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Human lifespan is rapidly increasing. In the Netherlands, the number of persons 
aged 80 years or older is projected to double within the next 20 years. As a 
result, age-related neurodegenerative diseases such as Alzheimer’s disease 
(AD) and Parkinson’s disease (PD) will affect an increasing number of people 
and severely burden our healthcare systems. A better understanding of the 
age-related processes that underlie these debilitating diseases is crucial for the 
development of preventive strategies.

Studies in animal models and humans have shown that ageing causes increased 
metabolism of the amino acid tryptophan along the kynurenine pathway. Age-
related activation of the kynurenine pathway could contribute to AD and PD 
pathophysiology because it produces neurotoxic kynurenine metabolites. 
Measuring kynurenine pathway activity can be a potential tool to predict age-
related vulnerability to AD and PD or to track disease progression. The analysis 
of tryptophan and kynurenine concentrations in blood is the most common 
way to assess kynurenine pathway activity but the interpretation of these 
values can be challenging; tryptophan metabolism takes place in many organs 
and is regulated by immune factors and hormones such as the stress hormone 
cortisol.

Aiming to enhance the understanding of factors that influence blood-
based measures of kynurenine pathway activity we studied the relationship 
between cortisol and tryptophan metabolism in blood within observational 
and experimentally controlled human cohorts. Next, to further establish the 
diagnostic potential of systemic kynurenine pathway activity in ageing and 
neurodegenerative diseases, we analysed kynurenine metabolites in blood 
and cerebrospinal fluid of aged individuals and persons suffering from AD and 
PD. Finally, to investigate the therapeutic potential of the kynurenine pathway, 
we tested whether inhibition of kynurenine pathway activity could improve 
cognitive function in a mouse model of AD. 

AIM
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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.
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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.
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(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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Abstract

Inflammation aims to restore tissue homeostasis after injury or infection. Age-related 
decline of tissue homeostasis causes a physiological low-grade chronic inflammatory 
phenotype known as inflammaging that is involved in many age-related diseases. 
Activation of tryptophan (Trp) metabolism along the kynurenine (Kyn) pathway 
prevents hyperinflammation and induces long-term immune tolerance. Systemic Trp 
and Kyn levels change upon aging and in age-related diseases. Moreover, modulation 
of Trp metabolism can either aggravate or prevent inflammaging-related diseases. 
In this review, we discuss how age-related Kyn/Trp activation is necessary to control 
inflammaging and alters the functioning of other metabolic faiths of Trp including Kyn 
metabolites, microbiota-derived indoles and nicotinamide adenine dinucleotide (NAD+). 
We explore the potential of the Kyn/Trp ratio as a biomarker of inflammaging and 
discuss how intervening in Trp metabolism might extend health- and lifespan.
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Inflammaging: chronic inflammation that drives the aging 
process

Inflammation is initiated by the innate immune system in response to mechanical, 
infectious or metabolic tissue stress and aims to restore homeostasis by eliminating 
damaged cells (Medzhitov 2008). Aging is characterized by progressive decline of tissue 
homeostasis resulting from damaged cellular components and aberrant functioning of 
damage-response mechanisms (López-Otín et al. 2013). 

Age-related changes of the innate immune system are common and include shifts 
in the composition of immune cell populations, altered secretory phenotypes and 
impaired signaling transduction (Shaw et al. 2013). These changes are paralleled by 
the development of a chronic inflammatory state referred to as inflammaging. This 
is characterized by an imbalance between pro- and anti-inflammatory responses and 
fluctuations of inflammatory cytokines, such as interleukin-6 (IL-6), high-sensitive C 
reactive protein (hsCRP), IL-10 and tissue growth factor beta (TGF-β) (Franceschi et al. 
2017; Franceschi et al. 2000). The rate of inflammaging, quantified by measuring these 
markers, is strongly associated with age-related disability, disease and mortality (Fulop 
et al. 2018). It is theorized that inflammaging is driven by endogenous ligands released 
upon age-related tissue damage and can be aggravated by food excess and attenuated 
by caloric restriction, suggesting relevant cross-talk between metabolic and immune 
functioning (Franceschi et al. 2018). 

Understanding how inflammaging is controlled could aid in the development of 
diagnostic and therapeutic tools for many age-related diseases associated with 
inflammation such as cancer, atherosclerosis, diabetes mellitus and Alzheimer’s disease. 
Tryptophan (Trp) metabolism is associated with aging and produces metabolites that 
control inflammation, regulate energy homeostasis and modulate behaviour (Cervenka 
et al. 2017). We discuss how activation of Trp metabolism could be involved in the control 
of inflammaging and how this can alter the Trp metabolite milieu. We hypothesize on 
how this could impact health- and lifespan and how interfering with Trp metabolism 
could be used in the treatment of neurodegenerative diseases.
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Activation of tryptophan metabolism regulates 
inflammation

Inflammation activates tryptophan metabolism
The essential amino acid Trp fuels the synthesis of kynurenine (Kyn), serotonin (5-HT) 
and indoles (Bender 1983; Platten et al. 2019). The Kyn pathway of Trp is the most active 
pathway of Trp metabolism and produces metabolites including kynurenic acid and 
nicotinamide adenine dinucleotide (NAD+). The Kyn pathway is initiated by the enzymes 
tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase (IDO and IDO2). In 
this review we focus on the role of IDO1, which we refer to as IDO. 

While IDO plays a minor role in Trp metabolism under normal circumstances, IDO-
dependent Trp metabolism is strongly activated in response to interferons and other 
cytokines that are released upon inflammation (Yeung et al. 2015). Interferon gamma 
(IFN-γ) is considered the most potent IDO-activating cytokine and induces expression 
in a variety of cell types after it binds to the IDO promotor-region. The effect of IFN-γ 
on IDO activation is best-characterized in macrophages and dendritic cells (DCs) but is 
also evident in connective (e.g. fibroblast) and epithelial tissue (e.g. pulmonary, renal, 
gastro-intestinal and vascular) (Wang et al. 2010; Chaudhary et al. 2015; Takamatsu et al. 
2013; Yoshida et al. 1981; Curran et al. 2014). 

Other inflammatory signals that activate IDO include lipid mediators such as prostaglandin 
E2 (PGE2) and pathogen particles such as lipopolysaccharides (LPS) (Baumgartner et al. 
2017). In addition, while the regulation of IDO is often transcriptional, specific mediators 
of inflammation induce post-transcriptional and post-translational modifications that 
either promote ubiquitination and proteasomal degradation of IDO or sustain its activity 
through phosphorylation (Orabona et al. 2008; Pallotta et al. 2011). 

Inflammation-related IDO activity is often measured by the Kyn/Trp ratio in blood in 
diseases characterized by excessive or chronic inflammation including infections, auto-
immune disorders, cardiovascular disease and cancer (Schröcksnadel et al. 2006). 
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Activation of tryptophan metabolism has anti-inflammatory and 
immunosuppressive effects
Trp metabolism controls hyperinflammation and induces long term immune tolerance. 
These effects pivot on the ability of IDO to alter the local and systemic Kyn/Trp balance 
(Figure 1A). This balance directly affects metabolic and immune signaling pathways that 
drive an anti-inflammatory response in IDO-competent cells (e.g. antigen-presenting 
cells and epithelial cells) (Figure 1B). In addition, it changes the function of neighboring 
cells (e.g. T cells) by creating a local (and sometimes systemic) environment high in Kyn 
and low in Trp. Several molecular pathways mediate immune and nonimmune responses 
to changes in intracellular Trp and Kyn levels.

Trp depletion in the metabolic regulation of inflammation and 
tolerance
Trp levels influence nutrient sensing systems such as the general control non-
derepressable 2 (GCN2) stress kinase and mechanistic target of rapamycin complex 1 
(mTORC1). The kinase GCN2 is activated during amino acid depletion (or imbalance) and 
causes phosphorylation of eukaryotic initiation factor (eIF)2α that has cell-type specific 
effects on translation. mTORC1 is active during amino acid sufficiency and governs 
anabolic metabolism and energy expenditure. GCN2 and mTORC1 are implicated in the 
metabolic control of inflammation by immune and nonimmune cells (Munn and Mellor 
2013). 

Trp depletion activates GCN2 in IDO-expressing dendritic cells and macrophages 
causing them to produce anti-inflammatory cytokines including interleukin-10 (IL-10) 
and TGF-β in favor of immunogenic cytokines (Munn et al. 2005; Ravishankar et al. 
2015). Additionally, Trp depletion can alter the secretory phenotype of neighboring IDO-
incompetent dendritic cells, cause the recruitment of regulatory T cells (Treg) (McGaha et 
al. 2012) and prevent T cell activation and proliferation (Munn et al. 2005). These concepts 
seem to be involved in providing tolerance to apoptotic cells in the spleen (Ravishankar 
et al. 2015; Ravishankar et al. 2012). However, the role of IDO/GCN2-signalling is not 
limited to immune cells. In an antibody-induced model for glomerulonephritis in mice, 
which is lethal in mice lacking IDO expression, IDO/GCN2 signaling limited inflammatory 
tissue damage by inducing autophagy in renal epithelial cells (Chaudhary et al. 2015). 
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Taken together, these studies indicate that IDO can prevent inflammation and promote 
tolerance in a context-specific manner by regulating GCN2 activity in immune and 
nonimmune cells. 

mTORC1 is a central regulator of cellular function. Cells of the innate immune system 
largely depend on mTORC1 to enable the metabolic transition that is required for their 
activation (Weichhart et al. 2015). mTORC1 orchestrates the cellular immune behaviour 
in response to extracellular and intracellular factors such as inflammatory stimuli, 
glucose availability and amino acid sufficiency. In vitro studies showed that IFN-γ 
inhibited mTORC1 by depleting cellular Trp levels in IDO-expressing cells (Metz et al. 
2012) causing suppression of mTORC1 co-localization to the lysosome and altering the 
metabolic functioning of human primary macrophages (Su et al. 2015). The relevance of 
IDO/mTORC1 signaling in controlling inflammation in vivo is yet to be established.

Future studies are needed to determine how the cellular Trp content is regulated in 
response to exogenous and endogenous inflammatory stimuli and how Trp levels affect 
GCN2 and mTORC1 signaling to determine the metabolic control of inflammation in vivo. 

Kyn activates the aryl hydrocarbon receptor
Activated Trp metabolism results in increased Kyn production. The role of Kyn in the 
regulation of inflammation is largely mediated through its function as a ligand of the 
aryl hydrocarbon receptor (AhR), a transcription factor that controls local and systemic 
immune responses. Recent studies are suggesting that Kyn/AhR signaling is involved in 
the generation of Treg cells and the modulation of the immune phenotype of DCs. 

Treg cells are derived from naïve T cells and are involved in maintenance of immunological 
tolerance but also aid macrophages during the resolution of inflammation by stimulating 
them to secrete anti-inflammatory cytokines (Proto et al. 2018) and aging is associated 
with increased Treg populations in immune and nonimmune tissue (Jagger et al. 
2014). Kyn supplementation can activate AhR in naïve T cells in the presence of specific 
inflammatory cytokines and directly drive Treg differentiation (Mezrich et al. 2010). 
Recent data suggest that this pathway involves the amino acid transporter SLC7A5 - also 
critical for cellular Trp uptake - that occurs on the cell membrane of T cells after exposure 
to inflammatory cytokines and facilitates Kyn uptake and AhR activation (Sinclair et al. 
2018). DCs play an essential role in creating the microenvironment that is required for 
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Figure 1. Mechanisms involved the regulation of inflammation by Trp metabolism

A. Inflammation activates Trp metabolism and causes systemic and intra- and extra-cellular changes 
in the Kyn/Trp ratio that suppress the inflammatory response. B. The molecular steps involved in 
the immunomodulatory effect of activation of Trp metabolism: An inflammatory stimulus activates 
IDO (and in specific instances TDO) in immune and non-immune cells causing reduced Trp systemic 
and local Trp levels and increased intra- and extracellular Kyn content (1); inflammation induces 
increased expression of AhR (2) that is activated by its ligand Kyn and results in the secretion of 
anti-inflammatory cytokines such as IL-10 (3); AhR ligand-activation causes phosphorylation of IDO 
and results in sustained IDO activity and the secretion of TGF-β, which is involved in a feedback loop 
by inducing IDO phosphorylation (4); inflammatory cytokines such as TGF-β and IL-10 induce the 
amino acid transporter SLC7A5 on the plasma membrane of naïve T-cells causing uptake of Kyn (5); 
activation of GCN2 by Trp depletion and AhR ligand-activation by Kyn cause the differentiation of 
naïve T cells towards regulatory T cells (6). Abbreviations: Trp, Tryptophan; Kyn, Kynurenine, IDO, 
indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygenase; AhR, aryl hydrocarbon receptor; 
TGF-β, tissue growth factor beta; IL-10, interleukin 10; SLC7A5, solute carrier family 7 member 5; 
GCN2, general control non-derepressable 2 stress kinase.
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Treg differentiation. To do so, DCs need to take on a specific secretory phenotype that is 
also driven by Kyn/AhR activation by (Nguyen et al. 2010). Interestingly, AhR activation 
can also induce the expression of IDO, suggesting a Kyn/AhR/IDO feedback loop that 
is possibly involved in the maintenance of an immunosuppressive phenotype in DCs 
(Vogel et al. 2008). 

IDO function in DCs seems to be sustained by phosphorylation caused either by a 
chaperone of AhR that is released upon Kyn binding (Bessede et al. 2014) or through 
autocrine TGF-β and NF-κb dependent signaling (Pallotta et al. 2011). In the latter 
study, IDO seemed to act through a non-catalytic mechanism. In both studies, IDO 
phosphorylation sustained the immunomodulatory phenotype of DCs necessary 
for long-term tolerance to inflammatory stimuli. As this type of tolerance could be 
required to dampen age-related inflammation, it would be of great interest to study IDO 
phosphorylation in aged immune tissue. 

To conclude, IDO/Kyn/AhR signaling can modulate the innate immune system to create 
an anti-inflammatory microenvironment that is favorable for the generation of Treg cells 
and critical for the maintenance of long-term immunosuppression. 

Tryptophan metabolism controls inflammation in vivo
The important role of Trp metabolism in controlling inflammation is highlighted by 
studies in IDO deficient mice. These mice show no apparent inflammatory phenotype 
or auto-immune disorders (within controlled, pathogen-free laboratory facilities). Yet, 
when confronted with an inflammatory stimulus they develop severe inflammatory 
diseases. These include pulmonary infections in response to stem cell transplantation 
(Lee et al. 2017), antibody-induced renal inflammation (Chaudhary et al. 2015), auto-
immunity in response to chronic exposure to apoptotic cells (Ravishankar et al. 2012), 
severe colitis in response to 2,4,6-trinitrobenzene sulfonic acid (Takamatsu et al. 2013), 
aggravation of hepatic inflammation in response to a high-fat diet (Nagano et al. 2013) 
and aggravation of hypercholesterolemia-related atherosclerosis (Cole et al. 2015). Of 
note, IDO-deficiency protected from inflammation in a mouse model of chronic gastric 
inflammation by modulating B cell immunity and suppressing cytotoxicity of natural 
killer cells (El-Zaatari et al. 2018). The fact that IDO seems to control inflammation in 
response to so many non-infectious stimuli including metabolic stress, underlines its 
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function as a general regulator of inflammation and suggests that it could be involved in 
the regulation of inflammaging. 

Other tryptophan metabolites involved in inflammation
Other Trp metabolites are also involved in the control of inflammation and tissue 
damage. Examples of this include serotonin, implicated in intestinal inflammation 
(Spohn and Mawe 2017); kynurenic acid, which exerts anti-inflammatory changes in 
adipose tissue (Agudelo et al. 2018); 3-hydroxyanthranilic acid and cinnabarinic acid 
(two other Kyn metabolites) that are respectively connected to vascular inflammation 
(Song et al. 2017) and autoimmune encephalomyelitis (Fazio et al. 2014); NAD+, which 
prevents renal kidney injury (Poyan Mehr et al. 2018; Gomes et al. 2013) and regulates 
macrophage immune responses (Minhas et al. 2018); and indoles, crucially involved in 
gastro-intestinal and neuronal inflammation (Roager and Licht 2018). 

Although a discussion of the specific roles of these metabolites in age-related 
inflammation is outside the scope of this review, it is important to consider the broad 
role of Trp metabolism in inflammation. 

Tryptophan metabolism as a biomarker and therapeutic 
target in inflammaging

There is limited evidence of a direct, mechanistic, role of Trp metabolism in inflammaging. 
Yet, observational studies have indicated that Trp metabolism could be a biomarker for 
inflammaging. In addition, Trp metabolism could provide therapeutic targets to treat 
age-related diseases associated with inflammation and possibly even extend lifespan. 

The Kyn/Trp ratio as a biomarker for inflammaging
The Kyn/Trp ratio, measured in blood, is robustly associated with aging in humans (Table 
1). The fact that this association is already evident in healthy young adults (Pertovaara 
et al. 2007) and persists throughout life (Pertovaara et al. 2006), implies that the age-
dependent increase in the Kyn/Trp ratio is not secondary to the onset of disease but 
rather represents a physiological age-related change. In addition, markers of immune 
activation are, already in young adults, strongly associated with the Kyn/Trp ratio (Deac 
et al. 2016). Taken together, these observational data suggests that the Kyn/Trp ratio 
could provide a valuable marker for the rate of (physiological) inflammaging. 
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As inflammaging is involved in the onset of age-related diseases, a marker for 
inflammaging should also predict the onset of age-related diseases. This is the case for 
the Kyn/Trp ratio. For example, an increased Kyn/Trp ratio was found to be associated 
with increased frailty (Valdiglesias et al. 2018), reduced cognitive performance (Solvang 
et al. 2019), increased risk of cardiovascular disease (Sulo et al. 2013; Zuo et al. 2016) and 
mortality (Pertovaara et al. 2006; Zuo et al. 2016) in aged individuals. 

The Kyn/Trp ratio could thus be a valuable tool to determine the rate of physiological 
inflammaging in healthy individuals and predict the onset of age-related diseases 
associated with chronic inflammation. In addition, the Kyn/Trp ratio meets the criteria 
for a biological age biomarker (as opposed to chronological age) (Moreno-Villanueva et 
al. 2015). As a single biomarker is seldomly able to predict complex biological processes, 
the use of the Kyn/Trp ratio in the prediction of inflammaging and biological aging 
should be validated in concordance with other potential biomarkers of aging preferably 
in combination with immune markers for sustained inflammation (e.g. GlycA (Connelly 

Table 1. Age-related Kyn/Trp changes

Study Age range N Association with aging

Trp Kyn Kyn/Trp

(Ramos-Chávez et al. 2018) 51-97 77 ↓ na ↑

(Rist et al. 2017) 18 - 80 301 ↓ na na

(Theofylaktopoulou et al. 2013)
45 - 72 7052

↓
↑ ↑

(Collino et al. 2013) 24 - 111 254 ↓ na na

(Yu et al. 2012) 32-81 2162 ↓ na na

(Capuron et al. 2011) > 65 284 ↓ ↑ ↑

(Niinisalo et al. 2008) 46 - 76 921 na na ↑

(Pertovaara et al. 2006) 21 - 99 593 = ↑ ↑

(Frick et al. 2004) 34 - 93 43 na na ↑

Table giving an overview of studies that investigated the effect of age on Trp, Kyn and the Kyn/Trp 
ratio. The age-range, number of participants and association of Trp, Kyn and Kyn/Trp with aging is 
provided. Abbreviations: na, not available.
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et al. 2017)). These studies should ideally address intraindividual variability of such 
markers by making use of longitudinal study designs. 

Consequences of Kyn/Trp shunt in inflammaging
An inflammaging-related shunt of Trp metabolism towards extra-hepatic Kyn production 
could impact the functioning of Trp metabolites in a range of organs during aging 
(Figure 2).

