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Introduction and Outline

From gut to blood: tryptophan uptake, distribution and 
metabolism

Tryptophan (Trp) is an amino acid that is synthesized de novo by many species of 
plants, fungi and bacteria. Mammals are not capable of Trp biosynthesis and therefore 
dependent on dietary Trp intake, which accounts for only approx. 2% of total amino acid 
intake. Due to its limited availability and inducible metabolism, Trp has been suggested 
to function as a signalling amino acid that is important in several cellular processes 
(Bröer and Bröer 2017). 

Gastrointestinal processing of Trp occurs along multiple routes (Figure 1A). For one, 
intestinal epithelium cells actively transport Trp across the apical membrane along amino 
acid transporters (Broer 2008). Trp is then carried across the basolateral membrane into 

Figure 1. Gastrointestinal uptake of tryptophan and regulation of systemic tryptophan and 
kynurenine

A. Uptake and intestinal processing of Trp occurs through multiple routes: enterocytes can 
directly transport Trp into the mesenteric circulation; immune cells (here depicted in yellow) 
take up Trp and use it to produce Kyn which can be released into the blood; enterochromaffin 
cells (depicted in blue) use Trp for the synthesis of 5-HT and the microbiota use Trp to fuel the 
synthesis of indoles. B. Following gastrointestinal uptake most Trp is metabolized in the liver 
towards NAD+ or acetyl-CoA. Concentrations of Trp and Kyn in the blood are further regulated 
by and depend on many tissues including immune cells, skeletal muscle and the kidneys. 
Abbreviations: Trp, tryptophan; Kyn, kynurenine; 5-HT, serotonin; KA, kynurenic acid; XA, 
xanthurenic acid; NAD+, nicotinamide adenine dinucleotide.

137719_sorgdrager_binnenwerk_2.indd   11 19/09/08   21:40:02



12

Chapter 1

the interstitial fluid after which it diffuses into the mesenteric circulation. Not all ingested 
Trp is taken up in the bloodstream. Intestinal epithelium cells and intestinal immune 
cells such as dendritic cells and macrophages consume Trp to produce kynurenine (Kyn) 
while enterochromaffin cells, localized throughout the intestine, use Trp to produce 
serotonin (5-HT). Finally, bacteria that reside along the host intestinal epithelium utilize 
Trp to produce a range of bioactive compounds including 5-HT and indoles. 

Following uptake into the mesenteric circulation, Trp enters the liver via the portal 
system. Here, hepatocytes metabolize the majority of Trp along the Kyn pathway 
and Trp is either completely oxidized to acetoacetyl-CoA or used for the synthesis of 
nicotinamide adenine dinucleotide (NAD+) (Bender 1983). The Trp surplus is released 
into the venous system. Trp is the only amino acid that circulates in blood bound to 
albumin (approx. 90% is albumin-bound). Although the biological function of this is 
unknown, it has been speculated that albumin-binding ensures stable Trp availability 
for Trp-consuming organs such as liver, brain and immune cells. 

Cellular uptake of Trp is mediated by amino acid transporters. These transporters 
show a tissue-specific expression and affinity pattern and regulate pathways involved 
in nutrient sensing and immune responses (Bröer and Bröer 2017). Amongst the best 
characterized Trp transporter is the large neutral amino acids transporter small subunit 
1 (LAT1) (also known as SLC7A5). 

Kynurenine pathway
The majority of Trp (estimated between 95-99%) is metabolized along the oxidative Kyn 
pathway to either produce the coenzyme NAD+ or to be degraded entirely to acetyl-
CoA. In addition, the Kyn pathway produces a range of biologically active intermediates 
(Figure 2) (see page 131 for molecular structures).

Tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase (IDO) catalyse 
the oxidation of Trp resulting in the formation of formylkynurenine which is quickly 
hydrolysed to Kyn (Sugimoto et al. 2006; Zhang et al. 2007). Kyn is then processed 
through different branches. The major branch involves the hydroxylation of Kyn to 
form 3-hydroxykynurenine (3-Hk) which is hydrolyzed to produce 3-hydroxyanthranilic 
acid (3-HAA) and drives the production of quinolinic acid (QA) and NAD+ or picolinic 
acid (PA) and acetyl-CoA (Bender and McCreanor 1982). The first step in this sequence 
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Figure 2. The metabolic fates of tryptophan

Figure showing the different metabolites and enzymes involved in the metabolism of Trp. 
Described in detail in main text. Abbreviations: IPA, 3-indolepropionic acid (IPA); I3A, indole-
3-aldehyde, TPH, tryptophan hydroxylase 1 and 2; TDO, tryptophan 2,3-dioxygenase; IDO, 
indoleamine 2,3-dioxygenase; KYNU, kynureninase; KMO, kynurenine-3-monooxygenase; KAT, 
kynurenine aminotransferase; 3HAO, 3-hydroxyanthranilic acid oxygenase; ACMSD, alpha-amino-
beta-carboxymuconic semialdehyde decarboxylase; QPRT, quinolinate phosphoribosyltransferase.

