5-HT, which can affect the differentiation of Th17 cells in the intestine. 

IMMUNOSENESCENCE, ACE-2, AND 5-HT

Credits: Strasser Barbara,VolaklisKonstantinos,Fuchs Dietmar, et al. Role of Dietary Protein and Muscular Fitness on Longevity and Aging[J]. Aging and disease, 2018, 9(1): 119-132.

Main immunological changes observed during immunosenescence. Aging interferes with various aspects of innate and adaptive immune cells that can impair or compromise their function and response. In addition, several factors can deregulate intracellular homeostasis during aging, intensifying the secretion of inflammatory cytokines and chemokines (inflammation).

The cells of the innate immune system can be quantitatively and qualitatively affected by the aging process. In the case of monocytes, there is a prevalence of nonclassical, and intermediate subtypes associated with a lower phagocytic capacity (43). Monocytes from older individuals also secrete less IFN-α, IFN-γ, IL-1β, CCL20 and CCL8 when stimulated with adjuvants of the innate immune response, although some studies have suggested that these cells have a greater capacity to secrete proinflammatory cytokines under baseline conditions or after stimulation in older individuals. Recently, Zheng and colleagues reported an increase in the monocyte population in aged healthy adults, especially classical CD14 monocytes. Monocytes from aged individuals have higher expression of inflammatory genes, such as IL1B, TNF and CXCL8, and increased activation of the NF-κB, Toll-like receptor, inflammasome, and MAPK signalling pathways.

In the case of infection by SARS-CoV-2, there is a greater production of IL-6 and GM-CSF in the peripheral blood by CD14+ CD16+ monocytes. Additionally, in vitro infection of human monocytes with SARS-CoV-2 leads to the production of several inflammatory cytokines, such as IL-6, IL-1β, TNF-α, and IFN-I. Moreover, COVID-19 patients of advanced age have more monocytes than younger patients. These cells with an inflammatory profile can migrate into the lungs, contributing to the exacerbated inflammatory response and consequent tissue damage characteristic of the pathogenesis of the disease. In fact, because of their inflammatory properties, monocytes have been suggested to be among the main contributors to the disparate severity of COVID-19 in older patients.

The changes occurring in immunosenescence also affect antigen-presenting cells (APCs), such as dendritic cells (DCs) and macrophages. In both cell populations, antigen presentation is compromised in the old population, possibly due to the lower expression of CD80, CD86 and MHC-II after exposure to a stimulus and a lower production of superoxide anion by macrophages after treatment with IFN-γ. In vitro studies investigating DCs derived from peripheral blood monocytes show that infection with MERS-CoV induces the expression of MHC-II and CD86 and promotes the production of IFN-γ, CXCL10, IL-12, and CCL5. However, whether DCs from the older people respond similarly to infection by MERS or other coronaviruses is unclear.

In addition, SARS-CoV-1 is capable of infecting monocyte-derived DCs, rendering these cells producers of inflammatory cytokines, such as TNF-α and IL-6, and chemokines, such as CCL2, CCL3, CCL5 and CXCL10. However, it was not possible to identify the production of antiviral cytokines, such as IFN-α, IFN-β, IFN-γ and IL-12p40, which may indicate a possible viral escape mechanism mediated by blocking these pathways. In fact, Hu et al. showed that the SARS-CoV-1 N protein interacts with TRIM25, preventing the generation of IFN-I via RIG-I. In COVID-19 patients, an imbalanced production of IFN-I has also been reported, and it seems to correlate with disease severity (119, 120). Moreover, SARS-CoV-2 infection elicits reduced expression of IFN-I and interferon-stimulated genes (121). In addition, pretreatment with IFN-α or IFN-β reduced SARS-CoV-2 titers in in vitro infection studies. In fact, IFN-I administration has shown promising results in COVID-19 patient clinical trials. In a phase 2 study, the triple combination of lopinavir–ritonavir, ribavirin and interferon beta-1b was efficient in reducing symptoms, shortening the duration of infection and hospital stay in patients with mild to moderate COVID-19.

Muscle atrophy is an unfortunate effect of aging and many diseases and can compromise physical function and impair vital metabolic processes. Low levels of muscular fitness together with insufficient dietary intake are major risk factors for illness and mortality from all causes. Ultimately, muscle wasting contributes significantly to weakness, disability, increased hospitalization, immobility, and loss of independence. However, the extent of muscle wasting differs greatly between individuals due to differences in the aging process per se as well as physical activity levels. Interventions for sarcopenia include exercise and nutrition because both have a positive impact on protein anabolism but also enhance other aspects that contribute to well-being in sarcopenic older adults, such as physical function, quality of life, and anti-inflammatory state. The process of aging is accompanied by chronic immune activation, and sarcopenia may represent a consequence of a counter-regulatory strategy of the immune system.

Figure 37.
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