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Neuroimmune system is nowadays considered as one

complex, but unique example of coordination between cellular

and molecular networks, only apparently segregated, but

strictly collaborating for the maintenance of body integrity. Too

often, serotonin and its metabolites have been considered

merely as neurotransmitters, when they have multiple effects

spreading from the modulation of mood and behavioral

processes to the regulation of a wide range of physiologic and

pathophysiologic processes in most human organs, not least

the immune response. The purpose of this review is to highlight

the importance of metabolites generated along the serotonin

pathway in the constant dialogue between neuroendocrine and

immune systems; moreover, we would like to point out that the

molecules produced in the two main routes of tryptophan

metabolism are involved in a loop of self-regulation aimed at

maintaining the equilibrium between these two metabolic

pathways in the neuroimmune system, in both physiologic and

pathologic conditions.
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Introduction
Is inherent in human nature the need to pigeonhole and

schematize the everevolving knowledge of the complex

processes underlying the functioning of biological organ-

isms. However, very frequently the boundary between

two biological fields is thin, and the actors of one often

have a leading role in the other as well. This is the case of

neuroendocrine and immune systems. As our understand-

ing of interactions between these two systems deepens,

the once clear-cut distinction among the two is fading.
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Today it is widely accepted that it is no longer possible to

make a sharp distinction between the neuroendocrine

system and the immune system, and that is more accurate

to refer to them as neuroimmune system. A fascinating

hypothesis assumes that in mammals these two systems

maybeevolutionaryrelatedthroughancestralprecursors, in

order to guarantee tissue homeostasis and integrity [1]. In

fact, neuroimmune interactions are found across multiple

organs and have emerged as important regulators of physi-

ology [2��]; however, functional interactions between the

neuronalandtheimmunesystemshavealsobeendescribed

in several pathological conditions, including cancer, multi-

ple sclerosis, chronic inflammatory disordersandautism[3].

The nervous and the immune system share many common

features, both requiring coordinated actions of multiple

cellular and molecular networks to sense, process and

respond to endogenous and exogenous factors and to inte-

grate complex environmental conditions. Moreover, either

systemcanmaintaina memoryofearlier events, resulting in

rapid responses to ever-evolving conditions. As additional

examples of the connection and integration of these two

systems, parasympathetic and sympathetic nerve fibers are

implicated in the regulation of immune functions, as well as

neurotransmitters and their receptors are expressed by

immune cells, and neurons can direct immune pathways

[4]. It has also been demonstrated that in the gut distinct

neuronal and immune cells, sharing anatomical localization

and functionally interacting, give rise to the so-called neu-

roimmune cell units (NICUs) [5]. The notion that connec-

tions between the gut, where many different immune cells

reside, and the brain significantly contribute to wellness in

humans led to the coining of the expression ‘gut-brain axis’.

Role of serotonin pathway metabolites in
neuroimmune communication
In addition to neurotransmitters, the mediators of the

intense dialogue between nervous and immune systems

are represented by a series of different molecules includ-

ing cytokines, neuropeptides, chemokines and hormones

[6,7].

Among the molecules exerting a crucial role in connecting

nervous and immune system, tryptophan and its metab-

olites are of paramount importance. L-tryptophan (Trp) is

an essential amino acid that is obtained exclusively from

dietary intake in humans. In addition to being a compo-

nent for protein synthesis, Trp is also the substrate for the

production of several bioactive substances, that have

crucial roles in diverse physiological processes, ranging

from cell growth to the coordination of organism’s
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responses to environmental and dietary signals, in which

Trp metabolites serve as neurotransmitters and signaling

molecules [8]. In mammals, it is estimated that the

majority of free Trp is degraded through the kynurenine

pathway (KP) and only 1% of Trp is used as a substrate for

the biosynthesis of 5-hydroxytryptamine (5-HT or sero-

tonin) and downstream metabolites (Figure 1). The

prominent role of the metabolites generated along the

kynurenine pathway both in the immune regulation and

in the CNS is today consolidated [9�], but also serotonin

and metabolites thereof are gaining a dominant position

in the neuroimmune communication.