137719_sorgdrager_binnenwerk_2.indd   13 19/09/08   21:40:03



14

Chapter 1

(Kyn to 3-Hk) is catalysed by kynurenine-3-monooxygenase (KMO) which localizes to 
the mitochondrial outer membrane (Smith et al. 2016; Hirai et al. 2010). The cleavage 
of 3-Hk into 3-HAA is catalysed by the enzyme kynureninase (KYNU) (Lima et al. 2007). 
The enzyme 3-hydroxyanthranilic acid oxygenase (3HAO) catalyses metabolism of 
3-HAA to alpha-amino-beta- carboxymuconic semialdehyde (ACMS), which is either 
nonenzymatically converted to QA or decarboxylated by the enzyme ACMS decarboxylase 
(ACMSD) (Pidugu et al. 2017; Huo et al. 2015). The product of this latter reaction is 
nonenzymatically converted to PA or used for the synthesis of acetyl-CoA. The first step 
of QA metabolism is controlled by the enzyme quinolinate phosphoribosyltransferase 
(QPRT) (Youn et al. 2016). Another branch of Kyn metabolism includes the formation 
of anthranilic acid (also catalysed by KYNU) which can be non-enzymatically converted 
to 3HAO (Baran and Schwarcz 1990). Finally, two metabolites that are not known to be 
further degraded are kynurenic acid (KA) and xanthurenic acid (XA), respectively derived 
from Kyn and 3-Hk by action of group of enzymes called kynurenine aminotransferases 
(KAT’s) (Han et al. 2010). 

The flux of Trp through the Kyn pathway is cell type specific and depends on TDO and 
IDO activity and Trp availability (Badawy 2017). In mammals, hepatocytes show high TDO 
activity and thus metabolize the majority of Trp that enters the portal system (approx. 
90%) (Bender 1983). Hepatocytes produce many of the downstream Kyn pathway 
enzymes including the vitamin B6-dependent enzymes KMO, KYNU and KAT (Badawy 
2017). IDO is mainly expressed in antigen-presenting cells including macrophages and 
dendritic cells (Fukunaga et al. 2012; Munn and Mellor 2013). Expression of TDO, IDO 
and other Kyn pathway enzymes is however not limited to hepatocytes and immune 
cells: on the contrary, Kyn pathway enzymes are expressed in most organs including the 
brain, lungs, pancreas, intestine, kidneys, reproductive organs, muscles and pancreas 
(Uhlen et al. 2015).

Cell type-specific metabolism of kynurenine in the brain
Although the metabolism of Kyn in the brain is only partially understood, a well-accepted 
concept is that different brain cells produce different Kyn metabolites (Schwarcz and 
Stone 2017). For example, cultured human and rodent astrocytes produce KA but not 
downstream Kyn metabolites such as 3-Hk and QA after Kyn administration (Kiss et al. 
2003; Speciale et al. 1989; Guillemin et al. 2001). Cultured microglia, in contrast, mainly 
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produce QA (Heyes et al. 1996; Guillemin et al. 2005b). Evidence on Kyn metabolism in 
neurons is less consistent. Whereas one study showed that cultured primary rat neurons 
were capable of producing KA after Kyn administration (Rzeski et al. 2005), cultured 
neurons from human produced 3-Hk and not KA, although in this case cells were not 
supplemented with Kyn (Guillemin et al. 2007). 

These changes in Kyn metabolite production are thought to arise from differential 
expression of Kyn pathway enzymes. Isolated astrocytes from mice were found to 
express KATII, the major KA-producing enzyme in the mammalian brain, and in situ 
hybridization and immunohistochemical analyses localized KATII mRNA and protein 
expression to astrocytes of rodents (Guidetti et al. 2007; Song et al. 2018; Dostal et al. 
2017b; Herédi et al. 2017). In contrast, microglia isolated from mice and humans show 
expression of enzymes involved in the production of 3-Hk and QA (notably KMO and 
KYNU) (Dostal et al. 2017b; Guillemin et al. 2003a). Human neuronal cultures were found 
to mainly express enzymes downstream of 3-Hk (Guillemin et al. 2007). Differences have 
been observed regarding the neuronal expression of KATII in rodents (Herédi et al. 2017; 
Song et al. 2018). 