Indoles in gastro-intestinal and metabolic functioning

The microbiome is increasingly recognized to play an important role in aging and age-
related disease (Heintz and Mair 2014). Indoles are microbiota-derived Trp metabolites 
that are implicated in immune regulation and affect gastro-intestinal functioning 
(Roager and Licht 2018). A recent paper showed that dietary-induced obesity increased 
intestinal IDO activity shifting Trp metabolism towards the production of Kyn and away 
from microbiota-derived metabolites (Laurans et al. 2018). Inhibition of IDO in the gut 
improved insulin sensitivity and resulted in reduced chronic inflammation. In addition, 
age-related changes to the microbiome were associated with increased expression 
of enzymes involved in microbial Trp metabolism (Rampelli et al. 2013). These data 
highlights the importance of microbiota-dependent Trp metabolism and suggest that 
activation of intestinal IDO and age-related changes in microbiome composition can 
deplete the body of health-promoting indoles while affecting the systemic Kyn/Trp 
balance. In addition, it provides relevant evidence that links metabolic inflammation 
(metaflammation) to gastro-intestinal Trp metabolism and metabolic health. In this 
context, it is interesting to note that Trp metabolites and indoles are emerging as 
modulators of adipose tissue homeostasis and obesity (Crane et al. 2015; Oh et al. 2015; 
Agudelo et al. 2018). Age-related gastro-intestinal metaflammation could thus cause 
metabolic disturbances through altering microbiome and host Trp metabolism. 

De novo NAD+ synthesis in age-related tissue decline

The liver metabolizes the majority of Trp in a TDO-dependent manner producing NAD+ 
or acetoacetyl-CoA (Bender 1983). NAD+ is a coenzyme and cosubstrate for several 
important regulatory proteins involved in cellular metabolism and damage such as 
sirtuins and Poly(ADP-ribose) polymerases (PARPs). NAD+ can be generated de novo 
from Trp or through salvage pathways. While in vitro the contribution of de novo NAD+ 
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synthesis is limited, in vivo NAD+ is actively synthesized de novo from Trp, especially in 
the liver and the kidney (Liu et al. 2018). 

Declining cellular NAD+ content is a cross-species phenotype of aging that is associated 
with a range of age-related diseases (Fang et al. 2017). Boosting de novo synthesis of 
NAD+ from Trp in the liver - by blocking acetoacetyl-CoA production - improved hepatic 
function and inflammation in mice on a high fat diet through modulation of mitochondrial 
function (Katsyuba et al. 2018). Similarly, increasing de novo synthesis of NAD+ was 
protective in mouse models of renal damage (Poyan Mehr et al. 2018; Katsyuba et al. 
2018) and restored age-related functional decline of macrophages (Minhas et al. 2018). 
These recent studies underline the relevance of de novo NAD+ synthesis in modulating 
health and lifespan by regulating mitochondrial function in metabolically active tissue 
such as immune cells and the liver. Inflammaging could shunt Trp metabolism towards 
extrahepatic tissue and possibly contribute to age-related hepatic NAD+ deficits, 
providing new evidence for theories that link age-related inflammation and metabolic 
dysfunction (Franceschi et al. 2018).

Peripheral Trp metabolism as a target for neurodegenerative diseases

TDO2 and IDO expression in the brain is low and restricted to specific brain regions. 
Trp metabolism in the brain is therefore largely dependent on transport of Trp and Kyn 
across the blood-brain barrier. Modulating peripheral Trp metabolism can thus alter 
the functioning of Trp and Trp metabolites in the brain (Schwarcz et al. 2012). In mouse 
models of Alzheimer’s disease and Huntington’s disease peripheral inhibition of the 
Kyn pathway prevented neurodegeneration and memory-deficits (Zwilling et al. 2011; 
Woodling et al. 2016). Similarly, inhibition of TDO was neuroprotective in fly and worm 
models of Alzheimer’s and Parkinson’s disease (Breda et al. 2016; Campesan et al. 2011; 
van der Goot et al. 2012a). The mechanisms that underlie these findings are largely 
unknown but could involve a direct effect on protein aggregation, altered immune 
responses, changed mitochondrial function or variations in levels of kynurenic acid - 
a modulator of neurotransmission (Schwarcz et al. 2012). In addition, the long-term 
activation of AhR potentially contributes to vascular aging, which is a known risk factor 
for neurodegenerative diseases (Eckers et al. 2016). 
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Trp in the regulation of lifespan

Evidence from studies in c. elegans - that express most Kyn pathway enzymes (van der 
Goot and Nollen 2013) - and rodents suggests that targeting Trp metabolism could 
extend lifespan. For example, we showed that knockdown of tdo-2 in c. elegans increased 
lifespan with approx. 15% (van der Goot et al. 2012b). This effect was dependent on daf-
16, the c. elegans homolog of the forkhead box protein O (FOXO) family of transcription 
factors. Accordingly, TDO inhibition and Trp feeding extended lifespan in other studies 
in a daf-16-dependent manner (Sutphin et al. 2017; Edwards et al. 2015).

In rats Trp content in liver, kidney and brains decreases with age while Kyn content in 
these organs increases (Braidy et al. 2011). A study across 26 mammalian species showed 
that the Kyn/Trp ratio in the liver of healthy adult animals was associated with species-
specific maximum lifespan (Ma et al. 2015); species that showed a higher Kyn/Trp ratio 
were shorter lived. As TDO inhibitors are readily available and TDO knockout mice are 
viable, these models could be used to study the effects of TDO inhibition on lifespan. 
However, caution should be warranted as inhibition of Trp metabolism could aggravate 
immune responses upon inflammatory stimuli (not present in a laboratory context) and 

Figure 2. Implications of inflammaging-dependent shunt of Trp metabolism 

Age-related decline of tissue homeostasis causes a physiological low-grade chronic inflammatory 
phenotype known as inflammaging. We hypothesize that Trp is metabolized towards the Kyn 
pathway in order to control age-related inflammation. Consequent disturbances of Trp and Kyn 
metabolites could be involved in age-related diseases and reduced lifespan. 
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may lead to an exacerbated inflammatory environment during inflammaging, which 
could have dire consequences on health. 

Conclusion

Trp metabolism regulates inflammation, energy homeostasis and brain functioning. 
Age-related chronic inflammation - inflammaging - shunts Trp metabolism towards 
its immunomodulatory catabolite Kyn. Alterations of other Trp metabolites, as a 
consequence of this adaptive anti-inflammatory mechanism, could drive aging and 
underlie pathophysiology of age-related diseases. Future studies should address the 
value of Trp metabolism as a biomarker for (un)healthy ageing and as drug target for 
inflammaging-related disease. 
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Abstract

Objectives: Persistent changes in serotonergic and hypothalamic pituitary adrenal 
(HPA) axis functioning are implicated in recurrent types of major depressive disorder 
(MDD). Systemic tryptophan levels, which influence the rate of serotonin synthesis, are 
regulated by glucocorticoids produced along the HPA axis. We investigated tryptophan 
metabolism and its association with HPA axis functioning in single episode MDD, 
recurrent MDD and non-depressed individuals. 

Methods: We included depressed individuals (n= 1320) and controls (n= 406) from the 
Netherlands Study of Depression and Anxiety (NESDA). The kynurenine to tryptophan 
ratio (kyn/trp ratio) was established using serum kynurenine and tryptophan levels. 
Several HPA axis parameters were calculated using salivary cortisol samples. We adjusted 
the regression analyses for a wide range of potential confounders and differentiated 
between single episode MDD, recurrent MDD and control.

Results: Tryptophan, kynurenine and the kyn/trp ratio did not differ between controls 
and depressed individuals. Increased evening cortisol levels were associated with a 
decreased kyn/trp ratio in the total sample (Crude: β = -.102, p < 0.001; Adjusted: β = 
-.083, p = < 0.001). This association was found to be restricted to recurrently depressed 
individuals (Crude: β = -.196, p < 0.001; Adjusted: β = -.145, p = 0.001). Antidepressant 
treatment did not affect this association. 

Conclusion: Our results suggest that an imbalance between HPA axis function and 
tryptophan metabolism could be involved in recurrent depression.
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Introduction

Major depressive disorder (MDD) is predicted to be the leading cause of disease burden 
worldwide by the year of 2030 (World Health Organization 2008). This is largely attributed 
to the chronic and recurrent nature of the disease. Persistent neurobiological changes 
in (i) the regulation of cortisol secretion through the hypothalamic pituitary adrenal 
axis (HPA axis) and (ii) serotonergic functioning have been suggested to be involved 
(Bhagwagar and Cowen 2008; Cowen 2010; Pariante and Lightman 2008). Tryptophan 
metabolism, being regulated by cortisol and being crucial in serotonin synthesis, might 
bridge the gap between these features (Cowen 2002).

Disturbances of the HPA axis are a common finding in MDD. Several meta-analyses 
indicated that patients suffering from MDD show increased levels of cortisol throughout 
the day when compared to healthy controls (Belvederi Murri et al. 2014; Burke et al. 2005; 
Knorr et al. 2010; Lopez-Duran et al. 2009; Stetler and Miller 2011). These findings were 
reproduced in patients in remission of recurrent MDD (Bhagwagar et al. 2003; Bockting 
et al. 2012). Others showed these disturbances to be independent of remission status 
(Vreeburg et al. 2009b). Focusing on recurrence, reports showed that both decreased 
and increased morning cortisol levels predict the recurrence of depression (Bockting 
et al. 2012; Hardeveld et al. 2010; Vreeburg et al. 2013; Vrshek-Schallhorn et al. 2012). 
These inconsistent findings are explained by methodological differences. Nonetheless, 
all these findings support the believe that disturbances of the HPA axis resemble a trait 
marker for depression rather than a state-dependent effect of the disease. In recurrent 
MDD, this trait-dependency suggests biological scarring due to previous episodes of 
depression.

Serotonergic dysfunction is a central concept in both the pathophysiology and the 
treatment of MDD (Belmaker and Agam 2008; Kaufman et al. 2016). Studies indirectly 
linked serotonergic dysfunction to MDD by showing that acute tryptophan depletion 
induced depressive symptoms in both remitted MDD patients and non-depressed 
individuals with a family history of depression (Ruhé et al. 2007). Using neuroimaging 
technologies, several studies showed increased serotonin 1A receptor binding 
throughout the brain of currently depressed patients and remitted, unmedicated MDD 
patients (Miller et al. 2009b; Miller et al. 2013; Parsey et al. 2010). These results suggest 
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that central serotonergic dysfunction could persist in recurrent types of depression, 
regardless of the depressive state. 

In the central nervous system, serotonin is synthesized de novo from the essential 
amino acid tryptophan. In order to cross the blood-brain barrier, tryptophan competes 
with other large neutral amino acids (Fernstrom 2013). A meta-analysis showed that 
serum tryptophan levels were decreased in depressed individuals compared to healthy 
controls (Ogawa et al. 2014). Tryptophan 2,3-dioxygenase (TDO) and indoleamine 
2,3-dioxygenase (IDO) are the two inducible enzymes that oxidize tryptophan to form 
kynurenine. The kynurenine to tryptophan (kyn/trp) ratio is often used as an indicator of 
tryptophan degradation through the kynurenine pathway (Corm et al. 2009; de Jong et 
al. 2011; Quak et al. 2014; Suzuki et al. 2010). Beside reduced availability of tryptophan for 
serotonin synthesis, activation of these pathways has been implicated in depression as it 
results in formation of downstream kynurenine metabolites with neuroactive properties 
(Schwarcz et al. 2012). Both in vitro and in vivo models showed that glucocorticoids, both 
endogenous and synthetic, induced expression and activity of TDO resulting in reduced 
levels of tryptophan (Danesch et al. 1983; Maes et al. 1990b; Young 1981). IDO activity 
is induced by inflammatory cytokines including interferon gamma (INF-y), interleukin-6 
(IL-6) and tumour necrosis factor alpha (TNF-α) (Campbell et al. 2014). Patients with 
depression have been found to display increased levels of these cytokines (Miller et 
al. 2009a). A previous study within the same cohort as the current study, showed that 
increased levels of high-sensitivity C-reactive protein (hsCRP) and IL-6 were associated 
with an increased kyn/trp ratio (Quak et al. 2014). 

We hypothesize that in patients suffering from recurrent episodes of depression, chronic 
cortisol hypersecretion causes depletion of tryptophan through activation of tryptophan 
degrading enzymes including TDO. We believe that the resulting disturbances of 
serotonergic functioning and central levels of kynurenine metabolites could play a role 
in the recurrent course of the disease. We first compared tryptophan metabolism and 
HPA axis functioning across a large cohort of non-depressed, single episode depressed 
and recurrently depressed individuals. We next assessed the association between HPA 
axis functioning and the kynurenine to tryptophan ratio while taking into account a wide 
range of confounding variables including inflammatory parameters and antidepressant 
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treatment. Finally, we investigated whether this association differed between non-
recurrent (single episode MDD) and recurrent types of depression.

Materials & methods

Subjects
Data were obtained from the longitudinal cohort of the Netherlands Study of Depression 
and Anxiety (NESDA). Detailed rationale, objectives and methods are described elsewhere 
(Penninx et al. 2008). In brief, the cohort (n = 2981) consists of subjects (aged 18 to 65) 
recruited from the general population, general healthcare institutes and specialized 
mental healthcare institutes. Besides healthy controls, individuals with a depressive 
disorder and a prior history of a depressive disorder were included. Patients were 
excluded when they suffered from a primary clinical diagnosis other than a depressive or 
anxiety disorder (psychotic disorder, obsessive compulsive disorder, bipolar disorder or 
severe addiction disorder). Diagnostic and Statistical Manual of Mental Disorders, fourth 
edition (DSM-IV) diagnoses (American Psychiatric Association 2000) for anxiety disorders 
and depressive disorders were assigned on the basis of responses to the Composite 
International Diagnostic Interview (CIDI) 2.1 lifetime version (Wittchen 1994) that was 
administered by trained interviewers. In addition, severity of depression was established 
in all participants using the 28-item self-report Inventory of Depressive Symptoms (IDS) 
(Rush et al. 1996). The study protocol was approved by the Ethical Review Board of the 
VU University Medical Centre Amsterdam and subsequently by the local review boards 
of each participating institute. All subjects provided informed consent.

From the total NESDA sample, we excluded subjects with missing or failed tryptophan 
and/or kynurenine measurements (n = 32) (see ‘Tryptophan, kynurenine and kynurenine 
to tryptophan ratio’). Next, we excluded individuals who did not return any salivary 
sample (n = 834) and from which no marker of HPA axis functioning could be obtained 
(n = 71) (see ‘Salivary cortisol’). We then selected two groups based on the recurrence 
status of the depression: persons who suffered from a single episode of depression (n 
= 625) and persons with recurrent depressions (n = 695). Recurrence was defined as a 
either a history of a single MDD episode (‘Single episode MDD’) or a history of more than 
one episodes of depression (‘Recurrent MDD’). Recency of MDD diagnosis was defined 
as either an ongoing MDD episode at the time of data gathering (‘Current MDD’) or no 
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MDD episode at the time of data gathering but with a lifetime history of MDD (‘Remitted 
MDD’). Both the groups ‘Single episode MDD’ and ‘Recurrent MDD’ consisted of 
currently depressed individuals and individuals in remission of depression. Individuals 
included in the ‘Control’ group had no lifetime depression or anxiety disorder (assessed 
using CIDI) and an IDS score below 15 (n = 406). None of the included participants used 
corticosteroid derivates. Our final sample thus consisted of 1726 individuals. A flowchart 
showing sample size and exclusion is provided (Figure S1A). 

Tryptophan, kynurenine and kynurenine to tryptophan ratio
At baseline, fasting blood samples were drawn and stored at -70°C. Serum kynurenine and 
tryptophan concentrations were measured at the department of Laboratory Medicine of 
the University Medical Centre Groningen using a validated automated online solid-phase 
extraction-liquid chromatographic-tandem mass spectrometric (XLC-MS/MS) method 
with deuterated internal standards (de Jong et al. 2009). The reliable detection range 
was established for both tryptophan (range, 30 - 110 nmol/l) and kynurenine (range, 1 
- 50 nmol/l). Values outside these thresholds were assigned missing (n = 20). A kyn/trp 
ratio was constructed for all included participants by dividing the level of kynurenine by 
the level of tryptophan and multiplying this value by 1*10^3.

Salivary cortisol
HPA axis function is reflected by cortisol production. Cortisol output shows a diurnal 
pattern and reacts to a variety of stimuli such as stress and meals. Typical is a peak in 
the morning, the cortisol awakening response (CAR), followed by a logarithmical decline 
leading to a nadir around midnight. We used three indicators of HPA axis function: the 
CAR, the evening cortisol level and the DST. 

A detailed description of the cortisol collection and measurement in NESDA is given 
elsewhere (Vreeburg et al. 2009a). In short, participants were asked to collect salivary 
cortisol on a regular working day at seven time points: directly at awakening (T1) 
and 30, 45 and 60 minutes after awakening (T2, T3 and T4), at 10:00 p.m. (T5) and at 
11:00 p.m. (T6). After this measurement, participants were instructed to ingest 0.5 
mg of dexamethasone. Dexamethasone suppression was measured using cortisol 
sampling the next morning upon awakening (T7). Cortisol analyses were performed by 
competitive electrochemiluminescence immunoassay (E170; Roche, Basel, Switzerland). 
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Samples were reported missing when either not returned (n = 663) or when the time 
of sampling was unknown (n = 1406) (Figure S1B). During data cleaning, positive and 
negative outliers (mean plus or minus 2 SDs) were reported missing (n = 129 out of 
14227 returned samples). To obtain comparable values, samples T2, T3 and T4 were 
reported missing when taken outside a five minute margin of the protocol time (n = 72, n 
= 76 and n = 77 respectively), T5 was reported missing when obtained outside a two-hour 
margin of the protocol time (n = 92), T6 was reported missing when not taken within 30 
to 90 minutes of T5 (n = 49) and T7 was reported missing when taken outside a two-hour 
margin of T1 (n = 118).

Cortisol awakening response 

As an indicator of the cortisol awakening response (CAR), the area under the curve with 
respect to the ground (AUCg) was calculated using a trapezoid formula and cortisol 
measurements T1, T2, T3 and T4 (Pruessner et al. 2003). The AUCg was only calculated 
when all samples were available.

Evening cortisol

The evening cortisol level, a measurement of the basal HPA axis activity, was calculated 
by averaging measurements T5 and T6. 

Dexamethasone suppression test 

The dexamethasone suppression test (DST) provides information on the negative 
feedback system of the HPA axis and was calculated by dividing the cortisol value at T1 
by the value at T7 the following morning. 

Covariates

Demographics (gender and age), lifestyle factors (alcohol consumption, smoking status 
and body mass index (BMI)) and inflammatory markers (high-sensitivity C-reactive 
protein (hsCRP) and interleukine-6 (IL-6)) have been shown to be associated with the 
kyn/trp ratio (Quak et al. 2014; Theofylaktopoulou et al. 2013). Alcohol consumption 
(number of glasses of alcohol typically per day for the last 12 months) and smoking status 
(current smoking (y/n)) were assessed using questionnaires. The BMI was calculated 
based on the body weight and length of the participants (weight/length2). Both plasma 
hsCRP and IL-6 levels were measured in duplicate using ELISA at the Department of 
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Clinical Chemistry of the VU University (Amsterdam, the Netherlands). A more detailed 
description is given elsewhere (Vogelzangs et al. 2012).

Antidepressant medication
Antidepressants possibly influence TDO functioning (Ara and Bano 2012). A dichotomous 
variable was created for antidepressant use (yes/no). Antidepressant medication use 
was assessed by inspection of the drug container. All drugs used within the past month 
were categorized and classified according to the World Health Organization Anatomical 
Therapeutic Chemical classification. Antidepressant medication included selective 
serotonin reuptake inhibitors (SSRI) (N06AB), serotonin norepinephrine reuptake 
inhibitors (SNRI; N06AX16 and N06AX21), tricyclic antidepressants (TCA) (N06AA) and 
tetracyclic antidepressants (TeCA) (N06AX03, N06AX05, N06AX11). 