Serotonin has a strong reputation as a neurotransmitter;

however, its role in the regulation of the immune

responses is not far behind. Close to 95% of the serotonin

in the body is actually synthesized from dietary Trp,

stored and released by cells in the intestinal mucosa,

known as enterochromaffin cells (EC cells). While the
Figure 1

Tryptophan

Tryptophan catabolism along the kynurenine and serotonin routes.

The majority of free L-tryptophan (Trp) is a substrate for the kynurenine path

generates N-formylkynurenine that is rapidly metabolized by formamidase in

KYNU, and KMO into kynurenic acid, anthranilic acid, and 3-hydroxykynure

hydroxytryptophan, which becomes substrate of AADC generating serotonin

into N-acetylserotonin (NAS), N-methylserotonin, formyl-5-hydroxykynurena

converted into melatonin, which then becomes the substrate of IDO1 to gen

Abbreviations: AADC Aromatic L-amino acid decarboxylase; AANAT Aralkyla

semialdehyde decarboxylase; ASMT Acetylserotonin O-Methyltransferase; 3

dioxygenases 1 and 2; INMT indolethylamine-N-methyltransferase KAT kynu

Monoamine oxidases QPRT quinolinate phosphoribosyltransferase; TDO try
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serotonin function as a mediator between brain and gut is

well-established [10], much less is known about the

connections between serotonin and the immune system.

Many different immune cell types have proven to be able

to possess the machinery to generate, store, respond to

and/or transport serotonin, including T cells, macro-

phages and dendritic cells, both in the CNS and in the

periphery. As a matter of the fact, drugs modulating

serotonin reuptake (selective serotonin reuptake inhibi-

tors, SSRIs) have been shown to possess immunosuppres-

sive effects in various autoimmune diseases [11], and a

strong relationship between inflammation, immune acti-

vation and neuropsychiatric disorders has also been dem-

onstrated [12]. Moreover, evidences support an essential

role of serotonin on immune cells in the pathogenesis of

several autoimmune diseases [13].

An intriguing point to consider is the delicate balance

between the Trp metabolites generated in the CNS along
Current Opinion in Immunology

way, in which the rate-limiting enzymes IDO1, IDO2 and TDO

to L-kynurenine. Subsequently, L-kynurenine is converted by KATs,

nine, respectively. Trp can be degraded by TPOH into 5-

. Serotonin, in turn, is transformed by AANAT, INMT, IDO1 and MAO

mine and 5-hydroxyindolacetaldehyde, respectively. NAS can be

erate acetyl-N-formyl-5-methoxykynurenamine (AFMK).

mine N-acetyltransferase ACMSD, aminocarboxymuconate

-HAO 3-hydroxyamino oxidase; IDO1 and IDO2 indoleamine 23-

renine aminotransferase; KMO kynurenine 3-monooxygenase; MAO

ptophan 2,3-dioxygenase, TPOH, tryptophan-5-hydroxylase.
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the kynurenine pathway and the serotonin ones (Figure 2).

Decreased Trp influx to the brain (as a result of peripheral

inflammation-induced and/or infection-induced degrada-

tion of Trp along the kynurenine pathway) and the subse-

quent reductionof serotoninand its metabolites in theCNS

have been suggested to be underlying factors for mental

illnessanddysregulationofneuroendocrineaxis [14]; in this

way, enhanced IDO1 activity in the periphery may contrib-

ute to mood-lowering and neuronal degeneration when
Figure 2
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Tryptophan metabolism at the intersection of neuroendocrine- and immune 

L-tryptophan (Trp) and its metabolites (such as Kyn and 3-HA) are transport

microglia and astrocytes, which produce 5-HT (serotonin), quinolinic acid (Q

metabolized by intestinal microbiota into indole derivatives or absorbed and

transform Trp into 5-HT. In antigen presenting cells (APCs), both the seroto

2,3-dioxygenase 1 (IDO1) not only generates Kyn, but also acetyl-N-formyl-

acetylserotonin (NAS), that is, the intermediate of Melatonin (Mel) synthesis,

Kyn.
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tryptophan availability in the CNS becomes low during

periods of immune activation [15]. On the other hand, in

neuroinflammatory conditions, the KP in the CNS is

strongly up regulated, leading to the production of several

neuroactive metabolites that can be either neuroprotective

(such as kynurenic acid in astrocytes) or neurotoxic (qui-

nolinic acid, mainly produced by microglial cells) or immu-

nomodulatory.Acontributionfor thecomponentsof theKP

has been tracked in various diseases of the CNS, such as
Microglia

Astrocytes

BBB

rp
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roads.