Taken together, the metabolic fate of Kyn within the brain varies between different 
brain cells and seems to be driven by cell type-specific Kyn pathway enzyme profiles. 
However, our understanding of how these different cell types collaborate to control 
the intra- and extracellular Kyn metabolite milieu is hampered because of difficulties 
to study these interactions in vivo. Complicating matters further: the expression of Kyn 
pathway enzymes in the brain are regulated by stress, endotoxins and glucocorticoids 
and follows a region-specific pattern (Dostal et al. 2017a; Dostal et al. 2017b; Song et al. 
2018). 

Other metabolic fates of tryptophan
The Kyn pathway is not the only metabolic fate of Trp (Figure 2). Like all amino acids, Trp 
is a structural component of proteins and is thus required for protein synthesis. Under 
normal circumstances, constant protein turnover ensures the availability of Trp for 
protein synthesis (Bröer and Bröer 2017; Bender 1983). Dietary Trp is therefore readily 
available for oxidation or hydroxylation.
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Approx. 1% of dietary Trp is converted to serotonin (5-HT) of which almost 90% is 
produced in the gut. The biosynthesis of 5-HT involves two chemical reactions: the 
hydroxylation of Trp to form 5-hydroxytryptophan (5-HTP) and the decarboxylation 
of 5-HTP to form 5-HT. The first and rate-limiting step is catalysed by the enzyme 
tryptophan hydroxylase (TPH). TPH exists in two isoforms (TPH1 and TPH2) of which 
TPH1 is broadly active in nonneuronal tissue (e.g. gut, pineal gland, pancreas and fat) 
and TPH2 in neuronal tissue (raphe neurons and myenteric neurons in the gut) (Matthes 
and Bader 2018; Walther and Bader 2003). Most 5-HT is synthesized in a TPH1-dependent 
manner in enterochromaffin cells, endocrine cells that are localized along the intestinal 
epithelium (Mawe and Hoffman 2013). 5-HT can be stored in vesicles before it is released 
to the extracellular space and routed to the gastrointestinal lumen or to the mesenteric 
circulation. Most 5-HT is then taken up by platelets while free 5-HT is further degraded 
to 5-hydroxyindole acetic acid (5-HIAA) which is excreted by the kidneys. Although most 
5-HT in the body is thus of gastrointestinal origin, recent studies showed that locally 
produced 5-HT has an important role in energy homeostasis in adipocytes (Oh et al. 
2015; Crane et al. 2015), adding a new chapter to the elaborate story of Trp metabolism. 
In the brain, 5-HT synthesis depends on the activity of TPH2 which is highly expressed in 
(though not limited to) raphe nuclei in the brainstem. 

Finally, the gut microbiota is gaining ground as an important regulator of Trp metabolism 
(reviewed in (Agus et al. 2018)). Microorganisms use Trp to produce biologically active 
molecules such as indole, 3-indolepropionic acid (IPA) and indole-3-aldehyde (I3A) 
(Roager and Licht 2018). 

In blood: regulation of systemic tryptophan and 
kynurenine

Concentrations of Trp and Kyn in blood - systemic Trp and Kyn - depend on multiple 
factors including the rate of tissue Trp metabolism by TDO and IDO, the rate of Kyn 
metabolism and the composition of the microbiome. 

Glucocorticoids and the role of TDO
Under normal circumstances TDO seems most important in the control of circulating 
Trp. Pharmaceutical inhibition or genetic ablation of TDO strongly increases Trp 
blood concentrations of mice and rats (Kanai et al. 2009; Lanz et al. 2017; Salter et al. 
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1995). Unusual high Trp levels in blood, which were hypothesized to result from a TDO 
defi ciency, were described in several case-reports (Snedden et al. 1983; Wong et al. 1976; 
Tada et al. 1963). A recent case-report described a patient with a mutation in TDO gene 
that caused a functional defi ciency of TDO (Ferreira et al. 2017). Blood analyses of this 
patient persistently indicated increased Trp and serotonin levels, again emphasising the 
importance of TDO in the control of systemic Trp concentrations. 

