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Cardiovascular disease (CVD) is one of the major causes of mortality worldwide. Inflammation is the underlying

common mechanism involved in CVD. It has been recently related to amino acid metabolism, which acts as a

critical regulator of innate and adaptive immune responses. Among different metabolites that have emerged as

important regulators of immune and inflammatory responses, tryptophan (Trp) metabolites have been shown to

play a pivotal role in CVD.
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1. Introduction

Cardiovascular disease (CVD), including myocardial infarction (MI) and stroke, constitutes the leading cause of

death worldwide. Atherosclerosis is the underlying cause of the majority of CVD. Despite the use of cholesterol-

lowering therapies to reduce atherosclerosis, nearly 18 million people die each year due to CVD . Given the high

prevalence of obesity in developing countries, the global incidence of CVD is predicted to increase and constitute

the greatest public health problem in the world.

Atherosclerosis is a chronic inflammatory disease affecting both large and medium arteries initiated by increased

endothelial cell (EC) permeability and intimal low-density lipoprotein (LDL) cholesterol accumulation . Over years,

atherosclerotic plaque overgrowth can lead to plaque instability and a high probability of rupture. The disruption of

the plaque surface and exposure of its thrombogenic content to the luminal blood flow result in thromboembolism,

which may occur in one or more coronary arteries, contributing to their occlusion . Therefore, blood oxygen and

nutrient deprivation result in ischemia, and consequently myocardial cell death, contributing to acute MI most

commonly occurring in the left ventricle (LV) . MI is therefore considered as the first and most severe clinical

manifestation of atherosclerosis.

Inflammation was identified as a key driver of atherothrombotic events . On this subject, the authors of the

Canakinumab Anti-Inflammatory Thrombosis Outcomes Study (CANTOS) trial showed that targeting interleukin-1β

(IL-1β) improved CV outcome in patients with MI history, which would confirm the proof of concept of the role of

inflammation in the causal pathway of atherothrombosis disease . This was followed by the Low-Dose Colchicine

after Myocardial Infarction (COLCOT) trial which revealed that non-selective inhibition of inflammation using

colchicine significantly reduced atherosclerosis-related events .
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Several actors can contribute to inflammatory-associated response which include modifiable and non-modifiable

risk factors. Among modifiable risk factors, diet and particularly its composition has been suggested to significantly

impact inflammation. In this regard, some amino acids (AAs) metabolic pathways have become critical checkpoints

for controlling inflammatory-related mechanisms. For instance, branched-chain AAs (leucine, isoleucine, and

valine) have been shown to promote EC dysfunction through increased reactive oxygen species (ROS) generation

and inflammation . Likewise, tryptophan (Trp) metabolites have been shown to be closely related to

inflammation and thereby suggested to be involved in CVD . In that respect, some systemic Trp catabolites were

associated with worse CVD outcome and have been considered as important predictors of major acute coronary

events , as well as biomarkers of adverse LV remodeling following MI .

2. Trp Absorption and Catabolism

Trp was discovered by the English chemist Sir Frederick Gowland Hopkins in 1901 . It is one of the nine

essential amino acids that cannot be synthesized endogenously and is therefore supplied by the diet. Daily

consumption of Trp is about 900–1000 mg, a level which is high considering the WHO recommendation of about 4

mg/kg (~300 mg for an adult). Trp is found in protein-rich foods, such as meat, fish, eggs, milk, cheese, dairy foods,

beans, nuts, pumpkin, sesame seeds, turkey, tofu, soy, and chocolate .

Following food digestion, Trp absorption occurs through B AT1 and TAT1, located respectively in the apical and

basolateral membranes . Some intestinal Trp enters portal and then systemic circulation after absorption and

the remaining Trp is locally transformed, notably by gut microbiota into various catabolites.