ed across the blood brain barrier (BBB) and taken up by neurons,

A) and kynurenic acid (KA), respectively. In the gut, Trp can be either

 released into the circulation. Alternatively, enterochromaffin cells

nin and the kynurenine pathways are at stake. The enzyme indoleamine

5-methoxykynurenamine (AFMK) along the serotonin route. N-

 activates IDO1 (dotted line) and thus fuels the production of more
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Alzheimer disease, amyotrophic lateral sclerosis, Hunting-

ton disease and multiple sclerosis [16]. Thus, IDO1 repre-

sents a crucial focal point around which neuroendocrine

system and immune system functions are bond, affecting

the availability of tryptophan and the shifting the balance

toward the production of specific metabolites that give a

voice to the complex neuroimmune dialogue.

Beside the effects of serotonin itself on the neuroimmune

communication, whose mechanisms certainly deserve

further investigations, serotonin also serves as a substrate

for the synthesis of various downstream metabolites,

some of them showing effects that spread both in the

neuronal and in the immune system. Within the immune

cells, four catabolic pathways for the degradation of

serotonin have been described (Figure 1). One pathway

leads to the generation of N-acetyl serotonin (NAS),

which then acquires a methyl group to become melatonin.

Subsequently, melatonin can be converted by the

enzyme indoleamine 2,3-dioxygenase 1 (IDO1) to ace-

tyl-N-formyl-5-methoxykynurenamine (AFMK). Seroto-

nin itself can be a substrate of the enzyme IDO1 in a

second breakdown pathway, generating formyl-5-hydro-

xykynurenamine. In a third pathway, serotonin is trans-

formed into 5-hydroxyindoleacetic acid, while in a fourth

catabolic pathway serotonin generates N-methylserotonin

(Figure 1). Immune cells express all the machinery nec-

essary for the breakdown of serotonin along all the path-

ways described above [17], suggesting a functional role for

the metabolites generated from serotonin in the immune

response.

NAS is a molecule endowed with multiple functions; very

recently, an explanation of some of its neuroimmune-

modulatory effects has been proposed by Mondanelli

et al. [18�]. More in detail, NAS, in conventional dendritic

cells, acts as allosteric modulator of IDO1, directly bind-

ing the enzyme in a specific allosteric binding-site and

enhancing the production of kynurenine, which in turn

functions as a ligand for the aryl hydrocarbon receptor

(AhR). These findings prove the existence of an endoge-

nous mechanism of cross-regulation of the two main

metabolic routes of Trp metabolism (i.e. the kynurenine

and the serotonin pathways). The specific effects of

molecules, such as NAS, produced in the CNS and in

the periphery by pathways active both in neuronal and

immune cells reinforce the interconnection of the neu-

roendocrine-immune systems. Moreover, many other

tryptophan byproducts, such as the kynurenine-derived

metabolites kynurenic acid, cinnabarinic acid and

xanthurenic acid, are endowed with the ability to bind

AhR, but also indole compounds produced by intestinal

microbiota, such as tryptamine, indole-3-acetic acid (IAA)

and indole-3-aldehyde (IAld) are AhR confirmed ligands.

All these molecules are well known for their dual activity

as immune- and neuromodulators, constituting the afore-

mentioned ‘gut-brain axis’, having a role in the regulation
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of neuroinflammatory processes as a linking bridge

between the immune system and the CNS [19]. It clearly

appears that not only tryptophan and its derivatives, but

also AhR represents a central hub of integration not only

between different metabolites and cell types, but also a

crossroads of neuronal and immune systems.