In healthy individuals, constitutive expression of TDO is restricted to the liver. Hepatic 
TDO is activated by Trp excess - for example after a meal - and regulated by hormones 
involved in glucose homeostasis: glucocorticoids, insulin and glucagon (Badawy 2017). 
Early studies showed that administration of glucocorticoids increased Kyn production 
in the liver of rats (Civen and Knox 1959) and humans (Altman and Greengard 1966). 
Later, glucocorticoids were found to induce the expression of TDO in hepatocytes and 
glucocorticoid-responsive elements were discovered in the promotor region of TDO 
(Danesch et al. 1987; Hagerty et al. 2001). 

Hepatic TDO activity also affects systemic Kyn levels. Early studies in humans showed 
that hydrocortisone-induced activity of hepatic TDO, assessed by liver biopsies, strongly 
correlated with urinary Kyn excretion (Altman and Greengard 1966) and oral intake 
of a high dose Trp resulted in increased blood and urinary Kyn levels (Møller 1981). 
Similarly, inhibition of hepatic TDO by an orally administered TDO inhibitor reduced the 
production of Kyn when administered together with Trp (Salter et al. 1995). Conversely, 
Kyn levels in blood of TDO-knockout mice are increased by two-fold (Kanai et al. 2009; 

Box 1. Physiological role of tryptophan in glucose homeostasis

The regulation of TDO by glucocorticoids is thought to be involved in the control of glucose 
homeostasis (Bender 1983). Glucocorticoids, such as the stress hormone cortisol, are 
released during periods of low blood glucose or stress. Increased TDO activity and the 
resulting reduction of intracellular Trp levels could stimulate the degradation of proteins. 
This could lead to increased levels of other amino acids that can be used as intermediates 
for gluconeogenesis. Other glucose regulating hormones also alter TDO activity: glucagon, 
which is released during periods of low blood glucose, potentiates the induction of TDO by 
glucocorticoids whereas insulin, released during high blood glucose, supresses the induction 
of TDO expression by glucocorticoids (Nakamura et al. 1987). Taken together, these data 
indicate that glucocorticoids and other glucose-regulating hormones are importantly involved 
in the regulation of hepatic Trp metabolism and suggest that endogenous glucocorticoids 
could play an important role in regulating systemic Trp levels in vivo.
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Lanz et al. 2017). These mice exhibit very high blood concentrations of Trp (increased 
approx. ten-fold), so that these changes are thought to arise from increased IDO-
dependent Trp metabolism. In conclusion, hepatic TDO is a crucial regulator of systemic 
Trp and Kyn levels and is controlled by glucose-homeostasis-regulating hormones such 
as glucocorticoids. 

Inflammation and the role of IDO
Under physiologic circumstances, IDO is considered to play a minor role in regulating 
systemic Trp levels. Concentrations of Trp in blood are not altered in IDO-knockout 
mice (Larkin et al. 2016) and pharmaceutical inhibition of IDO does not affect blood 
Trp concentrations under normal circumstances (O’Connor et al. 2009). However, IDO 
can be activated by inflammatory stimuli such as interferon-gamma (IFN-y) and reduce 
systemic Trp levels in diseases characterized by inflammation (Schröcksnadel et al. 2006). 

The role of IDO in the regulation of systemic Kyn levels under normal circumstances 
(inflammatory unchallenged) is under debate. In IDO1-knockout mice Kyn levels in 
blood are either decreased (Lanz et al. 2017) or not altered (O’Connor et al. 2009; Too 
et al. 2016). The regulation of Kyn by IDO might thus be dependent on mouse strain or 
housing conditions.

Downstream kynurenine metabolism
Another factor that influences the systemic Kyn concentrations is the rate at which Kyn 
is metabolized. The major branch of Kyn metabolism in most tissues is that of 3-Hk. The 
formation of 3-Hk from Kyn is catalysed by the enzyme KMO that is highly expressed 
in the liver, kidney and immune cells (Smith et al. 2016). Pharmaceutical or genetic 
inhibition of KMO causes a strong increase in blood concentrations of Kyn, underlining 
its importance as a regulator of systemic Kyn (Giorgini et al. 2013; Zwilling et al. 2011). 
Other branches of Kyn metabolism include those resulting in anthranilic acid, catalysed 
by the enzyme KYNU, and KA, catalysed by KAT. A recent paper showed that KAT activity in 
muscle tissue can reduce systemic levels of Kyn (Agudelo et al. 2014) whereas inhibition 
of KYNU had no effect on Kyn levels (Chiarugi et al. 1995).
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A dinner for two: the role of microbiota 
The gut microbiota produces and metabolizes Trp and can thus infl uence the amount 
of Trp that is released in the circulation. In fact, studies in mice have shown that the 
contribution of the microbiota to circulating Trp can be signifi cant. Blood concentrations 
of Trp in germfree mice, microbiota-defi cient mice bred in a sterile environment, were 
found to be increased with approx. 50% compared to wildtype (Wikoff et al. 2009) and 
could be restored by recolonizing germfree mice with wildtype gut bacteria (Clarke et 
al. 2013). 