Trp passes into the hepatic portal system before the unused fraction is released into the bloodstream and delivered

to peripheral tissues. In addition to protein synthesis, which represents a small portion (1%), Trp mostly undergoes

degradation, a process known as Trp catabolism (Figure 1). Trp-derived metabolites are generated through three

known pathways orchestrated by tissue-specific enzymes. The Kynurenine pathway (KP) accounts for ~95% of

ingested Trp . Under normal physiological conditions, the first and rate limiting step of Trp catabolism is mostly

catalyzed by tryptophan 2, 3-dioxygenase (TDO), mainly expressed in the liver. Its activity is constitutive but could

be increased by glucocorticoids and circulating levels of Trp . A minimal contribution is also possible due to the

extrahepatic cytosolic enzyme, IDO, and to a lesser extent by its isoform, the indoleamine 2, 3-dioxygenase 2

(IDO2). As a result of TDO, IDO, or IDO2 activity, N-formylKynurenine (NFK) is generated and hydrolyzed to Kyn

by NFK formidase. Kyn is then catabolized to several metabolites via the action of multiple enzymes. Kyn is

converted to anthranilic acid (AA) by kynureninase, or kynurenic acid (Kna) by kynurenine aminotransferase (KAT),

and to 3-hydroxykynurenine (3-OHKyn) by kynurenine monooxygenase (KMO). Then, 3-OHKyn is metabolized into

3-hydroxyanthranilic acid (3-HAA) by kynureninase. As final steps, quinolinic acid (Quina) is generated, and

thereafter nicotinamide adenine dinucleotide (NAD), which plays an essential role in energy metabolism. The

extrahepatic KP is minimal (<2%) under homeostasis, but becomes quantitatively more significant under

inflammatory conditions, when the activity of IDO exceeds that of hepatic TDO .

[10]

[11]

[12][13][14][15] [16]

[17]

[18]

0

[19][20]

[21]

[22]

[22]



Tryptophan Metabolism in Cardiovascular Diseases | Encyclopedia.pub

https://encyclopedia.pub/entry/14983 3/12

Figure 1. Simplified illustration of the tryptophan degradation in different peripheral organs. Tryptophan (Trp) is

predominantly converted into kynurenine (Kyn) pathway (KP) by Tryptophan 2, 3-dioxygenase (TDO) in the liver

(A) and by indoleamine 2, 3-dioxygenase 1 (IDO) in extrahepatic organs. In the gastrointestinal tract, a small

amount of Trp is converted by gut microbiota through the action of the enzymes tryptophanase and decaboxylase,

into indole and its derivatives and into tryptamine (B). Indole metabolites could be converted in the liver into indoxyl

sulfate. Another fraction of Trp is converted through Trp hydroxylase 1 (TpH 1) into serotonin in the gut (B) and

through Tph2 in the brain (C) then to melatonin.

The second pathway of Trp degradation is the serotonin pathway (~1–2%) mediated by Trp hydroxylase (TPH) that

results in the generation of serotonin or 5-hydroxytryptamin (5-HT), the precursor of melatonin . The two

enzymes involved in Trp hydroxylation are TPH1, mainly expressed in the enterochromaffin cells in the gut , and

the TPH2 preferentially expressed in the brain . TPH1, whose activity is in part modulated by gut microbiota ,

is responsible for the generation of more than 90% of 5-HT of the body . The serotonin from the gut can enter

the circulation or the intestinal lumen to exert its action on almost all the organs. It regulates gut motility, vascular

tone, primary hemostasis, and cell-mediated immune response . In the central nervous system, 5-HT generated

due to TPH2, controls mood, sleep, anxiety, and food intake. Interestingly, since deregulated TPH2 activity has

been implicated in psychiatric disorders, it has been considered as a therapeutic target for these diseases . Of

note, serotonin reuptake inhibitors (SSRIs) are considered the most used anti-depressant drugs. Besides their role

in blocking 5-HT reuptake transporters in the brain, SSRIs are responsible for 5-HT storage depletion in the

platelets, which are the major storage cells for peripheral 5-HT. Melatonin results from 5-HT catabolism in mainly

pineal gland in which the peak of its production and release happens during night. It is known to regulate sleep and

circadian rhythms, and to act as a free radical scavenger as well as a suppressor of inflammation .
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In the gastrointestinal tract, Trp is mostly converted in the host to Kyn by IDO, and to a lesser extent to 5-HT, and to

indole metabolites by the microbiota . Trp catabolism has a major role in fine-tuning intestinal physiology that

may affect peripheral health . In this context, it has been shown that aberrant Trp metabolism and gut microbiota

interplay contributes to immune response activation in experimental systemic lupus erythematosus .