The pleiotropic effects of NAS may not be its exclusive

prerogative, since other serotonin metabolites could also

exhibit similar behavior. Melatonin is classically associated

with the regulation of circadian rhythms, following its

release by the pineal gland; however, growing body of

evidences show melatonin to be released by many cell

types, including immune cells, and exerting immunomod-

ulatory effects with implications in the pathogenesis of

several autoimmune diseases [20]. Melatonin synthesis

seems to be finely coordinated to such an extent that it’s

possible tospeakof ‘immune-pinealaxis’, inwhichapivotal

role is exerted by the transcription factor NF-kB, responsi-

ble for driving the switch of melatonin production from

pinealocytes to macrophages/microglia in response to acute

inflammatory responses, and back to pinealocytes upon

inflammation resolution [21]. A sustained activation of

immune-pineal axis, due to unresolved inflammatory pro-

cesses, could be the basis of many neurological diseases,

includingAlzheimer’sandParkinson’sdisease[22],butalso

of cancer, in which the activation of immune-pineal axis

participates in the complex association between the mel-

atonergic system and cancer initiation/progression [21].

More intriguingly, as pointed out above, melatonin is also

a substrate of IDO1, giving rise to AFMK, a COX-inhibitor

capable of blocking the synthesis of prostaglandins, thus

exertinganti-inflammatoryandimmunomodulatoryeffects

[17].Theeffectsof thekynurenamines(suchasAFMKor5-

hydroxykynurenamine) on the immune system are still not

fully understood. A clue could derive by the traditional

notion that 5-hydroxykynurenamine acts as a serotonin

antagonist with subsequent effects in platelets aggregation

[23], and mainly because IDO1 — the enzyme responsible

for the synthesis of these molecules — is a key piece of the

mechanisms leading to the regulation of the immune

response.

Conclusions
When it comes to Trp metabolism in neuroendocrine-

immune dialogue, metabolites along the kynurenine

pathway take the lion’s share, due to the plethora of

evidences underlying their numerous effects in connect-

ing the nervous and the immune system. Not only the

metabolites generated by Trp catabolism in immune cells

residing in the CNS and in the periphery, but also the

ones derived by microbiota contribute to the maintenance

of the neuroimmune bidirectional communication [2��].
Nevertheless in this scenario, where only a small amount

of dietary Trp is intended to be converted to 5-HT,

serotonin metabolites are emerging as key mediators of

the neuroimmune system.
www.sciencedirect.com
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A main question that needs to be addressed is which

mechanism underlies the Trp metabolism during the

lifespan and the factors affecting the shift of the balance

towards one destiny (kynurenine pathway) or the other

(serotonin pathway). Indeed, the competition between 5-

HT synthesis and kynurenine production in cells expres-

sing both enzymatic pools (such as the immune and the

neuronal cells) is under the control of various stimuli,

including neurotransmitters, cytokines and hormones

[24]. Moreover, environmental factors and variations in

the health status can specifically modulate the activation

of one pathway over the other. What is noteworthy is the

relevance of IDO1 in the delicate balance between the

two main metabolic fates of Trp: not only its activation

leads to the production of several molecules (i.e. Kyn and

metabolites thereof) involved in the maintenance of the

body homeostasis, but also molecules generated along the

serotonin pathway can function as a substrate (i.e. mela-

tonin) or allosteric modulators (i.e. NAS) of IDO1, thus

creating a circuit in which the two pathways are strictly

interconnected. Even though, so far, there is no evidence

of kynurenines acting as substrate or allosteric modulators

of the enzymes involved in the serotonin pathway, it is

possible to speculate that such a mechanism could be

common to a relevant part of the Trp metabolites, in order

to guarantee an appropriate equilibrium between the

main metabolic routes of Trp consumption. These obser-

vations should be kept in mind when considering the

relevance of Trp metabolites as neuroimmune commu-

nicators, due to their high potential to become biomarker

and/or therapeutic targets in inflammatory, neurological

and metabolic diseases, as well as in cancer, all patholo-

gies in which a dense network of neuroimmune interac-

tions have been well established.
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