Statistical analyses
We used IBM SPSS statistics 23. To improve normality of the error distribution, the 
kyn/trp ratio was log-transformed. Back-transformed data are reported. Mean and 
standard deviation (SD) are presented for baseline characteristics. To compare these 
characteristics, we used Chi-square tests for dichotomous variables and one-way 
analysis of variance (one-way ANOVA) in combination with Fisher’s least significant 
difference (Fisher’s LSD) for continuous variables. 

To investigate the association between HPA axis function and tryptophan metabolism, 
multiple regression analyses were conducted using the kyn/trp ratio as dependent 
variable and one of the HPA axis indices (AUCg, evening cortisol or DST) separately 
as continuous predictor variable (Crude). We corrected for demographics, lifestyle 
and inflammation (Adjusted model). We then used interaction models to investigate 
differences in the association between HPA axis and tryptophan metabolism between 
controls and depressed persons. We differentiated based on recurrence of depression. 
As our group variable contained three groups (No MDD, single episode MDD and 
recurrent MDD), our interaction analyses were performed by including two dummy 
variables (Single episode MDD MDD (y/n) and Recurrent MDD (y/n)) and two interaction 
terms (e.g. AUCg x Single episode MDD and AUCg x Recurrent MDD) to the fully 
adjusted model. Similarly, we differentiated based on recency of depression (No MDD, 
current MDD, remitted MDD). Analyses were performed stratified in case of statistically 
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Table 1. Sample characteristics

Control  
(n = 406)

Single episode 
MDD  

(n = 625)
Recurrent MDD  

(n = 695) p

Demographics

Female, % 59.9% 67.7% 69.1% .005

Age, mean in years (SD) 42.9 (14.7) 42.7 (12.8) 44.3 (11.7) .054

Lifestyle

Smoker, current, % 22.4% 36.6% 35.9% < .001

Daily alcohol consumption, 
mean in number of units (SD)

2.1 (2.7) 2.0 (2.9) 1.9 (2.3) .368

BMI, kg/m2, mean (SD) 25.1 (4.6) 26.1 (5.1) 25.7 (5.2) .007

Inflammation, mean (SD)

hs-CRP (mg/l) 2.1 (3.0) 3.1 (5.7) 2.7 (5.0) .014

IL-6 (pg/l) 1.2 (2.8) 1.5 (5.4) 1.1 (1.2) .043

Psychopathology

MDD recencya, current/
remitted, %

- 53/47% 57.6/42.4% .096

Number of MDD episodesa, 
mean (SD)

- 1.0 (0.0) 8.5 (12.7) -

IDS, mean (SD) 5.6 (3.8) 25.6 (13.9) 25.4 (12.6) < .001

Anxiety disorder recencya, 
none/current/remitted, %

- 31.5/53.1/15.4% 29.6/49.2/21.1% .025

Medication use, %

Antidepressantsa 0% 36.2% 31.5% .080

TCA 0% 3.7% 3.0% .542

SSRI 0% 25.8% 20.1% <.015

Other antidepressant 0% 6.9% 8.4% .351

Table showing mean and standard deviation (SD) or percentages for all variables used in the current 
study. The p value is reported for total between-group differences. Abbreviations: MDD, major 
depressive disorder; hs-CRP, high-sensitivity C-reactive protein; IL-6, interleukine-6; AUCg, area 
under the curve with respect to the ground; DST, dexamethasone suppression test. TCA, tricyclic 
antidepressant ; SSRI, selective serotonin reuptake inhibitor. a Control persons were excluded for 
statistical analysis. b Includes TCA, SSRI and/or SNRI use
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significant interaction. Finally, we wanted to investigate whether antidepressant 
treatment would affect the association between the HPA axis and the kyn/trp ratio. As 
most individuals were using SSRI’s, we limited these analyses to SSRI use only. These 
analyses were performed in a sample consisting of all included depressed individuals 
(n = 1320). In accordance with the above described, we now added one dummy variable 
(Antidepressant treatment (y/n)) and one interaction term (e.g. AUCg x SSRI use) to the 
fully adjusted model. 

Standardized coefficients (β) and their respective p values are reported as a measure of 
association and interaction. We considered p < 0.05 statistically significant.

Results

Participant characteristics
The characteristics of the study sample for non-depressed controls (n = 406), single 
episode MDD (n = 625) and recurrent MDD (n = 695) are shown in Table 1. When 
compared to depressed persons, individuals in the control group were more often male, 
less often smokers and had a lower BMI (when compared to single episode MDD). In 
addition, controls showed lower hsCRP levels (compared to single episode MDD). With 
regard to psychopathology, individuals in the single episode MDD group more often 
suffered from a current anxiety disorder and less often had a remitted anxiety disorder. 
No individuals in the control group used antidepressants. Antidepressant use in general 
did not differ between single episode MDD and recurrent MDD. Individuals in the 
group of single episode MDD did use SSRI’s more frequently compared to persons with 
recurrent MDD episodes. Recency of MDD did not differ significantly between the two 
groups of depressed individuals.

Tryptophan metabolism in controls, single episode MDD and 
recurrent MDD
Levels of tryptophan and kynurenine and the kyn/trp ratio are shown in Table 2. The 
analyses indicated no differences in tryptophan, kynurenine or the kyn/trp ratio between 
controls, single episode MDD and recurrent MDD.
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HPA axis functioning in controls, single episode MDD and recurrent 
MDD
Table 3 displays markers of HPA axis function across the different groups. Compared to 
controls, recurrently depressed showed higher AUCg and evening cortisol values.

Association between HPA axis and kyn/trp ratio in total sample
Table 4 shows the associations between markers of HPA axis function (AUCg, evening 
cortisol or DST) and the kyn/trp ratio. In the total sample of included participants, 
higher evening cortisol levels were associated with a decreased kyn/trp ratio. Additional 
adjustement did not change this association to a great extent. No significant associations 
were found between other HPA axis indices and the kyn/trp ratio. 

Table showing mean and standard deviation (SD) for tryptophan, kynurenine and the kyn/trp ratio. 
The p value is reported for total between-group differences. Abbreviations as in Table 1.

Table showing mean and standard deviation (SD) for several parameters of HPA axis function. The 
p value is reported for total between-group differences. Abbreviations as in Table 1.

Table 3. HPA axis function in non-depressed and depressed individuals

Control 
(n = 406)

Single episode 
MDD 

(n = 625)

Recurrent 
MDD 

(n = 695) p

Cortisol, mean (SD)

AUCg (nmol/l/h) 18.1 (6.7) 19.1 (7.0) 19.7 (7.5) .006

Evening cortisol (nmol/l) 5.0 (3.2) 5.2 (2.9) 5.5 (3.0) .001

DST 2.8 (1.8) 2.7 (1.7) 2.6 (1.6) .097

Table 2. Tryptophan metabolism in non-depressed and depressed individuals

Control 
(n = 406)

Single 
episode MDD 

(n = 625)

Recurrent 
MDD 

(n = 695) p

Kynurenine pathway, mean (SD)

Tryptophan (µmol/l) 63.3 (11.9) 64.2 (12.2) 63.7 (13.1) .538

Kynurenine (µmol/l) 2.3 (0.6) 2.3 (0.6) 2.2 (0.7) .625

Kynurenine to tryptophan ratio 3.6 (0.8) 3.6 (0.8) 3.5 (0.9) .690
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Table 4. Association between HPA axis and kyn/trp ratio 

Total sample (n = 1726)

β p

AUCg

Crude -.042 .088

Adjusted a -.018 .441

Evening cortisol

Crude -.102 < .001

Adjusted a -.083 < .001

DST

Crude -.033 .201

Adjusted a -.039 .105

Table showing standardized coefficient (β) and p value for the association between HPA axis 
parameters and the kyn/trp ratio in the total sample. a Adjusted for demographics (gender, age), 
lifestyle (smoking and alcohol consumption) and inflammation (hs-CRP and IL-6). Abbreviations 
as in Table 1.

Table 5. Interaction effect of MDD recurrence on association between HPA axis and kyn/
trp ratio

β p

AUCg

Interaction modela AUCg x Single episode MDD 
AUCg x Recurrent MDD

-.024 
-.037

.809 

.713

Evening cortisol

Interaction modela Evening cortisol x Single episode MDD 
Evening cortisol x Recurrent MDD

-.024 
-.138

.688 

.039

DST

Interaction modela DST x Single episode MDD 
DST x Recurrent MDD

.087 
-.059

.179 

.378

Showing standardized coefficient (β) and p value for three models investigating the interaction of 
MDD recurrence (no MDD, single episode MDD or recurrent MDD) on the association between HPA 
axis and the kyn/trp ratio. a Adjusted model (see Table 4) + two dummy variables (Single episode 
MDD and Recurrent MDD) and two interaction terms (AUCg, Evening cortisol or DST x Single 
episode MDD and AUCg, Evening cortisol or DST x Recurrent MDD). Abbreviations as in Table 1. 
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In all adjusted models, higher age and increased BMI, were associated with an increased 
kyn/trp ratio. Current smoking was associated with a reduced kyn/trp ratio. Increased 
levels of hsCRP were found to be associated with increased kyn/trp ratio in all models. 
Increased IL-6 associated with an elevated kyn/trp ratio in the model with DST. 

Interaction effect of MDD recurrence and MDD recency on 
association between HPA axis and kyn/trp ratio 
To investigate whether recurrence of MDD affected the association between the HPA 
axis and the kyn/trp ratio, interaction analyses were conducted. Table 5 shows the 
results of these analyses. Our analyses showed a significant interaction effect for MDD 
recurrency in the fully adjusted evening cortisol model. 

We then performed stratified analyses in control persons, individuals with single episode 
MDD and persons with recurrent MDD. As shown in Table 6, our results indicated that 
in recurrently depressed individuals an increased evening cortisol was associated with 
a decreased kyn/trp ratio. This association remained significant after adjustment. No 
significant association was found in controls and single episode depressed individuals.

In our adjusted models, higher age was found to be associated with an increased kyn/
trp ratio in all groups. In both single episode depressed and recurrently depressed 
individuals increased BMI was associated with an increased kyn/trp ratio. Current 
smoking was associated with an increased kyn/trp ratio. In recurrent MDD increased 
levels of hsCRP were also found to be associated with an increased ratio. In controls, low 

Showing standardized coefficient (β) and p value for the association between evening cortisol and 
the kyn/trp ratio in controls, single episode MDD and recurrent MDD. a Adjusted for demographics 
(gender, age), lifestyle (smoking and alcohol consumption) and inflammation (hs-CRP and IL-6). 
Abbreviations as in Table 1.

Table 6. Association between evening cortisol and kyn/trp ratio in controls, single episode 
MDD and recurrent MDD

Control Single episode MDD Recurrent MDD

β p β p β p

Evening cortisol

Crude .029 .607 -.069 .123 -.196 < .001

Adjusteda -.017 .754 -.028 .513 -.145 .001
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alcohol consumption and increased IL-6 were associated with an increased kyn/trp ratio. 
Results of these analyses are not shown.

Interaction effect of MDD recency on association between HPA axis 
and kyn/trp ratio 
Similar as to described above, we investigated whether recency of MDD influenced the 
association between the HPA axis and the kyn/trp ratio. These analyses showed no 
significant interaction effect in the fully adjusted models (Table S1).

Interaction effect of antidepressant treatment on association 
between HPA axis and kyn/trp ratio in depressed individuals
Finally, we tested whether treatment with an SSRI affected the association between 
HPA axis parameters and the kyn/trp ratio in all individuals with a history of depression 
(current or remitted). Our results indicated no significant interaction effect of SSRI 
treatment on the association between any of the HPA axis parameters and the kyn/trp 
ratio (Table 7).

Discussion

We investigated tryptophan metabolism along the kynurenine pathway and its 
association with HPA axis function (AUCg, evening cortisol and DST) within a large cohort 
of controls, single episode depressed persons and recurrently depressed persons. 
Firstly, our results showed no differences in tryptophan metabolism between controls, 

Table 7. Interaction effect of SSRI use on association between HPA axis and kyn/trp ratio

β p

AUCg

Interaction model a AUCg x SSRI use -.002 .974

Evening cortisol

Interaction model a Evening cortisol x SSRI use .032 .501

DST

Interaction model a DST x SSRI use -.041 .355

Showing standardized coefficient (β) and p value for the interaction of SSRI use (y/n) on the 
association between HPA axis and the kyn/trp ratio. a Adjusted model (see Table 4) + one 
dummy variable (SSRI use) and one interaction term (AUCg, Evening cortisol or DST x SSRI use). 
Abbreviations as in Table 1. 
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single episode depressed individuals and recurrently depressed individuals. Secondly, 
our results indicated that increased levels of evening cortisol were associated with a 
decreased kyn/trp ratio while taking into account various confounding variables. This 
association was found to be limited to recurrently depressed individuals. Antidepressant 
treatment had no effect on this association. Recency of MDD (ongoing/current MDD 
versus remitted MDD), did not affect the association between the HPA axis and the kyn/
trp ratio. To the best of our knowledge, this is the first study to demonstrate an association 
between HPA axis function and tryptophan degradation in recurrent depression. 

Opposing our hypothesis, our results showed (i) no differences in tryptophan metabolism 
between depressed individuals and non-depressed individuals and (ii) an inverse 
association between high evening cortisol levels and the kyn/trp ratio. Dysregulation 
of tryptophan metabolism has been implicated in several neuropsychiatric diseases 
including MDD and schizophrenia (Myint 2012). A previous study investigating the 
NESDA showed a decreased kyn/trp ratio in currently depressed individuals compared 
to non-currently depressed (either no lifetime history of depression or remitted MDD) 
(Quak et al. 2014). Moreover, a meta-analysis showed reduced levels of tryptophan in 
depressed individuals compared to non-depressed persons (Ogawa et al. 2014). In a 
large sample consisting of 625 single episode depressed persons, 695 recurrently 
depressed individuals and 406 controls we found no differences in terms of serum 
levels of tryptophan and kynurenine or the kyn/trp ratio. Compared to other cohorts, 
the NESDA cohort consists of a heterogeneous population with regard to depression 
diagnosis. Participants were recruited from the general population, general healthcare 
institutes and specialized mental healthcare institutes. This leads to a representable but 
varying cohort of depressed and non-depressed individuals. More importantly, all of 
these studies including one using the same cohort compared tryptophan levels of non-
depressed controls and currently depressed individuals. Our study compares recurrent 
and single episode MDD to control. This suggests that state of depression (currently 
versus non-currently depressed) rather than recurrence of depression (single episode 
versus recurrently depressed) is associated with disturbances in tryptophan metabolism.

Our data are contradictory to previous work on the relationship between glucocorticoids 
and tryptophan metabolism activity. In vitro models showed marked increases of TDO 
activity in hepatocytes after administration of dexamethasone (Danesch et al. 1987; 
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Nakamura et al. 1987). In both depressed and non-depressed individuals, administration 
of dexamethasone lowered the availability of tryptophan (Maes et al. 1990a). Rodent 
models showed that both physiological stress and administration of glucocorticoids 
could induce a flux of tryptophan through the kynurenine pathway and thus an increased 
kyn/trp ratio (Curzon and Green 1969; Miura et al. 2008; Young 1981). However, none 
of these studies directly investigated the relationship between levels of endogenous 
glucocorticoids and tryptophan degradation. To our knowledge, this is the first study to 
investigate the relationship between the HPA axis and tryptophan metabolism. When 
additionally bearing in mind the adaptable nature of the HPA axis, it remains difficult to 
compare our findings with the above mentioned studies.

Out of several markers for HPA axis function, we found evening cortisol to be associated 
with tryptophan metabolism. Elevated evening cortisol levels are a consistent finding in 
patients suffering from chronic forms of depression (Belvederi Murri et al. 2014; Knorr 
et al. 2010). Low levels of cortisol during the night are thought to facilitate metabolic 
and immune recovery. Elevated levels evening cortisol have been associated with 
several metabolic and cognitive dysfunctions including insulin resistance and memory 
impairment (Gilpin et al. 2008; Johar et al. 2015; Mocking et al. 2013; Plat et al. 1999). 
A state in which evening cortisol levels are chronically elevated might cause reduced 
tryptophan metabolism through reduced activity of TDO. This might prove relevant 
in chronic and recurrent types of depression as TDO has been proposed to modulate 
behaviour and cognitive functioning (Gibney et al. 2014; Kanai et al. 2009b; Too et al. 
2016). Due to the observational nature of this study we can only hypothesize about 
mechanisms underlying the association between evening cortisol levels and tryptophan 
metabolism. These mechanism could depend on glucocorticoid resistance (Cohen et al. 
2012). We hypothesize that under the constant pressure of high basal cortisol levels, 
glucocorticoid receptor activity is down-regulated. Diminished glucocorticoid receptor 
activity in TDO expressing cell types, could reduce transcriptional activation of the 
TDO gene and results in low enzyme activity. This down-regulation of TDO activity by 
glucocorticoids has already been shown in glioblastoma cells (Ott et al. 2015). Additionally, 
polymorphisms that already have been identified in other neuropsychiatric disorders 
(Comings 2001; Nabi et al. 2004; Soichot et al. 2013) could exist on tryptophan degrading 
genes. Experimentally controlled in vivo models investigating the role of endogenously 
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produced levels of glucocorticoids are needed to identify biological pathways involved 
in the regulation of tryptophan metabolism in depression. 

IDO and TDO both have an important role in regulating tryptophan levels. IDO seems 
mainly active in acute settings of inflammation. Most studies using the kyn/trp ratio as 
a readout for IDO activity induced inflammation by injecting interferons or interferon-
inducers (Campbell et al. 2014). Cytokines levels are often increased in depressed 
individuals during an episode of depression (Dowlati et al. 2010). IDO-mediated 
depletion of tryptophan could therefore play an important role in these acute settings. 
However, we believe that under normal circumstances peripheral levels of tryptophan 
are regulated in a TDO-dependent manner. This believe is supported by the finding that 
TDO null mice show increased levels of tryptophan whereas in IDO null mice differences 
in tryptophan levels only become apparent upon inflammatory stress (Kanai et al. 2009a; 
Larkin et al. 2016). In addition, adjusting for the confounding effect of IDO activity by the 
addition of IL-6 and hsCRP to our models did not affect the association between evening 
cortisol and the kyn/trp ratio to a great extent. Taken together, this suggests that a TDO-
dependent mechanism would be dominant in the association between increased levels 
of evening cortisol and a decreased kyn/trp ratio in recurrent depression.

Evidence suggests that antidepressant medication affects TDO activity (Ara and Bano 
2012). In our analyses, use of SSRI’s was not found to influence the association between 
evening cortisol and the kyn/trp ratio. Due to low number of patients using TCA’s or 
other antidepressants, we were unable to investigate their effect on the association 
between evening cortisol and the kyn/trp ratio. A different study design (e.g. specifically 
including patients based on antidepressant use and responsiveness) is needed in order 
to better investigate this.

Several limitations of this study should be addressed. First, due to its cross-sectional 
design, we cannot make statements about a causative relationship between HPA 
axis function and tryptophan degradation. Instead, our results show an associative 
relationship, requiring different ways interpretation. Secondly, our models are shown 
to predict a moderate proportion of the variance within the kyn/trp ratio. This suggest 
that other unknown parameters could still play an important role in the activity of both 
IDO and TDO. Thirdly, we report a substantial loss in sample size compared to the initial 
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sample. These losses were mainly caused by non-returned salivary samples and salivary 
samples obtained outside protocol times. As interaction analyses are influenced to a 
great extent by outlying variables, we excluded the most extreme outliers (mean +/- 2SD). 
Most of these outliers showed either unphysiologically high cortisol levels or seemed 
to have been registered under the wrong timepoint. Still, some potentially valuable 
information has been lost. Finally, we did (i) not include an assessment of branched 
chain amino acids, which compete with central uptake of tryptophan (Fernstrom 2013), 
(ii) did not discriminate between free and albumin-bound tryptophan and did not correct 
for multiple testing. These assessments, together with a more extensive measurement 
of the kynurenine and serotonergic pathway could be insightful in future research. 