From blood to brain: brain transport of tryptophan and 
kynurenine 

Trp is transported across the blood-brain barrier (BBB) by the large-neutral amino 
acids transporter system in competition with other large-neutral amino acids (LNAA) 
(including the branched-chain amino acids valine, leucine and isoleucine as well as 
phenylalanine and tyrosine) (Boado et al. 1999). As these transporters are normally 
saturated, the ratio of Trp to other LNAA can signifi cantly impact the uptake of Trp and 
the synthesis of serotonin in the brain (Fernstrom 2013). For example, in rats Trp uptake 
and serotonin synthesis in the brain is enhanced by injecting Trp in the blood (Moir and 
Eccleston 1968), the ingestion of carbohydrates - that increase the ratio Trp:LNAA ratio 
in blood - (Fernstrom and Wurtman 1971) and the ingestion of Trp-rich protein (Markus 
et al. 2000).

The Kyn pathway metabolites Kyn and 3-Hk can also be transported across the BBB 
making use of and competing with the LNAA transporter system (Fukui et al. 1991). As 
the expression of TDO and IDO is low in the non-infl amed brain, blood is an important 

Box 2. The blood-brain barrier

The blood-brain barrier (BBB) - the endothelial cells of brain capillaries - physically and 
chemically separates the blood and the brain. Capillary endothelium in peripheral organs 
is characterized by transport vesicles and pores that allow active transport of a variety of 
molecules. In contrast, the endothelium that makes up the BBB is closely aligned by tight 
junctions and has limited endocytotic capacity while allowing for the transport of specifi c 
nutrients and metabolites (Wilhelm et al. 2016). As such, the BBB not only protects the brain 
from harmful substances but also controls its metabolic state.
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source of Kyn for cerebral Kyn pathway activity. In rats, approx. 60% of the cerebral Kyn 
was estimated to be derived from the circulating Kyn pool (Gál and Sherman 1978). 

From brain to bed: the kynurenine pathway in brain 
physiology and pathology

Alzheimer’s disease (AD) and Parkinson’s disease (PD), the two most common age-
related neurodegenerative diseases, are projected to affect respectively 131 and 12 
million people worldwide by the year 2050 (World Health Organization 2012; Dorsey et 
al. 2018). Although they are characterized by a distinct clinical and pathological profile, 
AD and PD share pathophysiological phenotypes including glutamate excitotoxicity, 
oxidative neuronal damage, reduced neurogenesis and inflammatory changes (Antony 
et al. 2013; Parsons and Raymond 2014; Tönnies and Trushina 2017). Modulating many 
of these phenotypes, the Kyn pathway is emerging as a promising therapeutic and 
diagnostic target in AD and PD (Lim et al. 2017; Lovelace et al. 2017; Maddison and 
Giorgini 2015). Here, we discuss the molecular targets and physiological functions of the 
Kyn pathway in the brain and how it is implicated in the pathophysiology of AD and PD.

Molecular targets and physiological functions of kynurenine 
metabolites in the brain
Our current knowledge on the role of the Kyn pathway in brain physiology predominantly 
evolves around Kyn metabolites with neuroactive properties that are implicated in 
brain development, mood and memory function. Enzymes and metabolites of the Kyn 
pathway are increasingly recognized for their role in damage control mechanisms that 
are activated during traumatic, infectious or inflammatory neuronal damage. At the 
same time, some kynurenines can be harmful causing oxidative and excitotoxic neuronal 
damage. These features have provided fertile ground for the study of the Kyn pathway 
in neuropsychiatric and neurodegenerative diseases.