Consistently, mice lacking dietary Trp displayed an impaired intestinal immunity and microbial dysbiosis . On the

other side, germ-free mice, which lack an intestinal microbiome, exhibited reduced Kyn levels, highlighting the

importance of gut microbiota for the induction of IDO activity .

Among Trp catabolites, indoles play a pivotal role in human physiology, contributing to several functions, such as

metabolic homeostasis, and immune system maturation and stimulation . Some bacteria express enzymes

responsible for Trp catabolism, more specifically decarboxylase and tryptophanase. Their action leads to Trp

conversion into tryptamine and indole metabolites, including indole pyruvic acid, indole propionic acid (IPA), indole

acetaldehyde, indole acetic acid (IAA), indole aldehyde (IAld), and indoxyl sulfate in the liver . Indoles are key

effectors in the gut, and they are known to be endogenous ligands of the Aryl Hydrocarbon Receptor (AHR) .

AHR is a transcription factor principally known to control environmental toxicity by binding exogenous xenobiotic

toxic chemicals . It also conveys microbiota-generated indole protective effects through antimicrobial peptide

(AMP) production and mucosal protection from inflammation through IL-22 production . Accordingly, IPA, an

indole metabolite has been shown to improve intestinal barrier function through activation of the Pregnane X

Receptor (PXR) . Trp catabolism is therefore a key modulator of host–gut microbiota crosstalk and any

perturbation impacting this mutualistic relationship can lead to disease development. For instance, a deficiency in

the host gene caspase recruitment domain family member 9 (Card9), involved in the immune response against

microorganisms, was shown to alter the microbiota composition and function, failing to produce indoles and

contributing to intestinal inflammation . Moreover, the disequilibrium between Kyn and indole production has

been shown to affect metabolic and intestinal diseases, such as obesity  and celiac disease . Increasing

evidence has suggested a strong relationship between gut microbiota and its derived metabolites with CVD . In

this regard, patients with inflammatory bowel disease (IBD) have an increased risk of atherothrombotic

complications , suggesting a link between the intestine and the cardiovascular system. Given the importance of

Trp metabolites in gastrointestinal homeostasis, they may play a significant role in CVD. In this regard, patients

with chronic kidney disease exhibit an accumulation of indoxyl sulfate due to insufficient renal removal, suggested

to be involved in the occurrence of CVD in these patients through enhanced oxidative stress . Moreover, indoxyl

sulfate has been shown to induce vascular smooth muscle cell (SMC) proliferation that may sustain neointimal

formation during uremia . However, the causative relationship between indoxyl sulfate and CVD has not yet

been fully proven and the plasma levels of indoxyl sulfate achieved in chronic kidney disease are

supraphysiological, which may not be representative of what occurs in CVD patients without severe renal

insufficiency. On the other hand, certain indole metabolites seem to exert anti-inflammatory effects . Therefore,

future studies are needed to investigate the contribution of intestinal Trp metabolites in CVD.

3. Indoleamine 2, 3-Dioxygenase 1
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IDO is a rate limiting enzyme implicated in Trp catabolism via KP. It was discovered in rabbit small intestine by

Hayaishi and colleagues in 1967 . IDO is a monomeric protein of ~45 kDa constituted of 403 AAs and

encoded by Ido-1 gene located in a pericentromeric region on chromosome 8.p12-p11 in humans and 8 A2 in mice.

It is a widely expressed non-secreted cytosolic enzyme . When produced, it exists in an inactive, heme-free,

apoenzyme form. It becomes an active holoenzyme after the binding of heme, superoxide anion, and its substrate

L-Trp .