To conclude, this is the first study to demonstrate that HPA axis activity is associated 
with tryptophan degradation. Opposing our hypothesis, our results show no differences 
in tryptophan metabolism between non-depressed, single episode depressed and 
recurrently depressed individuals and show that elevated evening cortisol levels are 
associated with a decreased kyn/trp ratio in recurrently depressed individuals. No effect 
of antidepressant treatment is found. These results indicate that in recurrent depression, 
disturbances of the HPA axis could cause for the establishment of a new equilibrium 
between endogenous levels of cortisol and metabolism of tryptophan possibly in a 
TDO-dependent manner. Replication of these results in other epidemiological samples 
including analyses in specific subgroups (e.g. antidepressant treated versus non-treated 
patients or melancholic versus atypical depression) and more fundamental research is 
needed to unravel the mechanism by which cortisol and tryptophan metabolism interact 
in health and depression.
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 Supplementary fi les

Time 
point

Not returned
(n)

Outside range 
(mean +/- 

2SD) 
(n)

Time 
unknown 

(n)

Drawn 
outside 

protocol time 
(n)

Useable 
(n)

T1 87 7 142 - 1890

T2 76 22 148 72 1814

T3 77 30 150 76 1804

T4 90 25 154 77 1792

T5 102 16 217 92 1793

T6 93 14 221 49 1728

T7 138 15 374 118 1543

Figure S1. Sample size, exclusion and sources of missing data 

Figure showing fl owchart with sample size before and after exclusion (A) and sources of missingness 
of the different cortisol values (B). Abbreviations as in Table 1.

A

B

Total sample
n = 2981

Useable tryptophan and 
kynurenine measurement

n = 2949

Did not return saliva sample
n = 834

Tryptophan and/or kynurenine 
measurement missing (n = 12) or outside 

reliable detection limit (n = 20)
n = 32

Included controls and MDD 
patients 
n = 1726

Controls with IDS > 14 (n = 268) or missing 
(n = 2) and/or lifetime history of anxiety (n

= 283)
n = 389

Returned saliva samples 
n = 2115

No or insufficient cortisol measurements 
to obtain either AUCg, evening cortisol or 

DST  (Figure S1B)
n = 71

Included sample
n = 2044
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Table S1. Interaction effect of MDD recency on association between HPA axis and kyn/trp 
ratio

β p

AUCg

Interaction modela AUCg x Current MDD 
AUCg x Remitted MDD

-.032 
-.035

.753 

.728

Evening cortisol

Interaction modela Evening cortisol x Current MDD 
Evening cortisol x Remitted MDD

-.068 
-.093

.324 

.160

DST

Interaction modela DST x Current MDD 
DST x Remitted MDD

-.045 
-.062

.512 

.355

Showing standardized coefficient (β) and p value for three models investigating the interaction 
of MDD recency (no MDD, Current MDD or Remitted MDD) on the association between HPA axis 
and the kyn/trp ratio. a Adjusted model (see Table 4) + two dummy variables (Current MDD and 
Remitted MDD) and two interaction terms (AUCg, Evening cortisol or DST x Current MDD and AUCg, 
Evening cortisol or DST x Remitted MDD). Abbreviations as in Table 1. 
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Abstract

Context: Hydrocortisone (HC) treatment influences health-related quality of life (HRQOL) 
in secondary adrenal insufficiency (AI). Glucocorticoids regulate tryptophan metabolism 
through the kynurenine pathway which modulates mood and energy homeostasis.

Objective: This study investigated whether tryptophan metabolism mediated the effect 
of HC dose on HRQOL in patients with secondary AI. 

Design, Setting and Patients: Forty-seven patients with secondary AI participated in 
this double-blind randomized controlled cross-over trial in the University Medical Centre 
Groningen. 

Intervention: Patients were treated for two 10-week periods with a daily HC dose of 0.2 
- 0.3 mg and 0.4 - 0.6 mg/kg body weight, respectively.

Main outcome measures: Diary data and questionnaires were used to assess HRQOL. 
Tryptophan, kynurenine and 3-hydroxykynurenine were measured in serum and dialyzed 
plasma and the kynurenine to tryptophan (kyn/trp) ratio was calculated.

Results: A higher dose HC was associated with increased levels of tryptophan (95% CI 
for mean difference 0.37 to 12.5, p= .038), reduced levels of kynurenine (95% CI -0.49 to 
-0.10, p= .004) and 3-hydroxykynurenine (95% CI -10.6 to -2.35, p= .003) and a reduced 
kyn/trp ratio (95% CI -0.84 to -0.50, p < .001). The kyn/trp ratio mediated the effect of a 
higher dose HC on fatigue (p = .041) and physical functioning (p = .005).

Conclusion: Metabolism of tryptophan through the kynurenine pathway is reduced 
after a 10-week treatment with a higher dose HC and plays a role in the effect of HC on 
fatigue and physical functioning in patients with secondary AI.

137719_sorgdrager_binnenwerk_2.indd   84 19/09/08   21:40:09



85

Hydrocortisone Affects Fatigue and Physical Functioning  
Through Metabolism of Tryptophan:   A Randomized Controlled Trial

Introduction

Individuals who suffer from adrenal insufficiency (AI) report reduced quality of life due 
to a variety of mental and physical symptoms such as fatigue, depression and physical 
disabilities (Forss et al. 2012; Hahner et al. 2007). Because of inadequate production 
of glucocorticoids, these persons require lifelong glucocorticoid replacement with 
hydrocortisone (HC). Health-related quality of life (HRQOL), a concept that encompasses 
physical, mental and social functioning in relation to disease, was shown to be affected 
by changes in the HC dose (Bleicken et al. 2010), the dose scheme (Ragnarsson et al. 
2014) and the mode of HC administration (Oksnes et al. 2014). The mechanisms behind 
this are poorly understood. 

Metabolism of tryptophan is regulated by glucocorticoids and is tightly linked to 
mood and energy homeostasis. Tryptophan is an essential amino acid that drives de 
novo synthesis of serotonin and nicotinamide adenine dinucleotide (NAD). Serotonin 
modulates behavioural and neuropsychological processes whereas NAD is a co-factor 
with several cellular functions crucial for energy homeostasis (Berger et al. 2009; Verdin 
2015). Around 95% of the available tryptophan is processed through the kynurenine 
pathway to produce NAD. Kynurenine plays a role in immune functioning and several 
downstream metabolites, including 3-hydroxykynurenine, kynurenic acid and quinolinic 
acid, play a role in glutamate functioning (Schwarcz et al. 2012). Changes in the 
functioning of serotonin, tryptophan, kynurenine and NAD have been described in a 
wide variety of inflammatory, metabolic, neurodegenerative and psychiatric diseases 
(Lovelace et al. 2017; Cervenka et al. 2017; Katsyuba and Auwerx 2017). These findings 
suggest that tryptophan metabolism modulates mental and physical functioning by 
affecting distinct biological processes.

Systemic levels of tryptophan reflect the rate at which tryptophan is processed through 
the kynurenine pathway in various organs (Badawy 2017). The first and rate-limiting step 
of the kynurenine pathway is catalysed by two enzymes: tryptophan 2,3-dioxygenase 
(TDO) and indoleamine 2,3-dioxygenase (IDO). TDO is highly expressed in hepatocytes 
and regulates systemic tryptophan levels. Extrahepatic activity of TDO and IDO - e.g. in 
blood cells, kidneys, lungs, spleen, muscles, lymph nodes and adipose tissue – is thought 
to regulate systemic levels of kynurenine and its downstream metabolites (Kanai et al. 
2009; Lanz et al. 2017). IDO activity, which is low under normal circumstances, is induced 
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by pro-inflammatory cytokines (Campbell et al. 2014). TDO is induced by glucocorticoids 
(Badawy 2017). In healthy individuals, tryptophan levels were reduced shortly after 
administration of potent glucocorticoids (Maes et al. 1990). On the contrary, we recently 
showed that in recurrently depressed individuals, increased levels of basal endogenous 
glucocorticoids were associated with a decreased kynurenine to tryptophan (kyn/trp) 
ratio (Sorgdrager et al. 2017). These contrasting findings support the idea that acute 
and more sustained exposure to glucocorticoids could have a differential effect on 
tryptophan metabolism along the kynurenine pathway (O’Farrell and Harkin 2017; 
Cervenka et al. 2017). 

In a randomized controlled cross-over study, our group showed that a 10-week 
treatment with a higher dose HC improved HRQOL in persons with secondary AI. On 
a higher dose, patients reported fewer symptoms of depression, pain, general fatigue 
and mental fatigue in addition to increased motivation and better physical functioning, 
vitality and perceived health (Buning et al. 2016). We hypothesized that the effect of HC 
on mental and physical health in these patients could be mediated by metabolism of 
tryptophan through the kynurenine pathway. Using data from this cohort, the aim of the 
current study was twofold: i) to investigate the effect of lower and higher physiological 
levels of glucocorticoids on plasma concentrations of bound and unbound tryptophan, 
kynurenine and 3-hydroxykynurenine and ii) to determine whether the kynurenine 
pathway mediated the effects of HC on HRQOL that were previously described in these 
patients. 

Subjects and Methods

Subjects
For the current study, 63 individuals with secondary adrenal insufficiency were recruited 
from a population of 624 pituitary patients from the endocrine outpatient clinic of the 
University Medical Centre Groningen (UMCG), a tertiary referral centre for pituitary 
surgery in the Netherlands. Inclusion criteria were (i) age between 18 and 75, (ii) 
weight between 50 and 100 kg, (iii) a minimal time interval of a year between study 
entry and tumour treatment (surgery and/or radiotherapy), (iv) a minimal duration 
of glucocorticoid substitution therapy of six months prior to the study entry and (v) 
adequate treatment of other pituitary hormone deficiencies for at least six months prior 
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to entry of the study. Secondary AI was diagnosed according to internationally accepted 
biochemical criteria and principally included early morning (0800 – 0900 h) serum 
cortisol measurements and, if necessary, an insulin tolerance test. In our centre, the 
applied early morning cut-off cortisol level (< 230 nmol/l) has been previously validated 
against an insulin tolerance test with an internationally accepted cut-off level (< 500 
nmol/l) providing a 100% specificity for adrenal insufficiency (20). Out of all patients that 
were reviewed for study eligibility, the medical evaluation included unstimulated cortisol 
measurements in approx. 560 cases (± 90%). A four-week run-in phase was included 
during which patients using cortison acetate were converted to a bioequivalent dose 
of HC. A total of 60 patients completed the run-in phase. Additional methods (exclusion 
criteria, study design, safety and sample size calculation), in accordance with CONSORT 
guidelines, are described in detail elsewhere (Werumeus Buning et al. 2015). 

The study protocol was approved by the local ethics committee and the study is 
registered with ClinicalTrials.gov, number NCT01546922. All patients provided written 
informed consent. 

Intervention
In this double-blind cross-over study, patients were randomized using a computer-
generated treatment allocation list with a block size of four to receive tablets containing 
either a lower or higher dose HC in the first treatment period by Tiofarma Inc.. The 
randomization code was known by the local pharmacy of the UMCG in case premature 
unblinding was necessary. Both the investigator and the participant were blinded for 
the HC dose and group. ‘Group 1’ received a lower dose of HC for 10 weeks, followed by 
a higher dose for an additional 10 weeks. ‘Group 2’ first received a higher dose of HC, 
followed by a lower dose. Dosing schemes were adjusted for weight. On the lower dose, 
patients received a cumulative daily dose of 15 - 20 mg HC (respectively 7.5, 5.0 and 2.5 
mg for patients weighing 50 - 74 kg; 10.0, 5.0 and 2.5 mg for patients weighing 75 - 84 kg; 
and 10.0, 7.5 and 2.5 mg for patients weighing 85 - 100 kg). On the higher dose, patients 
received the double amount (respectively 15.0, 10.0 and 5.0 mg for patients weighing 50 
- 74 kg; 20.0, 10.0 and 5.0 mg for patients weighing 75 - 84 kg; and 20.0, 15.0 and 5.0 mg 
for patients weighing 85 - 100 kg). The total daily amount was divided over three oral 
dosages and had to be taken before breakfast, before lunch and before dinner. Upon 
intercurrent illness or fever, patients were allowed to double or triple their HC dose 
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according to predefined criteria. This was allowed for a maximum of seven days (i.e. 
10% of the study time and of the cumulative HC dose) excluding the week preceding the 
visits. Compliance with the study medication was assessed by (i) checking patient’s daily 
medication diaries, (ii) counting the tablets returned at the end of each study period and 
(iii) comparing cortisol concentration in plasma between the two study periods. Out of 
60 patients, 47 individuals (22 of Group 1 and 25 of Group 2) completed the study period 
and were used for analyses. 

Tryptophan, kynurenine, 3-hydroxykynurenine and the kynurenine 
to tryptophan ratio 
At the end of each treatment period, fasting blood samples were drawn. Plasma and serum 
samples were stored at -80°C. For the determination of unbound plasma tryptophan, 
kynurenine and 3-hydroxykynurenine, plasma equilibrium dialysis was performed at the 
department of Laboratory Medicine of the University Medical Centre Groningen using 10-
kD cellulose membranes (Harvard Apparatus) as discussed previously (Werumeus Buning 
et al. 2016). Next, tryptophan, kynurenine and 3-hydroxykynurenine concentrations 
were measured (total levels in serum and unbound levels in dialyzed plasma) at the 
department of Laboratory Medicine of the University Medical Centre Groningen using 
a validated automated online solid-phase extraction-liquid chromatographic-tandem 
mass spectrometric (XLC-MS/MS) method with deuterated internal standards (de Jong 
et al. 2009). The kyn/trp ratio was calculated for all included participants by dividing the 
level of kynurenine by the level of tryptophan and multiplying this value by 100. Samples 
of both treatment periods were available for 43 out of 47 patients (90 out of 94 samples). 

Health-related quality of life
Several self-administered tools were used to measure domain-specific and generic 
HRQOL. First, patients were instructed to keep a daily mood and symptom diary 
throughout the whole study period consisting of items of the Patient Health 
Questionnaire-9 (PHQ-9) and the Patient Health Questionnaire-15 (PHQ-15) (Kroenke 
et al. 2001; Spitzer et al. 1999). The PHQ-9 consists of nine items that correspond to the 
DSM-IV diagnostic criteria for major depressive disorder whereas the PHQ-15 includes 15 
items closely related to the most prevalent DSM-IV symptoms of somatization disorder. 
The depression score included all nine items of the PHQ-9.To produce a composite pain 
score, we combined all five PHQ-15 items that consider pain (“stomach pain”, “back 

137719_sorgdrager_binnenwerk_2.indd   88 19/09/08   21:40:09



89

Hydrocortisone Affects Fatigue and Physical Functioning  
Through Metabolism of Tryptophan:   A Randomized Controlled Trial

pain”, “joint pain”, “headache” and “chest pain”). Both questionnaires asked the patient 
to rate symptom severity over the preceding 24 hours on a scale from 1 to 7. Daily scores 
on depression and pain therefore ranged from 9 to 63 and 5 to 35 respectively. A daily 
score was not computed in the case of one or more missing items. A weekly score was 
calculated for both scales by taking the average of the available daily scores for each 
study week. For the analyses, diary data from the final four weeks of each treatment 
period were pooled and averaged to give a stable measure of symptom severity.

Patients were also instructed to fill out questionnaires at home on the day before the 
end of each study period regarding their mental and physical health. The Hospital 
Anxiety and Depression Scale (HADS) was used to evaluate symptoms of depression and 
anxiety. It consists of 14 items and originally asks the patient to rate symptom severity 
over the past week on a scale from 0 to 3 (Zigmond and Snaith 1983). An adapted 
version asking to rate severity of symptoms over the past four weeks was used. The 
Multidimensional Fatigue Inventory 20 (MFI-20) was used to rate symptoms of fatigue 
over the past days on five subdimensions (general fatigue, physical fatigue, reduced 
activity, reduced motivation and mental fatigue) with scores ranging from 4 to 20 on 
each subscale (Smets et al. 1995). Finally, the RAND-36 was used as generic tool to 
assess general health perception on eight domains (physical functioning, role limitation 
due to physical health problems, bodily pain, general health perception, vitality, social 
functioning, role limitations due to emotional problems and mental health) in the past 
four weeks (with the exception to general health perception), which are each scored 
on a range from 0 to 100 (Hays and Morales 2001). Results from the HADS, MFI-20 and 
RAND-36 were standardized using Dutch normative data (z-scores) (matched on age 
and sex) (Smets et al. 1998; Spinhoven et al. 1997; Oksnes et al. 2014; van der Zee and 
Sanderman 2012). 

Higher scores on PHQ-9, PHQ-15, HADS and MFI-20 suggest worse quality of life or 
increased symptom severity, whereas a higher score on RAND-36 indicates better 
perceived health. Diary data (PHQ-9 and PHQ-15) were available for both study periods 
for 45 out of 47 patients due to missing data. The questionnaire data (HADS, MFI-20 and 
RAND-36) were available for all patients for both study periods. 
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Statistical analyses
Analyses were performed using IBM SPSS statistics 23 (IBM Corp, 2014) and Stata13 
(StataCorp, 2013). Number (n), mean and standard deviation of the mean (SD) or 
percentages are reported for the baseline characteristics. To compare baseline 
characteristics we used Chi-square tests for dichotomous variables and independent 
sample t-tests for continuous variables. 

To investigate the treatment effect of the two HC doses on measurements of tryptophan 
metabolism, we used paired sample t-tests. Values were transformed in case of non-
normality and are reported after back-transformation. List-wise exclusion was used in 
case of missing values. A 95 % confidence interval (CI) for the mean difference and a 
p-value are reported. 

Next, we used a mediation analysis to determine whether the effect of a lower or a higher 
dose HC on mental and physical health was mediated by the kyn/trp ratio (Hayes and 
Rockwood 2017). In order to reduce the number of analyses (thus reducing the chance 
of type 1 errors), only the outcome measures that were previously shown to be affected 
by HC dose within this cohort were included in this analysis (symptoms of depression 
and pain obtained from diary data (PHQ-9 and PHQ-15), depressive symptoms (HADS, 
z-score), general fatigue, mental fatigue, reduced motivation (MFI, z-score) and physical 
functioning, vitality and general health (RAND, z-score)) (Buning et al. 2016). Using linear 
mixed modelling, we first fitted models investigating the association between lower 
and higher dose HC and the kyn/trp ratio as dependent variable (path a). Then, we 
constructed two models for each outcome measure (mental and physical health scores) 
investigating the association between (i) the kyn/trp ratio and the outcome (path b) 
controlled for HC dose (path c’) and (ii) HC dose and the outcome (path c) (Figure 1). The 
mediation effect (indirect effect) (path a * path b), the direct effect (path c’) and the total 
effect (path c) are reported. A p-value (based on the partial posterior method) for the 
indirect effect was calculated (Falk and Biesanz 2016). In case of a statistical significant 
indirect effect, the ratio between the indirect effect and the total effect was constructed 
as a measure of the effect size for the mediation effect (Wen and Fan 2015). 

Robust standard errors were estimated to adjust for non-normality of the residuals. 
Since mixed models can deal appropriately with missing values, these were not imputed. 
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All models were adjusted for age, gender and included a random intercept. In cross-
over studies, a treatment effect can be accompanied by a period effect and a carry-
over effect. In two-period, two-treatment cross-over studies, the carry-over effect can 
be expressed as a period-by-treatment interaction effect. All models were adjusted 
for a period effect (included as a dichotomous variable). Routine testing for carry-over 
effects is not recommended due to 
low statistical power (Senn 2002). 
However, due to the fact that we 
could not include a washout period 
between the two treatments, we 
explored the possibility of carry-
over effects by adding a period-
by-treatment interaction effect to 
all mixed models and testing its 
significance. In case of statistical 
significance, carry-over effects were 
included in the models. Both the 
inclusion of a random slope and 
the determination of the applied 
covariance structure were based 
on goodness-of-fit principles by 
comparing the Bayesian information 
criterion (BIC) of the models. 
Regression coefficients (B) and their 
respective robust standard error 
(SE) are reported as a measure of 
association. A p-value below the 0.05 
level was considered statistically 
significant.