Glutamate and acetylcholine neuroreceptors

The role of the Kyn pathway in the brain is thought to be largely mediated by the effect 
of KA and QA on synaptic and extrasynaptic neurotransmitter receptors including the 
N-methyl-D-aspartate (NMDA) receptor and the α7 nicotinic acetylcholine (α7nACh) 
receptor. The NMDA receptor is an ionotropic glutamate receptor expressed on 
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neurons and glial cells throughout the brain. Upon activation, the ion channel of the 
NMDA receptor opens causing influx of cations such as calcium thereby changing the 
membrane potential and activating downstream cellular pathways. The α7nACh receptor 
is an ionotropic acetylcholine receptor found throughout the body and highly expressed 
throughout the brain with broad modulatory functions (Dani and Bertrand 2007).

Kynurenic acid is antagonist of NMDA and α7nACh receptors while QA is an agonist of 
the NMDA receptor (Hilmas et al. 2001; Kessler et al. 1989; Stone and Perkins 1981). The 
role of KA and QA in neurotransmission is incompletely understood and confounded by 
several factors. For example, inhibition or activation of these receptors by respectively 
KA or QA directly influences neuronal functioning (Linderholm et al. 2016; Linderholm 
et al. 2007) but also results in changes in extracellular levels of neurotransmitters such 
as glutamate, dopamine and GABA (γ-aminobutyric acid) (Giménez-Gómez et al. 2018; 
Beggiato et al. 2014; Konradsson-Geuken et al. 2010; Moroni et al. 2005; Carpenedo 
et al. 2001; Amori et al. 2009; Connick and Stone 1988). In addition, it is unknown to 
what extend these metabolites modulate synaptic or extrasynaptic neuroreceptors. In 
the case of the NMDA receptors synaptic signalling is critical for neuronal plasticity and 
memory function while their extrasynaptic activation can cause excitotoxic neuronal 
damage (Parsons and Raymond 2014). Finally, subtypes of the NMDA and α7nACh 
receptors are differentially sensitive to the actions of KA and QA. These subtypes show 
large spatiotemporal variation in the human brain. This feature could possibly be 
responsible for the region-specific effects of KA and QA on neuronal function.

Aryl hydrocarbon receptor

The aryl hydrocarbon receptor (AhR) is a cytosolic protein that translocates to the 
nucleus to act as a transcription factor. Xenobiotics were originally regarded the primary 
ligands of AhR, but recent studies have identified Kyn and KA as endogenous AhR 
ligands. In addition, several microbiota-derived Trp metabolites can act as AhR ligands. 
AhR activation by Trp metabolites is implicated in the differentiation and function of 
immune cells while xenobiotic-related AhR activation has been studied extensively in 
relation to neuronal differentiation and regeneration (Shinde and McGaha 2018; Juricek 
and Coumoul 2018). 
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Trp metabolites could also activate the AhR in neurons and so alter both immune 
and neuronal cell functioning. In fact, a landmark study - the fi rst to identify that 
endogenously-produced Kyn acts as an AhR ligand - demonstrated that TDO-mediated 
Kyn production by brain cancer cells promoted tumour survival by activating AhR (Opitz 
et al. 2011). Both TDO- and IDO-dependent activation of AhR was shown to promote 
immunosuppressive pathways in brain cancer cells (Ochs et al. 2015; Litzenburger et al. 
2014). 

Other metabolites of Trp such as KA and microbiota-derived indoles are also ligands 
of AhR (DiNatale et al. 2010; Perdew and Babbs 1991). Although one paper showed 
that genetic knockout of AhR in mice caused increased levels of KA and increased KAT 
enzyme expression in the brain (García-Lara et al. 2015), the relevance of KA and indoles 
in AhR-dependent neuronal functioning are unknown.

The kynurenine pathway in energy homeostasis and redox reactions

The Kyn pathway is involved in cellular oxidation and oxidative stress (Reyes Ocampo 
et al. 2014). Activation of the Kyn pathway can boost intracellular NAD+ levels during 
periods of high energy demands (Katsyuba and Auwerx 2017). The coenzyme NAD+ (and 
its reduced counterpart NADH) plays a crucial role in cellular respiration by transferring 

Box 3. The physiological roles of kynurenines in the brain

The role of the Kyn pathway in brain pathology (which will be discussed later) has been 
subject of extensive research. Less is known on the physiological functions of kynurenines in 
the brain (Schwarcz et al. 2012). Guided by the fact that NMDA and α7nACh receptors and the 
AhR are critical for neuronal development and differentiation, it has been speculated that Kyn 
metabolites could play an important role in brain development (Notarangelo and Pocivavsek 
2017). Indeed, foetal brain concentrations of Kyn and KA in rats and non-human primates are 
10-100 times higher when compared to concentrations after birth (Beal et al. 1992; Ceresoli-
Borroni and Schwarcz 2000) and disturbing Kyn metabolism in utero or through genetic 
knockout of Kyn pathway enzymes hampers neuronal functioning and cognitive ability in 
adult rats (Forrest et al. 2015; Khalil et al. 2014; Pershing et al. 2015; Kanai et al. 2009). 