Trp catabolism was originally proposed to be an innate immune defense mechanism to protect the host against

bacterial or viral infection. Initial studies conducted by Pfefferkon et al. showed that interferon-γ (IFN-γ)-induced Trp

degradation by human fibroblasts was responsible for blocking the intracellular parasite Toxoplasma gondii growth

in these cells . It was also considered as a central mediator of immune tolerance in pregnancy and a regulator of

adaptive immune response . On the same note, macrophage Trp catabolism was shown to inhibit T cell

proliferation . Later, it was shown that these immunoregulatory effects rely on the depletion of Trp in the

microenvironment and/or the generation of biologically active metabolites.

Data from literature show a complex role of tissue-specific IDO activity involved in the generation of Trp

metabolites, which could have either deleterious or protective effects in different pathological settings. Moreover,

the discrepancy of the observed roles of IDO could be potentially explained by tissue-specific effects of this

enzyme, suggesting that its function is tailored to the tissue and the environmental cues.

In recent years, IDO has been implicated in the pathophysiology of several inflammatory diseases, including

infection, allergy, autoimmunity, chronic inflammation, inflammatory neurologic diseases, transplantation, and

cancer . The involvement of IDO in such diverse diseases is due to its large spectrum of expression in different

organs and tissues, such as the spleen, brain, intestine, and lung .

During inflammation, IDO is up-regulated mostly in macrophages and dendritic cells by pro-inflammatory stimuli,

such as IFN-γ . IDO is an upstream enzyme which is involved in the generation of Kyn, and thereafter, due to

different downstream other enzymes, the generation of Kyn-derived metabolites that have been described to exert

either protective or deleterious effects . For example, Quina plays a direct role in the pathogenesis of

neurodegenerative disorders through the activation of N-methyl-d-aspartate (NMDA) receptors . In contrast,

Kna is neuroprotective through its antagonism on NMDA receptors .

As a protective role, IDO has been described as immunosuppressive enzyme that suppresses effector T Helper

(TH17) -cell function and favors the differentiation of regulatory T cells (Tregs) . Some KP-derived metabolites,

particularly Kyn and Kna, were identified as endogenous ligands of AHR . As such, Kyn was shown to cross

the T-cell membrane by the system L-type amino acid transporter SLC7A5 before it activates the AHR by binding to

its hydrophobic ligand-binding pocket . Recently, two trace-active derivatives of Kyn named trace-extended

aromatic condensation products (TEACOPs) have been identified and considered as high affinity AHR ligands .

Moreover, IDO expression was shown to be maintained due to an IDO-Kyn/AHR-IDO feed-forward loop . IDO-

mediated effects also rely on Trp consumption. Notably, Trp depletion induces the stress-response enzyme,
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general control nondepressible 2 (GCN2) kinase, which inhibits the anabolic mammalian target of rapamycin

(mTOR) . GCN2 activation in T cells can inhibit their proliferation and promote T cell differentiation toward Treg

cells. GCN2 can also directly affect the phenotype of dendritic cells and macrophages by inducing an anti-

inflammatory response .

Independently of its enzymatic activity, IDO can act as a signal transducer conferring a tolerogenic phenotype to

plasmacytoid dendritic cells (pDCs) in transforming growth factor (TGF)-β-dependent manner . This regulatory

role of IDO may be highly relevant in the context of acquired peripheral tolerance, e.g., in pregnancy, graft

tolerance, cancer, chronic infection, autoimmunity, and allergic inflammation .

In addition, the biological effects of IDO may go beyond its role in the regulation of the immune response,

suggesting a more complex and prominent role than previously thought. IDO activity was shown to contribute to

arterial vessel relaxation and to the control of blood pressure in septic shock . Moreover, metabolites generated

from Kyn may regulate diverse cellular functions, including viability , adhesive, and migratory properties , as

well as inflammatory potential. As such, Trp metabolism has been involved in various diseases, ranging from

chronic granulomatous disease  to neurodegenerative diseases, such as Alzheimer’s or Huntington’s disease

. Despite the progress made to understand the modes of action of IDO, more studies are warranted to

comprehend the profile of IDO expression and activation as well as its precise role in immune-dependent diseases.
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