Figure 1. Graphical display of mediation model. 
Graphical display of the mediation analysis. 

The different letters (a, b, c, c’) denote the different 
paths in the analyses. Path c (the total effect) is the 
effect of lower and higher dose HC on the outcome 
variable. Path a is the effect of lower and higher dose 
HC on the kyn/trp ratio. Path b is the association 
between the kyn/trp ratio and the outcome variable 
controlling for HC dose. Path c’ (direct effect) is 
the coefficient of HC dose in this same model. The 
mediation effect (indirect effect) is the effect of HC 
dose on the outcome variable through the kyn/trp ratio 
(path a * path b). Abbreviations: HC, hydrocortisone; 
kyn/trp ratio, kynurenine to tryptophan ratio.
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Results

Baseline characteristics
Table 1 shows the characteristics of the study sample for both patients who first received 
a lower dose HC followed by a higher dose HC (group 1) (n= 22) and patients who first 
received a higher dose HC followed by a lower dose (group 2) (n=25). These results 
indicated no significant differences between both groups. 

Effect of hydrocortisone on tryptophan metabolism
Figure 2 displays tryptophan, kynurenine and 3-hydroxykynurenine levels and the 
kyn/trp ratio in patients from both groups on lower and higher dose HC. The analyses 
showed increased levels of tryptophan (95% CI for mean difference 0.37 to 12.5, p= .038) 
for patients on a higher dose HC, reduced levels of kynurenine (95% CI -0.49 to -0.10, p= 

Table 1. Baseline characteristics

Group 1 
(n= 22)

Group 2 
(n= 25)

p-value

Demographics

Gender, % female 40.9 36.0 .771

Age, years 52.5 (12.5) 50.6 (17.0) .661

Physical parameters

Body weight, kg 82.1 (11.8) 83.1 (15.7) .808

BMI, kg/m2 27.2 (2.6) 26.7 (5.0) .683

AI parameters

Age at diagnosis, years 30.7 (17.8) 36.4 (15.2) .247

Surgery, % 59.1 76.0 .347

Radiotherapy, % 27.3 52.0 .136

HC treatment prior to randomization

Duration of HC treatment, years 17.2 (12.0) 12.8 (11.0) .193

Total daily dose HC, mg/day 24.7 (5.4) 26.0 (5.4) .398

Table showing mean and SD or, when indicated, percentage (%) on demographics, physical 
parameters and disease parameters for patients included in group 1 (lower dose followed by higher 
dose) and group 2 (higher dose followed by lower dose). Abbreviations: BMI, body mass index; HC, 
hydrocortisone; AI, adrenal insufficiency; SD, standard deviation.
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.004) and 3-hydroxykynurenine (95% CI -10.6 to -2.35, p= 0.003), and a lowered kyn/trp 
ratio (95% CI -0.84 to -0.50, p< .001) in patients on the higher dose HC. 

The effects of HC dose on the plasma protein binding showed reduced levels of 
unbound kynurenine and 3-hydroxykynurenine in patients on higher dose HC, but not 
on tryptophan. Further analyses indicated no effect of the treatment on the percentage 
of unbound tryptophan (95% CI -0.91 to 2.18, p= .409), kynurenine (95% CI -0.76 to 2.07, 
p= .355) and 3 -hydroxykynurenine (95% CI -2.37 to 3.14, p= .781) (Supplementary Table 
1). 

Figure 2. Total serum levels of tryptophan, kynurenine and 3-hydroxykynurenine and the 
kyn/trp ratio in secondary AI patients on lower and higher dose HC

Figure showing median and interquartile range of serum tryptophan, kynurenine, 
3-hydroxykynurenine and the kyn/trp ratio after lower and higher dose HC. Dots represent 
outliers. Asterisk (*) denotes statistical significance (p < 0.05). Abbreviations as in Table 1 and 
Figure 1.
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Mediation by the kyn/trp ratio of the effect of hydrocortisone on 
mental and physical health
Results on the effect of HC dose on HRQOL have been previously described in detail 
elsewhere (Buning et al. 2016). In short, on a higher HC dose, with regard to the diary 
data (PHQ-9 and PHQ-15) patients reported reduced symptoms of depression (median 
[interquartile range] of 9.13 [10.00 – 12.87] versus 10.63 [9.07 – 14.52] on a lower dose, 
Cohen’s d effect size (d)= 0.2, p= .041) and reduced symptoms of pain (12.32 [11.28 – 
14.76] versus 12.89 [11.13 – 16.04], d= 0.2, p= 0.023). With regard to the questionnaire 
data, patients reported reduced symptoms of depression (2.0 [0.0 – 5.0] versus 3.5 [1.0 
– 6.0], d= 0.3, p= 0.016) (HADS), general fatigue (10.0 [6.0 – 15.0] versus 11.0 [8.0 – 16.0], 
d= 0.3, p= 0.004), mental fatigue (8.0 [5.0 – 13.0] versus 10.5 [5.8 – 16.0], d= 0.3, p= 0.003), 
better motivation (8.0 [5.0 – 12.0] versus 9.5 [6.0 – 12.3], d= 0.3, p= 0.021) (MFI-20) and 
improved physical functioning (95 [85 – 100] versus 90 [80 – 95], d= 0.1, p= 0.041), vitality 
(70 [50 – 80] versus 65 [45 – 71], d= 0.3, p= 0.025) and general health perception (65 [55 
– 80] versus 60 [40 – 75], d= 0.3, p= 0.013) (RAND-36). Independently of the HC dose, 
patients reported increased mental fatigue, reduced vitality and lower general health 
compared to the Dutch reference populations. On a higher dose patients scored similar 
to the Dutch reference population regarding symptoms of depression (HADS), general 
fatigue and motivation while reporting improved physical functioning. On a lower dose 
patients scored similar to the reference population regarding physical functioning 
whereas they reported increased symptoms of depression (HADS) and general fatigue 
and reduced motivation. 

Table 2 shows the results of mediation by the kyn/trp ratio of the effect of HC on perceived 
mental and physical health. Linear mixed models showed that the higher dose of HC was 
associated with a reduced kyn/trp ratio in all models (path a). They further depicted 
an association between increased dose of HC and decreased symptoms of depression 
(HADS and PHQ-9) and pain (PHQ-15) and better physical functioning, increased vitality 
and improved general health perception (all RAND-36) (path c). The effect of HC dose on 
general fatigue and physical functioning was found to be mediated by the kyn/trp ratio 
(mediation effect; p= 0.041 and p= 0.005 respectively). 

For general fatigue, the ratio between the mediated effect and the total effect was 0.89 
suggesting that almost 90% of the effect of HC dose on general fatigue was mediated by 
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the kyn/trp ratio. For physical functioning, the mediation effect was larger than the total 
effect (path c) and the ratio was 1.86. This suggests the presence of an (unmodeled) 
opposing mediational effect resulting in a relatively small overall total effect. None of 
the models indicated a significant carry-over effect.

Table 2. Analysis of mediation by the kyn/trp ratio of the effect of HC on mental and 
physical health of patients with secondary AI

Path a Path b Path c Path c’
Mediation 

effect

Dependent
HC dose  

► kyn/trp ratio
kyn/trp ratio 
► outcome

HC dose 
►outcome

HC dose  
►outcome

path a * 
path b

PHQa

Depression -0.66 (0.09)*** -0.09 (0.48) -0.90 (0.35)* -0.96 (0.50) 0.06 (0.04)

Pain “ 0.25 (0.18) -0.71 (0.21)* -0.54 (0.26)* -0.17 (0.02)

HADS

Depression -0.70 (0.09)*** <0.01 (0.15) -0.46 (0.14)** -0.45 (0.21)* <0.01 (0.01)

MFI-20

General fatigue -0.70 (0.09)*** 0.34 (0.14)* -0.27 (0.17) -0.03 (0.19) -0.24 (0.01)*

Mental fatigue “ 0.18 (0.21) 0.04 (0.22) 0.18 (0.27) -0.13 (0.02)

Reduced 
motivation

“ 0.47 (0.70) -1.13 (0.98) -0.81 (0.99) -0.33 (0.06)

RAND-36

Physical 
functioning

-0.70 (0.09)*** -0.37 (0.11)*** 0.17 (0.07)* -0.12 (0.08) 0.26 (0.01)**

Vitality “ -0.15 (0.16) 0.33 (0.14)* 0.23 (0.16) 0.10 (0.01)

General health “ -0.04 (0.12) 0.25 (0.10)** 0.23 (0.13) 0.03 (0.01)

Table showing coefficients (B) and robust standard errors (SE) for the association between HC dose 
and kyn/trp ratio (path a), the kyn/trp ratio and different outcome variables adjusted for HC dose 
(path b), HC dose and the outcome variable (path c), HC dose and the outcome variable adjusted 
for the kyn/trp ratio (path c’) and the mediation effect (calculated as the product of path a and 
path b (indirect effect). All models are additionally adjusted for age, gender and a period effect. 
* p <.05, ** p<.01, *** p <.001. a Available for at least one study period for 46 out of 47 patients.
Abbreviations: HADS, Hospital Anxiety and Depression Scale; PHQ, Patient Health Questionnaire; 
MFI-20, Multidimensional Fatigue Inventory; RAND-36, Research And Development 36-Item Health 
Survey. Other abbreviations as in Figure 1.
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Discussion

We investigated the effect of a lower and a higher dose HC on tryptophan metabolism 
through the kynurenine pathway in relation to mental and physical health in patients 
suffering from secondary AI. Using data from a randomized controlled cross-over study, 
our analyses showed that 10 weeks of treatment with the higher dose of HC resulted in 
increased levels of tryptophan, reduced levels of kynurenine and 3-hydroxykynurenine 
and a lowered kyn/trp ratio without affecting their binding to plasma proteins. Mediation 
analyses showed that the kyn/trp ratio mediated the effect of a higher HC dose on 
general fatigue and physical functioning. 

Systemic levels of tryptophan are regulated in the liver by intrahepatic TDO activity 
(Badawy 2017). Our results thus suggest that a higher dose HC inhibits the activity of 
TDO. These findings seem to contradict several studies showing that administration 
of glucocorticoids induces expression and activity of TDO in the liver (Danesch et al. 
1983; Maes et al. 1990; Young 1981; Nakamura et al. 1987). Several factors could explain 
these contrasting findings. First, the current study was conducted in humans whereas 
most mentioned studies were conducted in mice. It is not known to what extent 
the regulation of tryptophan-degrading enzymes by glucocorticoids differs across 
species. Secondly, previous studies administered a single shot of highly dosed and 
very potent glucocorticoids whereas patients in the current study were treated for a 
more prolonged period (twice 10 weeks) with a physiological dose of hydrocortisone. 
We hypothesize that similar to the process in which immune cells get resistant to 
glucocorticoid activation, more prolonged exposure to elevated levels of glucocorticoids 
could reduce intrahepatic activity of TDO (Cervenka et al. 2017; Sorgdrager et al. 2017). 
Additionally, in germ-free mice, tryptophan levels were found to be increased while 
kynurenine levels were reduced (O’Mahony et al. 2015). As such, glucocorticoid-induced 
changes to the microbiome could be involved in our findings (Huang et al. 2015). Finally, 
glucocorticoids could inhibit IDO activity as part of their immunomodulatory role. Even 
though IDO is not an important regulator of systemic tryptophan levels, its inhibition 
could cause reduced levels of kynurenine. Besides having important metabolic effects 
(10), tryptophan, kynurenine and 3-hydroxykynurenine play a role in neuropsychiatric 
and neurodegenerative disorders as they can cross the blood-brain barrier depending 
on their free fraction in relation to other branched chain amino acids (Fukui et al. 1991; 
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Schwarcz and Stone 2017). Although we found no effect on plasma protein binding, the 
finding that HC significantly alters the equilibrium between tryptophan and kynurenine 
warrants further research on the long-term effects this might have on the onset of 
metabolic and neurological diseases in patients with secondary AI and other patients 
who are chronically treated with glucocorticoids. 

In accordance with several studies, our results showed that the HC dose plays a role in 
HRQOL reported by patients with secondary AI (Ho and Druce 2018). More specifically, 
HC dose seems to affect both the physical and the psychological domain of HRQOL, 
which includes energy, vitality, pain and depressive symptoms. Our analyses showed 
that the kyn/trp ratio mediated almost 90% of the effect of HC on symptoms of general 
fatigue. Fatigue has been described in relation to induced tryptophan metabolism along 
the kynurenine pathway in a range of other medical conditions, including cancer (Kim 
et al. 2015), obesity (Barat et al. 2016), stroke (Ormstad et al. 2014) and schizophrenia 
(Kanchanatawan et al. 2017). Our results are in agreement with these results and 
highlight the importance of the tryptophan metabolism in fatigue in patients with 
secondary AI. Although there is little substantial evidence on the precise mechanism in 
which tryptophan metabolism could play a role in fatigue, hypotheses include effects 
of serotonin (Blomstrand 2006), kynurenine metabolites (Yamashita and Yamamoto 
2017) and NAD (Castro-Marrero et al. 2017). Secondly, our results showed that the kyn/
trp ratio mediated the effect of HC on physical functioning. During physical exercise, 
skeletal muscles use tryptophan for energy production resulting in reduced serum levels 
of tryptophan and increased levels of kynurenine (Cervenka et al. 2017). Increased levels 
of tryptophan were also associated with increased aerobic fitness in athletes (Strasser et 
al. 2016). In light of these findings, a higher dose HC could increase physical functioning 
by increasing kynurenine pathway activity in skeletal muscles. Despite improvements 
in HC replacement strategies, symptoms of fatigue and reduced physical functioning 
remain very prevalent in persons with AI (Charmandari et al. 2014; Giebels et al. 2014). 
Our findings suggest that nutritional or pharmaceutical interventions aiming to restore 
the tryptophan equilibrium could be beneficial for patients with secondary AI suffering 
from fatigue or significantly reduced physical functioning when increasing the dose of 
HC is not desirable. 
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Strengths of this study include its study design, the use of robust statistical models 
and the analysis of both free and total metabolite levels. Our results are limited by 
the associative nature of mediational analyses. Additionally, results from cross-over 
studies can be affected by period and carry-over effects. As it was not feasible to 
add a washout period to the study, we tested for carry-over effects (which were non-
significant) and adjusted our analyses for period effects. Moreover, we did not use the 
AddiQOL, a disease-specific questionnaire that assesses HRQOL in adrenal patients 
(Øksnes et al. 2012), because a translated version was not yet available at the time the 
current trial underwent evaluation by the ethical committee. However, we believe that 
HRQOL was adequately evaluated in our study as we (i) used both generic and domain-
specific, internationally accepted, questionnaires, (ii) monitored treatment response 
using longitudinal (diaries) and cross-sectional (questionnaires) measures and (iii) 
compared scores to Dutch reference populations. Another limitation is that some of 
the questionnaires considered different timeframes. To deal with this, we adapted the 
HADS (which originally asks about the past week) to consider the past four weeks in 
order to improve comparability to the RAND36, which is the most commonly used tool 
to measure HRQOL in adrenal patients and also considers the past four weeks (Ho 
and Druce 2018). Similarly, we averaged the weekly scores from the final four weeks of 
each study period for the diary data (depression and pain, PHQ). Results from the MFI-
20 may be less comparable to the other outcome measures as it considered the past 
few days. Finally, our analyses showed low to moderate effect sizes for the effect of HC 
on HRQOL. However, these effect sizes should be interpreted taking into account the 
chronic nature of HC therapy in AI and the fact that patients reported an effect of HC 
dose on several distinct aspects of HRQOL. In addition, for the RAND36 a three-point 
difference is regarded clinically meaningful. Patients reported a five-point difference on 
six out of eight domains of the RAND36. We therefore believe that at least a number of 
the described changes are clinically relevant. 

In conclusion, this randomized controlled cross-over trial showed that a 10-week 
treatment with a higher dose HC lowered metabolism of tryptophan through the 
kynurenine pathway, which mediated the effect of HC on fatigue and physical 
functioning in patients with secondary AI. These results prompt further investigation of 
the relevance of tryptophan metabolism along the kynurenine pathway as a mechanism 
of glucocorticoid-induced mental and physical health impairments.
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Supplementary files

 

 

Supplementary Table 1. Unbound plasma levels of tryptophan, kynurenine and 
3-hydroxykynurenine in patients on lower and higher dose HC

Lower dose Higher dose 95% CI 
for mean 

difference

p-value

Unbound levels

Tryptophan, umol/l 17.4 (3.70) 17.9 (3.65) [-0.08, 0.03] .308

Kynurenine, umol/l 0.55 (0.14) 0.46 (0.14) [0.14 , 0.30] < .001

3-Hydroxykynurenine, nmol/l 11.9 (4.37) 9.79 (3.79) [0.14 , 0.33] < .001

Unbound percentage

Tryptophan 24.0 (3.61) 23.4 (4.29) [-0.99 , 2.25] .435

Kynurenine 23.1 (3.48) 22.6 (3.97) [-1.05 , 1.99] .538

3-Hydroxykynurenine 28.2 (6.22) 27.8 (6.26) [ -2.37 , 3.14] .781

Table showing cumulative mean and SD of the unbound levels or percentage unbound tryptophan, 
kynurenine and 3-hydroxykynurenine for patients on lower dose HC and higher dose HC. 
Abbreviations: As in Table 1.
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Abstract 

Background: The Kynurenine (Kyn) pathway, which regulates neuroinflammation 
and N-methyl-D-aspartate (NMDA) receptor activation, is implicated in Parkinson’s 
disease (PD) and Alzheimer’s disease (AD). Age-related changes in Kyn metabolism and 
altered cerebral Kyn uptake along large-neutral amino acid (LNAA) transporters, could 
contribute to these diseases. To gain further insight into the role and prognostic potential 
of the Kyn pathway in PD and AD, we investigated systemic and cerebral Kyn metabolite 
production and estimations of their transporter-mediated uptake in the brain.

Methods: Kyn metabolites and LNAAs were retrospectively measured in serum 
and cerebrospinal fluid (CSF) of clinically well-characterized PD patients (n=33), AD 
patients (n=33) and age-matched controls (n=39) using solid-phase extraction-liquid 
chromatographic-tandem mass spectrometry. 

Results: Aging was disease-independently associated with increased Kyn, kynurenic acid 
and quinolinic acid in serum and CSF. Concentrations of kynurenic acid were reduced in 
CSF of PD and AD patients (p=.001; p=.002) but estimations of Kyn brain uptake did not 
differ between diseased and controls. Furthermore, serum Kyn and quinolinic acid levels 
strongly correlated with their respective content in CSF and Kyn in serum negatively 
correlated with AD disease severity (p=.002). 

Conclusion: Kyn metabolites accumulated with aging in serum and CSF similarly in 
PD patients, AD patients and control subjects. Kynurenic acid was strongly reduced in 
CSF of PD and AD patients. Differential transporter-mediated Kyn uptake is unlikely to 
majorly contribute to these cerebral Kyn pathway disturbances. We hypothesize that the 
combination of age- and disease-specific changes in cerebral Kyn pathway activity could 
contribute to reduced neurogenesis and increased excitotoxicity in neurodegenerative 
diseases.
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Introduction

As global life-expectancy rises, age-related neurodegenerative diseases including 
Parkinson’s disease (PD) and Alzheimer’s disease (AD) become a substantial burden to our 
healthcare systems (Feigin et al. 2017). Although they have a distinct neuropathological 
outcome and clinical profile, PD and AD share common pathophysiological features 
including neuro-inflammation, chronic n-methyl-d-aspartate (NMDA) receptor 
activation and metabolic dysfunction (Olivares et al. 2012; Glass et al. 2010; Jha et al. 
2017). Kynurenine (Kyn) pathway metabolites are emerging as cross-organ signalling 
molecules that regulate these pathophysiological events and age-related changes in Kyn 
pathway activity could contribute to the onset and progression of PD and AD (Cervenka 
et al. 2017; Schwarcz and Stone 2017; Lim et al. 2017).