The Kyn pathway is also implicated in damage response mechanisms. The Kyn pathway is 
activated during cellular stress in the brain including infl ammation and ischemia (Campbell et 
al. 2014; Cuartero et al. 2014). In these situations, Kyn pathway activation is thought necessary 
to sustain NAD+ levels in activated myeloid cells such as macrophages and microglia (Minhas 
et al. 2018). Consequent activation of AhR and scavenging of free radicals could provide 
additional means of infl ammatory control and cellular homeostasis.
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electrons. As NAD+ can also be produced through salvage pathways, the significance of 
the Kyn pathway in sustaining intracellular NAD+ levels has been questioned. However, 
recent studies have demonstrated that large amounts of Trp are incorporated in NAD+ 
(Liu et al. 2018) and that de novo NAD+ synthesis maintains mitochondrial function 
during cellular activation or stress (Poyan Mehr et al. 2018; Katsyuba et al. 2018). This 
concept was found to be implicated in the inflammatory function of macrophages 
(Minhas et al. 2018); the relevance of de novo NAD+ synthesis in the function of myeloid 
cells in the brain (such as microglia) is yet to be explored. 

In addition, many Kyn metabolites have redox properties. For example, KA was shown 
to have anti-oxidant effects in vivo (Lugo-Huitrón et al. 2011). Other Kyn metabolites 
including 3-Hk, 3-HAA and QA can enhance the production of radical oxygen species 
(Reyes Ocampo et al. 2014). Both 3-Hk and QA are potent inducers of neuronal cell death 
which may, in part, be explained by their pro-oxidant functions (Okuda et al. 1996; Behan 
et al. 1999). Glutamate signalling could be closely involved in the pro-oxidant effects of 
certain Kyn metabolites (Schwarcz 2016).

The kynurenine pathway in neurodegenerative diseases
Alzheimer’s disease

Late-onset AD is the most prevalent cause of dementia (Prince et al. 2015). Brains of 
affected individuals show typical neuropathological features, including gross atrophy 
of cortical and subcortical brain regions, extracellular amyloid beta (Aβ) plaques and 
intracellular neurofibrillary tangles made-up from hyperphosphorylated tau. 

In vitro, Aβ was found to activate IDO and induce QA production in macrophages and 
microglia (Guillemin et al. 2003b). Injection of Aβ peptides in the brains of mice induced 
local production of Kyn and pro-inflammatory cytokines both of which were blocked by 
the administration of an IDO inhibitor (Souza et al. 2016). These data suggest that Aβ 
could directly induce Kyn pathway activity, possibly as part of an inflammatory response. 
In line with this, high immunoreactivity against IDO and TDO co-localized to QA around 
Aβ plaques and neurofibrillary tangles in post-mortem hippocampal tissue of AD patients 
(Guillemin et al. 2005a; Bonda et al. 2010; Wu et al. 2013). Blocking Kyn pathway activity 
- through inhibition of TDO - was neuroprotective in models of AD in c. elegans and 
drosophila (van der Goot et al. 2012; Breda et al. 2016) and prevented memory deficits in 
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three month old AD mice (Woodling et al. 2016). Finally, Kyn pathway activation could also 
directly contribute to protein aggregation as QA was found to induce phosphorylation 
of tau (Rahman et al. 2009). Taken together, these results suggest that activation of TDO 
and IDO could contribute to neuronal decline in AD possibly by producing neurotoxic 
Kyn metabolites such as QA.

Parkinson’s disease

The pathology of PD is characterized by intracellular aggregation of α-synuclein (Lewy 
bodies) and death of dopaminergic neurons in the substantia nigra. The resulting 
dopamine deficiency in basal ganglia leads to a clinical profile that is dominated by 
motor features (e.g. bradykinesia, muscular rigidity and resting tremor) but also includes 
non-motor symptoms (cognitive dysfunction, psychiatric symptoms and dementia). 
Dopaminergic drugs such as levodopa are commonly used for symptom relieve, but 
their long-term use is associated with side-effects such as dyskinesia and sometimes 
psychosis.