The Kyn pathway uses the amino acid tryptophan (Trp) as a substrate and produces 
several metabolites including kynurenic acid (KA), 3-hydroxykynurenine (3-Hk), 
xanthurenic acid (XA) and quinolinic acid (QA) (Figure 1A). These metabolites have 
a wide range of physiological effects both in peripheral tissue and in the brain. For 
example, Kyn modulates the immune cell responses and dampens inflammation (Munn 
and Mellor 2013) and KA controls energy homeostasis and inflammation in adipose 
tissue (Agudelo et al. 2018). In the brain, KA acts as an endogenous NMDA receptor 
antagonist while QA has neurotoxic properties by agonising the NMDA receptor (Stone 
et al. 2013) (Figure 1C). In addition, KA, 3-Hk and QA exert anti- and pro-oxidant effects 
(González Esquivel et al. 2017). 

The activity of the Kyn pathway is controlled by the enzymes tryptophan 2,3-dioxygenase 
(TDO) and indoleamine 2,3-dioxygenase (IDO) that catalyse the conversion of Trp into 
Kyn. The expression of TDO and IDO in the brain is normally low and confined to specific 
brain regions. Cerebral Kyn pathway activity is therefore largely driven by Kyn and 3-Hk 
that are transported from the blood across the blood-brain barrier (BBB) by large-
neutral amino acid transporters (LAT) (Schwarcz et al. 2012) (Figure 1B). The rate at 
which Kyn and 3-Hk are transported across the BBB depends on their concentration 
in the blood relative to that of large neutral amino acids (LNAA) (including Trp, leucine 
(Leu), isoleucine (Ile), valine (Val), phenylalanine (Phe) and tyrosine (Tyr)) (Fukui et al. 
1991; Fernstrom and Wurtman 1971). This rate can be estimated by constructing ratios 
between Kyn or 3-Hk and LNAAs (Fernstrom 2013; Van Gool et al. 2008). Dysregulation 
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of the Kyn pathway or altered metabolism of LNAAs in peripheral organs could thus 
influence cerebral Kyn pathway activity. 

Disturbances of Kyn pathway metabolites in the blood of PD and AD patients are 
common (Hartai et al. 2007; Gulaj et al. 2010; Schwarz et al. 2013; Giil et al. 2017; Chang 
et al. 2018; Havelund et al. 2017; Widner et al. 2000) but Kyn metabolites concentrations 
in cerebrospinal fluid (CSF), as a measure of their cerebral production, have been less 
well documented (Wennstrom et al. 2014; Heyes et al. 1992; Havelund et al. 2017). In 
addition, with the exception of two (Chang et al. 2018; Giil et al. 2017), most of the above-
mentioned studies used a relatively small sample size and only one study analysed 
Kyn metabolites in time-linked serum and CSF samples (Havelund et al. 2017). To our 
knowledge, no study estimated the rate of transporter-mediated cerebral uptake of Kyn 
in PD or AD.

To further elucidate the relevance of the Kyn pathway in age-related neurodegenerative 
diseases we assessed an extensive panel of Kyn metabolites in time-linked serum and CSF 
within a large cohort of PD patients, AD patients and age-matched cognitively-healthy 
controls. We analysed the relationship between Kyn metabolites and aging, included 
an analysis of LNAA as a measure of transporter-mediated cerebral uptake of Kyn and 
3-Hk and investigated whether Kyn pathway metabolite concentrations correlated with 
measures of disease severity in AD patients.

Methods

Study population and sampling procedure
The study population comprised 105 subjects among whom AD patients (n= 33), PD 
patients (n= 33) and control individuals in good cognitive health (n= 39). Time-linked 
serum and CSF samples were retrospectively selected from the biobank of the Institute 
Born-Bunge (IBB; Wilrijk, Belgium). Patients and controls were age- and gender-matched. 
Individuals with active oncological disease or with pre-existing kidney disease were not 
selected (based on clinical records) as these diseases can affect Trp metabolism (Platten 
et al. 2012; Theofylaktopoulou et al. 2013). All participants were recruited between 1991 
and 2014 at the Memory Clinic of the Hospital Network Antwerp Middelheim (ZNA) and 
Hoge Beuken (Antwerp, Belgium) according to a previously described protocol (Van 
Der Zee et al. 2018; Vermeiren et al. 2013). More specifically, patients were recruited for 
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inclusion in a longitudinal, prospective study on neuropsychiatric symptoms in dementia 
(Engelborghs et al. 2005), according to which patients underwent a diagnostic work-
up consisting of a physical, neurological and neuropsychological examination, routine 
blood screening, a lumbar puncture and structural neuroimaging. 

The diagnostic criteria for probable AD were applied according to the NINCDS-ADRDA 
criteria (McKhann et al. 1984) and were in agreement with the DSM-IV-TR criteria for 
dementia (American Psychiatric Association 2000). In case patients who consented 
deceased, brain autopsy was performed within six to eight hours following death 
according to a standard procedure in which the right hemisphere was placed in 12% 
formaline for fixation and consequent neuropathological assessment (Vermeiren 
et al. 2014). Diagnostic criteria for PD were the presence of at least two out of four 
characteristic symptoms (resting tremor, bradykinesia, muscular rigidity and impaired 
postural reflexes) combined with an insidious onset (Engelborghs et al. 2003; Hoehn 
and Yahr 1967). The control population consisted of individuals with disorders of the 
peripheral nervous system (e.g. peripheral facial nerve palsy) and complaints of lower 
back pain requiring a selective lumbar radiculography (Engelborghs et al. 2008).

Data regarding disease duration, medication use, comorbidities and results from the 
Mini-Mental State Examination (MMSE) as a measure of AD severity/stage at the time of 
blood and CSF sampling were obtained through thorough retrospective examination of 
medical records.

Written informed consent was provided by all patients. The study was conducted in 
compliance with the Helsinki Declaration. Ethics approval for human sample collection 
of CSF and serum was granted by the Medical Ethical Committee of the Middelheim 
General Hospital (Antwerp, Belgium; approval numbers 2805 and 2806).

Biochemical analysis of tryptophan, kynurenine metabolites and 
large neutral amino acids 
Sampling of paired serum and CSF was performed according to a standard procedure 
(Van Der Zee et al. 2018). Samples were immediately snap frozen in liquid nitrogen and 
stored at -80°C until biochemical analyses.
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Concentrations of Trp, Kyn, 3-Hk, KA, XA and QA (see Figure S1 for molecular structures) 
in blood and CSF were measured at the department of Laboratory Medicine of the 
University Medical Centre Groningen using an automated online solid-phase extraction-
liquid chromatographic-tandem mass spectrometric (XLC-MS/MS) method with 
deuterated internal standards. Trp, Kyn and 3-Hk were analysed according to a previously 
described method (de Jong et al. 2009). KA, XA and QA were analysed essentially as 
previously described (Meinitzer et al. 2014). In short, 50 µL serum or 100 µL CSF was 
mixed with deuterated analogues ((2H5) KA, (2H4) XA and (2H3) QA), subsequently 
samples were extracted using Strata X-A 96-well plates (Phenomenex). After sample 
clean-up 1 µL was injected into an Acquity UPLC (Waters) coupled to a XEVO TQ-S MS/
MS (Waters). Interassay coefficient of variations (CVs) for KA, XA and QA were below 4.2 
%, < 5.7 and 4.%, respectively.

For the analysis of LNAAs (Leu, Ile, Val, Phe, and Tyr) (see Figure S1 for molecular 
structures), 25 µL of plasma or CSF was mixed with a mix of stable isotope analogues 
(13C6-Leu, 13C6-Ile, 13C5-15N-Val, 13C9-15N-Phe, 13C9-15N-Tyr. Subsequently, samples 
were passed through an Ostro Protein and Phospholipid removal plate (Waters). Eluate 
was injected (0.15 µL) into an Acquity UPLC (Waters) coupled to a XEVO TQ-S MS/MS 
(Waters). Mass spectrometer was run in positive electrospray ionization and selective 
reaction monitoring mode. Chromatography was performed on a Xbridge BEH Amide, 
2.1 x 100 mm, 2.5 µm column (Waters). Interassay coefficient of variations (CVs) were 
below 5.0% for all components.

The following ratios were calculated: The Kyn/Trp ratio (multiplied by 100) in serum and 
CSF as an indicator of increased IFN-y-mediated Trp metabolism (Oxenkrug 2010), the KA/
QA ratio (multiplied by 1000) in serum and CSF as a readout for relative neuroprotection 
(Vancassel et al. 2018) and the XA/3-HK ratio (multiplied by 100) in serum and CSF as a 
marker for vitamin B status (Ulvik et al. 2013). 

Statistics
Statistical analyses were performed using IBM SPSS statistics 24 (IBM Corp, 2014) 
and GraphPad Prism 7 (GraphPad Software). Baseline characteristics are reported as 
percentage, mean and standard deviation of the mean (SD) or median and interquartile 
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range (IQR). Group characteristics were compared using chi-square tests, analysis of 
variance (ANOVA) or Kruskall-Wallis tests. 

Linear regression analyses were conducted to investigate the association between age 
and metabolite concentrations and the associations between serum and corresponding 
CSF metabolite concentrations. For these analyses Z-scores were calculated 
(([metabolite]-mean)/SD) and the lowest concentrations was set to 1. These were then 
log-transformed and used as dependent variables in regression analyses with age or the 
corresponding metabolite in serum as independent variable. Age-by-disease interaction 
analyses were conducted to investigate whether these associations differed between 
PD, AD and control. The best-fit line (including 95% confidence interval) as well as the 
F-value is provided for model comparison. 

Metabolite concentrations were first compared between control and PD and between 
control and AD using Mann-Whitney U tests. Next, in order to take into account 
the intercorrelation between the metabolites in each pathway while adjusting for 
covariates, we performed four multivariate analyses of covariance (MANCOVA) using 
groups of correlated dependent variables: (i) serum concentrations of Kyn pathway 
metabolites (Trp, Kyn, 3-HK, KA, XA, QA), (ii) serum concentrations of LNAAs (Trp, Leu, 
Ile, Val, Phe, Tyr), (iii) CSF concentrations of Trp and Kyn pathway metabolites or (iv) CSF 
concentrations of LNAAs. These models included age and gender as covariates. Prior to 
multivariate analyses, univariate normality of the residuals and homogeneity of variance 
and covariance was achieved by transforming metabolite concentrations (natural log) 
(Tabachnik and Fidell 2013). Multivariate outliers (n= 4 for serum and n= 1 for CSF) were 
detected and removed using 

Mahalanobis distance at p < .001 based on the χ2 distribution (Tabachnik and Fidell 
2013). Due to high multicollinearity between Val, Leu and Ile (the branched-chain amino 
acids), these were imputed as the sum of their concentrations. Univariate analyses 
of covariance (ANCOVA) were performed to compare the age- and gender-adjusted 
group means and to establish the association between age, gender and the individual 
metabolites. Contrasts were set to compare control to PD and control to AD.

Finally, the correlations between Kyn metabolites and disease severity of AD was 
analysed using Spearman’s rank correlation analyses. 
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The criterion α was set to .010 for all tests of significance to adjust for the inflated Type I 
error rate due to multiple testing. 

Results

Study population
Table 1 shows the characteristics for the study population. There were no significant 
differences between control, PD and AD patients with respect to age and gender. 

Table 1. Demographic and clinical characteristics

Control 
n = 39

PD 
n = 33

AD 
n = 33

Gender

Female, % 53.8% 39.4% 54.5%

Age, years 71.3 (10.7) 73.4 (6.5) 73.7 (6.0)

Medication, number available 37/39 20/33 33/33

Antidepressant 5 8 13

Antipsychotic 1 5 17

Anticholinesterase - - 17

Levodopa - 13 -

Dopamine agonist - 6 -

Duration of disease,  
number available

- 21/33 27/33

Years - 3.0 (1.0 – 8.0) 3.0 (2.0 – 5.0)

Alzheimer’s diagnosis

Neuropathologically confirmed, % - - 39.4%

Parkinson’s diagnosis

MCI, % - 39.4% -

MMSE, number available - 17/33 28/33

Mean score - 20.8 (6.4) 16.2 (6.5)

Table showing mean and SD or, when indicated, percentage for demographics, physical parameters 
and disease parameters for control subjects, PD patients and AD patients. Abbreviations: AD, 
Alzheimer’s Disease; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; PD, 
Parkinson’s Disease.
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Time-linked serum and CSF samples were available for 90 out of 105 patients (serum 
only for 12 and CSF only for 3 patients). The storage time was different between the 
control, PD patient and AD patient group (median number of months (IQR) of 151 (134 
– 164), 179 (148 – 235) and 125 (83 – 163), respectively), but correlated with none of the 
measured Kyn metabolites or LNAA in CSF or serum. 

Aging is associated with altered peripheral and central kynurenine 
pathway activity
Linear regression analyses were used to investigate the associations between age and 
concentrations of Kyn metabolites or LNAAs in serum and CSF. The results indicated 
that aging was associated with increased serum levels of Kyn, KA and QA (F(1,100) = 
23.3, p < .001; F = 12.1, p < .001 and F = 14.4, p < .001, respectively) (Figure 1D). Similarly, 
aging was associated with increased CSF concentrations of Kyn, KA and QA (F(1,91) 
= 25.2, p < .001; F = 12.7, p < .001 and F = 36.0, p < .001). Age-by-disease interaction 
analyses indicated that the associations between age and Kyn metabolites were not 
different between control, PD and AD. Regarding the LNAAs, aging was associated with 
increased Phe concentrations in serum (F(1,99) = 15.9, p < .001). The analyses showed 
no association between age and concentrations of LNAAs in CSF (Figure 1E). Interaction 
analyses indicated neither an effect of disease on the associations between age and 
concentrations of LNAAs in serum nor in CSF. 

Kynurenic acid is reduced in CSF of Parkinson’s disease and 
Alzheimer’s disease patients 
Next, we compared serum and CSF concentrations of Kyn metabolites and LNAAs between 
control and PD or AD. For the Kyn pathway metabolites in serum, the analyses showed 
trends towards reduced concentrations of Trp, KA and XA in PD patients compared to 
control subjects (Z = -2.11, p = .035; -1.98, p = .047 and -1.98, p = .024, respectively) and 
a trend towards reduced XA in AD patients compared to control (Z = -2.41, p = .016) 
(Figure 2A). Analyses of CSF concentrations of Kyn metabolites indicated reduced KA 
levels PD and AD patients compared to control (Z = -3.0, p = .003 and Z= -3.0, p = .003). 
Regarding the levels of LNAAs in serum, the analyses showed reduced Phe and a trend 
towards reduced Val concentrations in PD patients compared to control (Z = -2.88, p = 
.004 and Z = -2.11, p = .035, respectively) (Figure 2B). LNAA concentrations in CSF were 
not significantly different between disease groups and control subjects. Supplementary 
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Table 1 provides an overview of the median concentrations of the metabolites and 
statistical details. We also analysed ratios between Kyn metabolites. These analyses 
revealed a reduced KA/QA ratio in CSF of PD patients compared to control (Z = -3.52, 
p < .001). In addition, trends were found towards a reduced KA/QA ratio in CSF of AD 
patients (Z = -2.20, p = .028), a reduced KA/QA in serum of PD patients (Z = -2.1, p = .037) 
and a reduced XA/3-Hk ratio in serum of PD and AD patients when compared to control 
subjects (Z = -2.16, p = .031 and Z = -2.48, p = .013, respectively). 

We then conducted multivariate analyses to investigate whether PD and AD were 
associated with changes in the combined concentrations of metabolites, considered as 
groups of correlated metabolites. These models indicated that the combined abundance 
of Kyn metabolites in serum - when adjusting for the intercorrelation between these 
metabolites and correcting for age and gender - differed between patients and controls 
(Wilks’ Lambda F[12, 172] = 2.72, p = .002). The same was true for Kyn metabolites in 
CSF (Wilks’ Lambda F[12, 158] = 2.97, p = .001). Disease state was also associated with 
changes in LNAAs in serum (Wilks’ Lambda F[8, 176] = 2.65, p = .009) but not in CSF (Wilks’ 
Lambda F[8, 160] = 1.00, p = 0.438) (Supplementary Table 2). The analyses indicated a 
significant association between age and Kyn metabolites in serum, Kyn metabolites in 
CSF and LNAAs in serum. Gender was not associated with changes in Kyn metabolites or 
LNAAs when considered as groups of metabolites. 

Similar to the non-parametric tests, univariate models - adjusted for age and gender 
- suggested significant reductions of KA in CSF of PD and AD patients and reduced 
Phe in serum of PD patients compared to control and a trend towards reduced serum 

►Figure 1. Aging affects peripheral and central Kyn pathway metabolites but not LNAAs

A. Trp is taken up from the diet and processed intra- and extrahepatically. Kyn metabolites are 
mainly produced in extrahepatic tissue. B. Trp, Kyn and 3-HK compete with LNAA for transport 
across the BBB. C. In the brain, the Kyn pathway is segregated based on cell-type; astrocytes mainly 
produce KA while microglia produce QA. These metabolites can be released in the extracellular 
space and CSF. D. Scatterplot showing the relationship between age and standardized scores for 
Trp and Kyn metabolites or LNAAs (E) in serum and CSF of controls, PD and AD patients. The best-
fit line from linear regression (including 95% confidence interval) as well as the F-value is provided 
for model comparison. * = p < .01 for F-tests. Abbreviations: 3-Hk, 3-hydroxykynurenine; AD, 
Alzheimer’s disease; BBB, blood-brain barrier; CSF, cerebrospinal fluid; Ile, isoleucine; KA, kynurenic 
acid; Kyn, kynurenine; Leu, leucine; LNAA, Large neutral amino acids; PD, Parkinson’s Disease; Phe, 
phenylalanine; Trp, tryptophan; Tyr, tyrosine; Val, valine; XA, xanthurenic acid.* p < 0.01
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concentrations of Trp and branched-chain amino acids in PD patients (data not shown). 
Unlike the non-parametric tests, these analyses indicated that serum concentrations 
of KA were lower in PD patients compared to control when adjusting for age and 
gender (adjusted marginal mean 33.3 nmol/l 95% CI [28.5, 39.0] versus 44.3 nmol/l 95% 
CI [ 38.3 to 51.2], p = .010) and that serum XA was reduced in AD patients compared 
to control (adjusted marginal mean 12.0 nmol/l 95% CI [9.5, 15.2] versus 18.7 nmol/l 
95% CI [15.0, 23.3], p = .007). Largely in accordance with the regression analyses, these 
models indicated that age was associated with increased serum Kyn, KA and QA and 
with increased CSF concentrations of Kyn, 3-Hk, KA and QA. There were no association 
between age and LNAAs in serum or CSF in these models. With regard to the effect of 
gender, trends were observed towards reduced CSF concentrations of Trp, QA, Phe and 
Tyr in females versus males (adjusted marginal mean 1.74 umol/l 95% CI [1.62, 1.86] 
versus 1.93 umol/l 95% CI [1.81, 2.07], p = .033; 30.13 nmol/l 95% CI [ 26.5, 34.3] versus 
36.3 nmol/l 95% CI [32.1, 41.1], p = .041; 10.1 umol/l 95% CI [ 9.39, 19.8] versus 11.2 umol/l 
95% CI [10.5, 12.0], p = . 027 and 10.86 umol/l 95% CI [10.1, 11.7] versus 12.2 umol/l 95% 
CI [11.3, 13.1], p= .031; respectively).

Finally, medication use (antidepressants, antipsychotics and anticholinesterases for AD 
and antidepressants, antipsychotics, levodopa and dopamine agonists for PD) was not 
associated with differences in metabolite concentrations within the groups of PD and AD 
patients (data not shown).

Transporter-mediated brain uptake of kynurenine is not altered in 
Parkinson’s disease and Alzheimer’s disease
To establish whether altered transporter-mediated brain uptake of Trp, Kyn or 3-Hk 
could contribute to changes in cerebral Kyn pathway activity, we then analysed whether 
indices for this type of brain uptake were different between groups (Figure 2C). The 

►Figure 2. Specific alterations in central Kyn pathway activity in PD and AD but no evidence 
of altered transporter-mediated Kyn brain transport

A. Scatter plots showing serum and CSF concentrations for Trp and Kyn metabolites, LNAA (B) 
and indices for transporter-mediated brain uptake of Trp, Kyn and 3-HK (C) in control (green), PD 
(orange) and AD (purple) patients (for serum: n= 38, 31 and 32-33 respectively; for CSF: n= 34-35, 26 
and 29-32 respectively). Median and estimated 95% confidence intervals are provided. Log scales 
are used in case of skewed distribution. * p< .01, # p < .05 for Mann-Whitney U tests comparing 
control to PD or AD. Abbreviations: LOQ, limit of quantification. Other abbreviations as in Figure 1. 
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analyses indicated no differences with regard to the ratios Trp:LNAA, Kyn:LNAA and 
3-Hk:LNAA in serum for PD (Z = -0.21, p = .838; Z = -1.81, p = .070 and Z = -0.71, p = .477, 
respectively) or AD (Z= 0.00, p = not calculated; Z = -0.50, p = .621 and Z = -0.21, p = .838) 
compared to control. 

Association between serum and CSF kynurenine metabolites
To investigate the potential of serum Kyn metabolites in predicting cerebral Kyn 
metabolite production, we used linear regression analyses to establish the associations 
between serum and CSF concentrations of Kyn metabolites (Figure 3A). The analyses 
indicated a strong positive association between serum and CSF levels of Kyn and 
QA (F(1,88) = 62.9, p < .001 and F = 93.4, p < .001, respectively). Concentrations of the 
other Kyn metabolites in serum, 3-Hk, KA and XA, were also associated with their 
corresponding concentrations in CSF (F = 17.2, p < .001; F = 17.2, p < .001 and F = 15.7, p 
< .001, respectively). The concentration of Trp in serum was not associated with CSF Trp 
content. Interaction analyses indicated that these associations were not different for 
control, PD or AD. 

Regarding the LNAA, except for Phe, all LNAA (Leu, Ile, Val, Tyr) concentrations in serum 
were associated with their corresponding CSF concentrations (F(1,84) = 20.6, p < .001; F 
=17.0, p < .001; F = 14.3, p < .001 and F = 33.2, p < .001) (Figure 3A). Interaction analyses 
indicated that the associations were not different between control, PD and AD, although 
there was a trend towards an altered association between serum and CSF concentrations 

►Figure 3. Peripheral Kyn pathway metabolites as biomarkers for brain Kyn pathway 
activity and in AD disease severity

A. Scatterplot showing the relationship between serum and CSF metabolite concentrations 
(standardized scores) for healthy controls (n=34), PD (n=24) and AD (n=32) patients. The best-fit 
line from linear regression (including 95% confidence interval) as well as the F-value is provided 
to compare models. * = p < .01 for F-tests. B. Table that shows correlation coefficients between 
Kyn metabolites (in serum or CSF) and AD disease severity measured by MMSE (with a lower score 
indicating more severe disease). * = p < .01, # < .05 for Spearman’s rank correlation coefficient.  
C. Hypothetical model of findings. Aging is associated with increased Trp metabolism towards the 
Kyn pathway. This increases brain Kyn content either directly or as a result of increased systemic 
uptake. This causes increased production of Kyn metabolites including KA and QA. In PD and AD, 
cerebral KA content seems to be lower. This could be associated with altered NMDA receptor activity 
and impact the course of these diseases. Abbreviations: MMSE, mini-mental state examination; 
NMDA, n-methyl-d-aspartate. Other abbreviations as in Figure 1. 
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of Phe. Stratified regression analyses revealed that the serum Phe was only significantly 
associated with CSF Phe in control subjects (F(1,31) = 10.6, p = .003) and not in PD and AD 
patients ( F(1,22) = 4.0, p = .059 and F(1,27) = 1.34, p = .260, respectively). 

Correlation between kynurenine pathway metabolites and 
Alzheimer’s disease severity
Finally, analyses were performed to study the correlation between Kyn metabolites and 
disease severity of AD. These analyses showed a positive correlation between serum 
Kyn concentration and MMSE scores in AD patients (Spearman’s correlation coefficient 
= 0.52, d.f. = 23, p = .007), indicating a negative correlation between Kyn in serum and 
disease severity (Figure 3B). The analyses indicated a trend towards a similar negative 
correlation between Trp, QA, Trp/LNAA and Kyn/LNAA and the inversed MMSE score. 

Discussion

Due to its roles in modulating neuroinflammation and neuronal excitotoxicity, the Kyn 
pathway could be a promising therapeutic target in age-related neurodegenerative 
diseases such as PD and AD. To gain further insight into the role and prognostic potential 
of this pathway in age-related neurodegeneration, we investigated indices of peripheral 
and central Kyn metabolism and indicative measures of transporter-mediated brain 
uptake by analyzing Kyn metabolites and LNAAs in serum and CSF of persons with PD 
and AD and age-matched control subjects. We found a disease-independent association 
between age and Kyn metabolites in serum and CSF whereas, except for Phe in serum, 
age was not associated with LNAAs. Our analyses revealed that concentrations of KA 
were robustly decreased in CSF of PD and AD patients compared to control and trends 
towards reduced Trp, KA and XA in serum of PD patients and reduced XA in serum 
of AD patients. Metabolite levels were not affected by medication use. Importantly, 
indicative measures of cerebral uptake of Kyn and 3-Hk did not differ between patients 
and controls. We found that serum Kyn and QA concentrations were most strongly 
associated with their respective content in CSF and reported that higher Kyn serum 
levels were correlated with lower disease severity in AD. 

In our cohort, aging was most strongly associated with increased serum and CSF 
concentrations of Kyn and QA. These results are in accordance with previous studies 
(Theofylaktopoulou et al. 2013; Giil et al. 2017; de Bie et al. 2016; Heyes et al. 1992) and 
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suggest that the Kyn pathway is activated during aging. Inflammation is a key activator of 
the Kyn pathway (Badawy 2017) and activation of the Kyn pathway in innate immune cells 
such as macrophages plays crucial role in preventing hyperinflammation and inducing 
immune tolerance (Munn and Mellor 2013). Upon activation, macrophages produce high 
amounts of Kyn and QA (Guillemin et al. 2003) and many chronic inflammatory diseases 
are accompanied by increased blood levels of Kyn and QA (Schröcksnadel et al. 2006). 
During inflammation of the brain, similar increases in Kyn and QA in CSF have been 
observed (Heyes et al. 1992). These increases are thought to be mediated by infiltrating 
macrophages and microglia (Guillemin 2012; Heyes et al. 1993). There is strong evidence 
that indicates that aging is associated with a low-grade inflammatory phenotype 
(Salminen et al. 2012). The observed age-related Kyn pathway activation observed in 
our study could thus be related to changes in immune activation and functioning. A 
mechanistic link between aging and immune-related Kyn pathway changes was recently 
provided by a study that showed that monocyte-derived macrophages obtained from 
older individuals produced more Kyn and almost double the amount of QA compared to 
cells from young individuals (Minhas et al. 2018). These changes were part of an altered 
metabolic state characterized by reduced Kyn-dependent generation of NAD+ in older 
macrophages that significantly hampered their anti-inflammatory function. Importantly, 
our analyses indicated that aging was not differentially associated with Kyn pathway 
metabolites in patients with PD and AD. In addition, and largely in accordance with other 
studies (Giil et al. 2017; Heyes et al. 1992; Chang et al. 2018), Kyn and QA concentrations 
in serum and CSF of PD and AD patients did not differ from age-matched controls. Age-
related Kyn pathway activation could thus represent a physiological phenotype of aging. 
The fact that QA concentrations in CSF were most strongly associated with aging could 
implicate that age/inflammation-related Kyn pathway activation could be even more 
prominent in the brain. Studying the role of the Kyn pathway as a biomarker of (brain) 
aging, preferably in a longitudinal setting, and deciphering the cell-specific age-related 
changes of Kyn pathway activity in the brain (as previously performed in macrophages 
(Minhas et al. 2018)) could be interesting directions for future research.

Regarding the peripheral metabolism of Kyn, our analyses showed trends towards 
reduced serum concentrations of Trp, KA and XA in PD and reduced XA in AD. These 
results are in line with previous reports of reduced Trp and KA in PD (Chang et al. 2018) 
and reduced XA in AD (Giil et al. 2017). However, our results are not consistent with 
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studies describing reduced KA levels in AD (Hartai et al. 2007; Gulaj et al. 2010; Heyes 
et al. 1992). Although many factors can underlie these discrepancies, age differences 
between control subjects and patients seem a likely explanation in some of these cases. 
As age is strongly associated with Kyn metabolism, age-mismatches can have a big 
impact on analytic outcomes (as demonstrated recently (Giil et al. 2017)). In addition, 
due to the large interpersonal variation of most downstream Kyn metabolites (in part 
due to the effect of age), more subtle differences between groups are difficult to detect 
within relatively small cohorts. We therefore recommend controlling for the effect of age 
and, preferably, the use of larger sample sizes when studying Kyn metabolites.

Our analyses revealed a strong reduction of KA concentrations in CSF of PD and AD 
patients compared to age-matched controls. This is in line with evidence of reduced 
post-mortem KA concentrations in a range of brain regions of PD patients (Ogawa et 
al. 1992), reduced KA concentrations in CSF of PD and AD patients (Heyes et al. 1992) 
and reduced cerebral KA levels in mouse models of AD (Zwilling et al. 2011) although 
others showed no changes in KA concentrations in CSF in a small cohort of AD patients 
(Wennstrom et al. 2014). In theory, reduced KA levels in the brain could result from 
reduced Kyn bioavailability or increased flux of Kyn through the 3-Hk/QA branch of the 
Kyn pathway. However, as Kyn levels in serum and concentrations other Kyn metabolites 
in CSF did not differ between the diseased and controls, it seems less likely that these 
mechanisms majorly contribute to reduced KA content in CSF of PD and AD patients 
in our cohort. We also showed that altered transporter-mediated brain uptake of Trp, 
Kyn or 3-Hk does probably not contribute substantially to the observed reduction in 
KA. Reduced cerebral KA production in PD and AD could also be the consequence of 
cell-specific changes in the brain. Astrocytes are considered the primary source of 
extracellular KA concentrations (Guillemin et al. 2001; Kiss et al. 2003) and studies in 
rodents showed that kynurenine aminotransferase II (KATII) - the enzyme that converts 
Kyn to KA - was strongly localized to astrocytes (Guidetti et al. 2007; Herédi et al. 2017; 
Song et al. 2018). Neurons might also produce KA (Rzeski et al. 2005; Guillemin et al. 2007) 
but microglia - like other myeloid cells - predominantly produce QA and no KA (Guillemin 
et al. 2005; Heyes et al. 1996). In response to activated microglia, astrocytes can change 
their molecular behaviour during diseases of the brain (Liddelow et al. 2017). Whereas 
astrocytes normally have a supportive function in the brain, these reactive astrocytes are 
thought to contribute to neurotoxicity in PD and AD (Ben Haim et al. 2015). We speculate 
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that reduced KA concentrations in CSF of PD and AD patients in our cohort could reflect 
reduced (astrocytic) KAT activity, which could be part of the reactive changes that occur 
in astrocytes during neurodegeneration. 

The actions of KA in the brain are considered to be primarily mediated by its inhibitory 
effect on the NMDA receptor and the homomeric α7-nicotinic receptor (α7nAChR) 
(Hilmas et al. 2001; Rassoulpour et al. 2005). The modulation of these targets by KA 
is considered to be involved in brain development but has also been associated with 
neuronal development later in life. NMDA and α7nACh receptors are involved in many 
aspects of fetal neuronal development and levels of KA in the fetal brain are very high 
and quickly drop after birth (Notarangelo and Pocivavsek 2017). Disturbing endogenous 
KA production in utero altered hippocampal plasticity and cognitive function in adult 
rats (Forrest et al. 2015; Khalil et al. 2014; Pershing et al. 2015). In addition, a recent study 
that investigated the expression of KATII in the adult rat brain provided compelling 
evidence that KA might play a role in neuronal development in adult life (Song et al. 
2018). Making use of quantitative in situ hybridization, the investigators revealed high 
astrocytic KATII expression in the subventricular zone, the rostral migratory stream and 
the hippocampus, regions that are crucial for adult neurogenesis and trafficking. The 
authors reasoned that KATII-expressing astrocytes are possibly involved in regulating 
neuronal proliferation and differentiation in the adult brain by modulating local activation 
of NMDA and the α7nACh receptors (Song et al. 2018). Reactive astrocytes - as described 
above - are thought to play a role in hampering neurogenesis in neurodegenerative 
diseases (Cassé et al. 2018). Taken together, it is tempting to speculate that reduced local 
KA production as a result of reactive changes in astrocytic functioning could contribute 
to diminished neurogenesis in neurodegenerative diseases. On the other hand, high 
levels of KA in the frontal cortex are thought to contribute to schizophrenia and elevated 
KA can hamper neurogenesis and cause cognitive defects (Forrest et al. 2015; Erhardt 
et al. 2017). These data suggest that region-specific equilibria in KA production are of 
particular importance in this regard. Future studies should point out whether reduced 
local KA production, possibly as a phenotype of reactive astrocytes, is involved in reduced 
neurogenesis during PD and AD.

Another theory regarding the role of the Kyn pathway in PD and AD states that 
increased production of QA in favor of KA could chronically activate the NMDA receptor, 
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increase glutamate levels and induce excitotoxicity (Maddison and Giorgini 2015). 
Indeed, excessive activation of the NMDA receptor is common in neurodegenerative 
diseases and NMDA receptor-antagonists are used for symptomatic treatment in PD 
and AD (Lipton 2006). In line with others (Heyes et al. 1992), we did not find evidence 
of increased production of QA in the brains of PD and AD patients. This suggests that, 
instead, reduced KA production could play a more prominent role in NMDA receptor 
overactivation in PD and AD. Indeed, pharmacologic or genetic strategies that increased 
KA in the brain were proven to reduce glutamate release (Moroni et al. 2005; Pocivavsek 
et al. 2011) and enhancing KA levels in the brain - by blocking the enzyme that converts 
Kyn to 3-Hk - improved symptoms and reduced neuropathology in animal models of PD 
and AD (Zwilling et al. 2011; Grégoire et al. 2008). Reduced KA concentrations in CSF of 
PD and AD patients could thus be an indicator of chronic NMDA receptor activation and 
consequent neurotoxicity. In this regard, the balance between NMDA receptor activation 
and inhibition in PD and AD could be further disturbed during aging as QA levels rise. 

Finally, we demonstrated that Kyn and QA in serum are strongly related to their 
respective concentrations in CSF and that Kyn and QA in serum are negatively correlated 
with disease severity in AD. Although of a very preliminary nature, these data could 
guide further investigation into the potential of the Kyn pathway in tracking the 
progress of age-related pathologies of the brain. In this respect, it would be interesting 
to longitudinally study whether the rate at which Kyn metabolites increase with age is 
predictive of the onset of cognitive deterioration or neurodegenerative disease. 

Strengths of this study are that we performed analyses in a relatively large number of 
subjects and included well-characterized patients. For example, approx. 40% of the AD 
subjects were neuropathologically confirmed. In addition, we assessed Kyn metabolites 
in time-linked serum and CSF samples of both PD and AD patients allowing us to detect 
shared and disease-specific Kyn pathway alterations. To our knowledge, this is the first 
study in PD and AD that analysed LNAAs in serum to construct estimates of cerebral Kyn 
transport. However, our results should be interpreted with care due to the observational 
and retrospective nature of this study. An important limitation of our study is that we 
were not able to adjust our analyses for possible confounding variables such as body 
weight, renal function and markers of immune activation due to missing clinical data 
(Theofylaktopoulou et al. 2013). We recommend the use of larger sample sizes to better 
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detect small differences in Kyn metabolite concentrations, especially when studying 
these in an elderly population.

In conclusion, we showed that Kyn and QA concentrations similarly accumulate with 
aging in serum and CSF of control subjects and patients with neurodegenerative 
diseases. We found that levels of KA in CSF are strongly reduced in patients with PD 
and AD and demonstrated for the first time that differences in transporter-mediated 
Kyn uptake are unlikely to majorly contribute to cerebral Kyn pathway disturbances in 
these diseases. Furthermore, we show that Kyn metabolite concentrations in the blood 
are closely associated with their respective CSF concentrations and find that Kyn levels 
in serum are negatively correlated with disease severity in AD patients. We hypothesize 
that the combination of age- and disease-specific changes in cerebral Kyn pathway 
activity could be implicated in reduced neurogenesis and increased excitotoxicity that 
are shared hallmarks of PD and AD (Figure 3C). These results could guide fundamental 
and clinical studies to explore the role of KA in the pathophysiology of PD and AD and 
suggest that the Kyn pathway has potential as a marker of disease progression or as a 
therapeutic target in neurodegeneration. 
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Supplementary files

Figure 1. Kynurenine pathway and large-neutral amino acids

Figure diplaying molecular structures and biosynthetic routes of metabolites quantified in the current 
study. (A) Simplified display of the Kyn pathway of Trp metabolism. (B) Large-neutral amino acids.  