Reduced concentrations of Kyn and KA in the frontal cortex, putamen and substantia 
nigra were found in post-mortem tissue of PD patients (Ogawa et al. 1992). Conversely, 
3-Hk concentrations were increased in these brain regions in PD patients. Another 
report indicated that 3-Hk levels were increased in CSF collected post-mortem (LeWitt et 
al. 2013). These data suggest a preference for the 3-Hk branch of the Kyn pathway. This 
could possibly contribute to chronic NMDA activation and oxidative stress in vulnerable 
brain regions during the course of PD (Lim et al. 2017; Szabó et al. 2011). In this situation, 
increased levels of QA could further aggravate disease as it was found to form metabolite 
assemblies that seeded α-synuclein aggregation (Tavassoly et al. 2018).

Inhibition of Kyn pathway activity could provide neuroprotection in PD. In animal models 
of PD, induced by the neurotoxins MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) 
and 6-OHDA (6-hydroxydopamine), KA levels through inhibition of KMO relieved motor 
symptoms (Grégoire et al. 2008; Samadi et al. 2005). Conversely, inhibition of TDO 
provided protection to the toxicity of α-synuclein in c. elegans independently of KA and 
3-Hk (van der Goot et al. 2012), suggesting that additional (unknown) mechanisms might 
mediate the role of the Kyn pathway in PD. Finally, Kyn pathway activation could also 
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directly contribute to protein aggregation as QA was found to induce phosphorylation 
of tau (Rahman et al., 2009).

Outline of the thesis

To conclude, metabolites of the Kyn pathway modulate brain functioning but also act in 
processes that underlie neurodegenerative diseases such as AD and PD. As blood is an 
important “source” of cerebral Kyn metabolites, dysregulation of the Kyn pathway in the 
periphery, for example due glucocorticoids or inflammatory cytokines, could contribute 
to the onset or progression of AD and PD. 

Chapter 2 outlines the role of Trp and Kyn in the control of age-related inflammation - 
also referred to as inflammaging. We explore the different ways in which cells use the Kyn 
pathway as an anti-inflammatory tool. Next, we give an overview of how systemic Kyn 
and Trp levels change during ageing and suggest that the Kyn/Trp ratio can be used as a 
biomarker for the rate of inflammaging. We hypothesize that age-related inflammation 
causes a shift in Trp metabolism towards metabolites involved in inflammatory control 
in favour of others. We discuss how this shift could be implicated in age-related diseases 
and targeted to increase lifespan. 

Chapter 3 and Chapter 4 focus on the role of glucocorticoids in regulating systemic 
Trp and Kyn concentrations. In Chapter 3 we evaluate the relationship between cortisol 
- endogenously produced glucocorticoids - and the Kyn/Trp ratio measured in blood 
in a large population of depressed and non-depressed individuals. We show that 
increased cortisol levels are related to reduced systemic Trp metabolism in recurrently 
depressed persons and suggest that chronic glucocorticoid imbalances could impact 
Trp metabolism in depression. In Chapter 4 we report the effect of different doses of 
cortisol on Trp and Kyn in blood of persons with adrenal insufficiency. We show that 
a higher dose of cortisol reduces systemic Kyn pathway activity and find that this is 
implicated in the beneficial effects of cortisol treatment on symptoms such as a fatigue 
and physical functioning. 

Chapter 5 and Chapter 6 concentrate on the Kyn pathway in ageing and age-related 
neurodegenerative diseases. In Chapter 5, we describe an analysis of Trp and Kyn 
metabolites in blood and cerebrospinal fluid (CSF) of persons suffering from AD, PD 
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and age-matched controls. We show that many Kyn metabolites increase during ageing 
and that specific Kyn metabolites vary in AD and PD compared to control persons. We 
illustrate that measures of brain transport of Trp and Kyn are not altered in these diseases 
and that Kyn metabolites measured in blood can be used as markers for Kyn pathway 
activity in the brain. Chapter 6 describes a characterization of the Kyn pathway during 
aging in a mouse model of AD. We show that aging affects Kyn metabolite profiles in 
blood and brain tissue in mice. We next show that the long-term oral administration of 
a TDO inhibitor improves memory function of AD mice while not producing measurable 
differences of brain kynurenines.

In Chapter 7 we give a summary of our work and critically discuss the questions it 
has answered. We conclude by a discussion of the questions our work has raised and 
accordingly suggest follow-up research. 
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