* Able to cross the blood-brain barrier.
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Supplementary Table 1. Kyn pathway metabolites and LNAA in serum and CSF of control, PD and 
AD

Control PD AD Control vs PD Control vs AD

Serum  
Kyn pathway

N = 38 N = 31 N = 33
Mann-Whitney Z 

(p value)
Mann-Whitney Z 

(p value)

Trp (umol/l) 55.1  
(44.4 - 69.8)

47  
(40.8 - 60.0)

50.8  
(46.4 - 57.4)

-2.11 (.035) -1.02 (.310)

Kyn (umol/l) 1.81  
(1.52 - 2.57)

1.98  
(1.66 - 2.49)

1.97  
(1.72 - 2.31)

-0.79 (.429) -0.66 (.507)

3-Hk (nmol/l) 49.7  
(34.7 - 77.4)

44.6  
(35.6 - 55.5)

43.3  
(36.0 - 56.3)

-0.77 (.44) -0.42 (.678)

KA (nmol/l) 43.8  
(29.6 - 63.4)

33.2  
(24.9 - 47.9)

42.1  
(30.8 - 49.8)

-1.98 (.047) -0.91 (.362)

XA (nmol/l) 20.5  
(11.0 - 28.1)

13.7  
(7.9 - 20.1)

12.6  
(9.3 - 18.7)

-2.26 (.024) -2.41 (.016)

QA (nmol/l) 436.6 
(324.7 - 577.2)

401.6  
(295.3 - 611.7)

387.9  
(316.3 - 519.1)

-0.71 (.477) -0.98 (.327)

Kyn/Trp ratio 3.71  
(2.87 – 4.69)

4.03  
(3.30 – 5.37)

3.75  
(3.38 – 4.94)

-1.5 (.135) -0.88 (.381)

3-Hk/XA ratio 37.9  
(28.1 - 52.7)

28.3  
(15.4 - 44.4)

25.4  
(18.1 - 39.7)

-2.16 (.031) -2.48 (.013)

KA/QA ratio 10.2  
(8.08 – 13.6)

7.96  
(5.41 – 11.9)

10.5  
(7.84 – 12.2)

-2.09 (.037) -0.28 (.782)

Serum LNAA N = 38 N = 31 N = 32

Val (umol/l) 322.0  
(266.8 - 408.4)

271.3  
(223.6 - 330.1)

309.6  
(273.9 - 360.7)

-2.11 (.035) -0.49 (.625)

Leu (umol/l) 173.7  
(130.3 - 203.6)

140.5  
(117.2 - 176.4)

157.3  
(138.9 - 177.7)

-1.8 (.072) -0.82 (.413)

Iso (umol/l) 84.9  
(63.2 - 94.6)

78.0  
(61.3 - 94.7)

73.8  
(61.8 - 95.7)

-1.15 (.249) -0.77 (.440)

Phe (umol/l) 120.2  
(98.1 - 147.6)

99.8  
(82.4 - 113.6)

112.3  
(98.8 - 133.6)

-2.88 (.004) -0.52 (.604)

Tyr (umol/l) 96.8  
(78.2 - 120.6)

83.3  
(66.2 - 98.1)

87.1  
(72.7 - 104.7)

-1.71 (.087) -1.36 (.175)

Continues on next page
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Supplementary Table 1. Continued

Control PD AD Control vs PD Control vs AD

CSF  
Kyn pathway

N = 38 N = 31 N = 33
Mann-Whitney Z 

(p value)
Mann-Whitney Z 

(p value)

Trp (umol/l) 1.87  
(1.52 - 2.22)

1.78  
(1.58 - 2.11)

1.89  
(1.7 - 2.23)

-0.28 (.782) -0.41 (.679)

Kyn (umol/l) 50.6  
(40.5 - 68.3)

56.5  
(38.9 - 65.2)

52.1  
(41.4 - 66.2)

-0.13 (.896) -0.09 (.930)

3-Hk (nmol/l) 4.58 
(3.02 - 6.79)

3.86  
(2.60 - 9.59)

3.84  
(2.90 - 5.82)

-0.23 (.815) -0.77 (.444)

KA (nmol/l) 4.90  
(3.49 - 7.01)

2.89  
(1.79 - 4.55)

3.30  
(2.42 - 4.78)

-3.02 (.003) -3.00 (.003)

XA (nmol/l) 0.39 
(0.23 - 0.54)

0.37  
(0.21 - 0.55)

0.29  
(0.18 - 0.42)

-0.26 (.793) -1.12 (.263)

QA (nmol/l) 36.5  
(21.5 - 48.3)

36.3  
(29.2 - 57)

29.6  
(20.3 - 49.1)

-0.8 (.422) -0.60 (.547)

Kyn/Trp ratio 2.73  
(2.21 - 3.62)

2.98  
(2.13 - 3.95)

2.73  
(2.19 - 3.52)

-0.32 (.748) -0.04 (.970)

3-Hk/XA ratio 6.35  
(3.05 - 10.7)

6.54  
(4.41 - 9.9)

4.98  
(3.3 - 9.38)

-0.67 (.502) -0.62 (.539)

KA/QA ratio 14.3  
(10.3 - 20.8)

8.15  
(5.69 - 11.2)

10.9  
(8.44 - 15.9)

3.51 (< .001) -2.20 (.028)

Serum LNAA N = 34 N = 26 N = 29

Val (umol/l) 19.5  
(14.5 - 23.9)

20.8  
(17.1 - 26.3)

19.3  
(17.5 - 23.7)

-1.03 (.303) -0.83 (.408)

Leu (umol/l) 13.6  
(10.0 - 16.1)

15.0  
(12.0 - 17.4)

14.5  
(12.4 - 16)

-1.24 (.216) -1.19 (.236)

Iso (umol/l) 5.46  
(4.09 - 6.58)

5.99  
(4.48 - 7.04)

5.54  
(4.5 - 7.34)

-0.97 (.332) -1.49 (.136)

Phe (umol/l) 11.2  
(9.45 - 12.51)

10.7  
(8.67 - 13.24)

10.2  
(9.38 - 11.47)

-0.03 (.976) -1.06 (.291)

Tyr (umol/l) 12.6  
(10.3 - 13.8)

11.9  
(9.7 - 13.4)

11.5  
(8.6 - 13.7)

-0.58 (.561) -1.20 (.230)

Table showing Kyn metabolite and LNAA concentrations in serum and CSF (median and interquartile range) 
for control subjects, AD and PD patients. Test statistics for Mann-Whitney U test (z) and corresponding 
p-values are reported for each comparison. p < .010 denotes statistical significance. Abbreviations: 3-Hk, 
3-hydroxykynurenine; AD, Alzheimer’s disease; Iso, isoleucine; KA, kynurenic acid; Kyn, kynurenine; Leu, 
leucine; LNAA, Large neutral amino acids; PD, Parkinson’s Disease; Phe, phenylalanine; Trp, tryptophan; 
Tyr, tyrosine; Val, valine; XA, xanthurenic acid.
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Supplementary Table 2. Results from multivariate analyses

Variable
Wilk's 

Lambda F (df) p

Kyn pathway

Serum Ctrl/PD/AD 0.71 2.72 (12,172) .002

Age 0.79 3.79 (6,86) .002

Gender 0.96 0.68 (6,86) .664

CSF Ctrl/PD/AD 0.66 2.97 (12,156) .001

Age 0.60 8.56 (6,78) .000

Gender 0.87 1.93 (6,78) .086

LNAA

Serum Ctrl/PD/AD 0.80 2.65 (8,176) .009

Age 0.73 8.10 (4,88) .000

Gender 0.95 1.07 (4,88) .377

CSF Ctrl/PD/AD 0.91 1.00 (8,160) .438

Age 0.93 1.47 (4,80) .220

Gender 0.92 1.81 (4,80) .135

Table showing the results from multivariate analyses of covariance. Four models were constructed 
using as dependent variables: Kyn pathway metabolites in serum (Trp, Kyn, 3-Hk, Ka, XA and QA); 
Kyn pathway metabolites in CSF; LNAAs in serum (Trp, Val, Leu, Ile, Phe, Tyr) and LNAAs in CSF. 
Independent variables included disease group (Ctrl/PD/AD), age and gender. Multivariate test 
statistics (Wilks’ lambda, F-statistic with the degrees of freedom and p-value) are provided for 
each independent variable. Abbreviations as in Supplementary Table 1.
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Abstract

Alzheimer’s disease (AD) is associated with progressive endogenous neurotoxicity and 
hampered inflammatory regulation. The kynurenine (Kyn) pathway, which is controlled 
by tryptophan 2,3-dioxygenase (TDO), produces neuroactive and anti-inflammatory 
metabolites. Age-related Kyn pathway activation might contribute to AD pathology 
and inhibition of TDO was found to reduce AD-related cellular toxicity and behavioural 
deficits in animal models. To further explore the effect of aging on the Kyn pathway in 
the context of AD, we analysed Kyn metabolite profiles in serum and brain tissue in the 
APP23 mouse model of AD. We found that aging had genotype-independent effects on 
Kyn metabolite profiles in serum, cortex, hippocampus and cerebellum whereas serum 
concentrations of many Kyn metabolites were reduced in APP23 mice. Next, to further 
establish the role of TDO in AD-related behavioural deficits, we investigated the effect 
of long-term pharmacological TDO inhibition on cognitive performance in APP23 mice. 
Our results indicated that TDO inhibition restored impairments of recognition memory 
without producing measurable changes in cerebral Kyn pathway activity. TDO inhibition 
did not affect spatial learning and memory or anxiety-related behaviour. These data 
indicate that Kyn pathway activation could resemble a cross-species phenotype of aging 
and warrants further investigation on the role of peripheral Kyn pathway disturbances 
and cerebral TDO activity in AD pathophysiology.

137719_sorgdrager_binnenwerk_2.indd   138 19/09/08   21:40:16



139

The Effect of Tryptophan 2,3-Dioxygenase Inhibition on the  
Kynurenine Pathway and Cognitive Function in the APP23 Mouse Model of Alzheimer’s Disease

Introduction

Late-onset Alzheimer’s disease (AD) is the most prevalent cause of dementia and is 
projected to affect 131 million people worldwide by the year 2050 (Prince et al. 2015). 
Brains of affected individuals show typical neuropathological features, including gross 
atrophy of cortical and subcortical brain regions, such as the hippocampus, as well 
as neurofibrillary tangles consisting of hyperphosphorylated tau protein and amyloid 
beta (Aβ) plaques. Amongst the mechanisms involved in the pathogenesis of AD are 
increased activity of N-methyl-D-aspartate (NMDA) receptors, neuroinflammation and 
disturbances of metabolic homeostasis (Parsons and Raymond 2014; Glass et al. 2010; 
Jha et al. 2017). The kynurenine (Kyn) pathway, which is activated during aging, has been 
suggested to play a role in the pathophysiology of AD because it produces metabolites 
that affect NMDA receptors and is deeply embedded in immunological and metabolic 
functioning (Lovelace et al. 2017; Maddison and Giorgini 2015). 

The Kyn pathway is the primary metabolic pathway of tryptophan (Trp) and is a major 
source of de novo synthesis of nicotinamide adenine dinucleotide (NAD+) (Liu et al. 
2018). The production of Kyn is facilitated by the enzymes tryptophan 2,3-dioygenase 
(TDO) and indoleamine 2,3-dioxygenase (IDO), which are regulated in a tissue-specific 
manner by pro-inflammatory cytokines and glucocorticoids (Dostal et al. 2017; Larkin et 
al. 2016). Metabolites of the Kyn pathway - kynurenines - have diverse biological functions 
including inflammatory control and metabolic regulation (Cervenka et al. 2017). Certain 
kynurenines have neuroactive properties mainly because they act on NMDA receptors. 
The production of these neuroactive kynurenines is cell-type specific (Schwarcz et 
al. 2012). For example, kynurenic acid (KA), which inhibits the NMDA receptor and is 
regarded a neuroprotectant, is produced by astrocytes, while quinolinic acid (QA), an 
NMDA receptor agonist which is generally considered an endogenous neurotoxin, is 
mainly produced by microglia or infiltrating macrophages (Guillemin et al. 2005; Heyes 
et al. 1996; Guillemin et al. 2001; Kiss et al. 2003). The production of KA and QA in the 
brain depends on cerebral TDO/IDO-dependent Trp metabolism and on uptake of Kyn 
from the blood (Fukui et al. 1991). While aging is associated with increased production/
accumulation of the neurotoxin QA in blood and brain (Theofylaktopoulou et al. 2013), 
AD is additionally associated with reduced levels of the neuroprotectant KA in blood and 
brain (Giil et al. 2017; Gulaj et al. 2010; Hartai et al. 2007; Widner et al. 2000b). These Kyn 
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pathway imbalances have been suggested to be involved in AD pathophysiology (Zádori 
et al. 2018).

The Kyn pathway could be a potential drug target in AD. Augmenting cerebral KA 
production by inhibition of Kyn metabolism in the blood (thereby increasing Kyn 
transport to the brain), prevented synaptic loss and improved memory function in a 
mouse model of AD (Zwilling et al. 2011). In addition, Kyn pathway enzymes in the brain 
might be targeted directly. TDO is of particular interest in this regard as it is expressed in 
the hippocampus and is involved in the regulation of adult neurogenesis in mice (Ohira 
et al. 2010; Kanai et al. 2009). Neurogenesis within the hippocampus plays a crucial role in 
memory formation and is affected early in the course of AD (Lazarov and Hollands 2016). 
Hippocampal TDO expression was found to be activated by Aβ oligomers (Woodling et 
al. 2016) and TDO expression was increased in hippocampal regions of AD patients (Wu 
et al. 2013). Inhibition of TDO prevented neurodegeneration in Caenorhabditis elegans 
and Drosophila melanogaster models of AD (van der Goot et al. 2012; Breda et al. 2016). 
In C. elegans, this protection was independent of Kyn metabolites, while in Drosophila 
protection was established by increasing relative levels of KA. Additionally, in 3-month-
old mice that express mouse/human amyloid precursor protein (APP) - which is cleaved 
to produce Aβ - and mutant human presenilin 1 (APP/PS1) - which is involved in cleavage 
of APP -, a four-week treatment with a TDO inhibitor prevented deficits in hippocampal-
dependent memory function (Woodling et al. 2016). Taken together, these data suggest 
that TDO could be an interesting drug target in AD.

In this study, we investigated the effect of aging on Kyn metabolite profiles in blood and 
brain of the APP23 amyloidosis mouse model. Our analyses reveal diverse disturbances 
with aging that show overlap with age-related kynurenine changes in humans. Next, 
we investigated the effect of long-term oral administration of a TDO inhibitor on 
Kyn metabolite profiles and cognitive functioning in APP23 mice. In our hands, TDO 
inhibition had minor effects on Kyn metabolites in blood and brain, but improved 
recognition memory, while not affecting anxiety-related behaviour and spatial learning 
and memory. These data suggest that age-related alterations of the Kyn pathway could 
be a cross-species phenotype of aging and warrant further investigation of TDO as a 
drug target in AD. 
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Methods

Animals
APP23 mice, which express mutated human APP (Swedish double mutation; K670N/
M671L) under control of a murine Thy1 promotor, were obtained as previously described 
(Sturchler-Pierrat et al. 1997). Colonies were maintained on a C57BL/6J background 
and backcrossed for at least 20 generations using PCR to establish genotypes. For the 
current study, we used male heterozygous APP23 and wild-type littermate mice housed 
together in a conventional laboratory environment with a 12 h light/dark cycle, constant 
room temperature and humidity, and free access to food and water. The study protocol 
was approved by the animal ethics committee of the University of Antwerp (reference 
number 2018-33) and was in compliance with the European Communities Council 
Directive on the protection of animals used for scientific purposes (2010/63/EU). 

Materials
Dimethyl sulphoxide (DMSO) and the TDO inhibitor 680C91 were purchased from Sigma-
Aldrich. Stock solutions of vehicle (VEH) and 680C91 (100mM DMSO) were made and 
stored at -20 ֯C for a maximum duration of three weeks. Directly prior to use, stock 
solutions were diluted in water (pH 3.2) with DMSO at a final concentration of 4.2%.

Experimental design
For the first part of the study focusing on HPLC/MS-MS analysis of kynurenine 
metabolites, untreated mice were sacrificed at 3 months (APP23 n = 4; wild-type n = 5), 6 
months (APP23 n = 4; wild-type n = 5) and 12 months of age (APP23 n = 5 and wild-type 
n = 5).

For the second part of the study, 6-moonth-old wild-type and APP23 mice were treated 
with vehicle (VEH) or VEH + 680C91 (7.5 mg/kg) via oral gavage (7.5 ml/kg) for six days 
in the week between 9:30 am and 10:30 am for the period of six weeks (wild-type VEH 
n = 13; wild-type VEH + 680C91 n = 12; APP23 VEH n = 8; APP23 VEH + 680C91 n = 8). 
Behavioural experiments were performed from week four onward in a predetermined 
order and on fixed hours starting with the Morris water maze, followed by the novel 
object recognition (NOR) test. Next, the light/dark cycle was reversed and – after a five-
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day adaptation period – the open field and elevated plus maze tests were performed on 
consecutive days. Mice were sacrificed four hours after the final treatment.

Behavioural experiments
Mice were allowed to adapt to the experimental room for at least one hour prior to 
the start of the experiments, which were performed by a single experimenter. All 
experiments were recorded and analysed using a video-tracking system (Ethovision, 
Noldus, The Netherlands).

Open field

Exploratory and anxiety-related behaviour in the open field was measured for each 
mouse individually for 5 min during the dark phase of the animal’s activity cycle in a 
brightly lit arena (50 cm x 50 cm). Mice always started from the same corner and were 
allowed 1 min of adaptation. Path length and location parameters, including the number 
of entries and time spent in the 7 cm x 7 cm corners and the centre circle were recorded. 

Elevated plus maze

The elevated plus maze was used to further assess anxiety-related behaviour. The setup 
consisted of a cross-shaped maze with a central area giving access to each arm 30 cm in 
length and 5 cm in width. Two opposing arms were enclosed by 30 cm high walls while 
the other opposing arms were not enclosed by walls. The maze was placed 60 cm above 
the floor. Mice were placed in the central area facing the left enclosed arm. Trajectories 
were recorded during 5 min and the number of entries into the different arms and the 
time spent in the different arms were calculated. 

Morris water maze

The MWM was performed to assess hippocampus-dependent spatial learning and 
memory (D’Hooge and De Deyn 2001). The setup consisted of a circular tank (diameter 
150 cm, height 30 cm) filled with water that was opacified using non-toxic white paint and 
kept at 25 ֯C. Invariable visual cues were placed around the pool. The MWM consisted 
of an acquisition phase and a probe trial. The acquisition phase was performed over 
the period of four days and consisted of two daily trial blocks (one at 10:30 and one 
at 15:00) of four trials with a 15 min inter-trial interval. During the acquisition phase, a 
round acrylic glass platform (diameter 15 cm) was placed 1 cm below the water surface 

137719_sorgdrager_binnenwerk_2.indd   142 19/09/08   21:40:17



143

The Effect of Tryptophan 2,3-Dioxygenase Inhibition on the  
Kynurenine Pathway and Cognitive Function in the APP23 Mouse Model of Alzheimer’s Disease

on a fixed position in the centre of one of the pool’s quadrants. Mice were placed in 
the water and were recorded while trying to find the hidden platform for a maximum 
duration of 120 s. The starting positions varied in a semi-random order. Mice that did 
not succeed to find the hidden platform within the given amount of time were guided to 
the platform before being returned to their cage. The probe trial followed four days after 
the final acquisition trial. For this trial the platform was removed, mice were placed in 
the tank at a fixed position and swimming trajectories were recorded during a period of 
100 s. The total path length until the platform was calculated for each trial block during 
the acquisition phase. The average distance to the target position (prior position of 
the platform) and the time spent in each quadrant (target, adjacent 1, adjacent 2 and 
opposite) were calculated for the probe trial. 

Novel object recognition

The NOR test was performed to assess recognition memory and was performed during 
four consecutive days (Ennaceur and Delacour 1988). On the first two days of the 
protocol, mice were individually habituated to an empty arena (40 cm x 24 cm) during 
10 min. On the third day (familiarization phase), two identical objects (brown-coloured 
flasks) were placed 10 cm apart in the centre of the arena and mice were allowed to 
freely explore the cage and objects for 5 min. On the fourth day (novel object phase) one 
object was replaced with a novel object (different colour and shape, but similar in size). 
Mice were then placed in the arena and again allowed to explore for 5 min. To reduce 
anxiety, mice were tested during the light phase. Trajectories and nose-point locations 
were recorded. Exploration time was defined as the time during which the nose-point 
was directed towards one of the objects with a proximity of 3 cm. The recognition index 
(time spent exploring novel object divided by total time exploring both objects) was 
calculated as a measure of recognition (Antunes and Biala 2012). 

HPLC/MS-MS analysis of kynurenine metabolites
Mice were anesthetized with a mixture of ketamine-xylazine (100 mg/kg and 20 mg/kg, 
respectively in a total volume of 10 ml/kg) administered intraperitoneally. Blood was 
drawn by retro-orbital puncture with a glass capillary and allowed to coagulate for at 
least 30 min at room temperature. Serum was separated by centrifuging at 1500 x g for 10 
min and subsequently stored at 80 °C. A thoracotomy was performed followed by whole 
body transcardial perfusion with PBS for 5 min. Brain regions (bilateral hippocampi, 
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cortex and cerebellum) were dissected on ice and samples were immediately snap 
frozen in liquid nitrogen and stored at -80 °C until further analysis. Samples were then 
homogenized in 1 ml ice-cold 0.1M acetic acid using bead homogenization at 4 °C and 
centrifuged at 12000 g for 15 min. The supernatant was collected and stored at -80 °C. 
Concentrations of Trp and Kyn pathway metabolites (Kyn, 3-Hk (3-hydroxykynurenine), 
AA (anthranilic acid), KA, XA (xanthurenic acid), QA, 3-HAA (3-hydroxyanthranilic acid) 
and PA (picolinic acid)) were measured using isotope dilution mass spectrometry.

Statistical analysis
Statistical analyses were performed using IBM SPSS statistics 24 (IBM Corp, 2014) and 
JMP Pro 14. One- or two-way ANOVAs were conducted to investigate the effect of age and 
genotype or treatment and genotype and their interaction on metabolite concentrations 
with Tukey post-hoc tests in the case of significant interaction. Planned contrasts were 
used to investigate whether metabolites followed a linear or quadratic trend with aging. 
Paired t-tests were used to investigate differences between the two days of novel object 
test and two-way repeated measures ANOVA in combination with two-way ANOVA was 
conducted to analyse Morris water maze learning phase data. The criterion α was set to 
.050 for all tests of significance.

Results

Peripheral kynurenine pathway activity is dysregulated in APP23 
mice compared to wild-type but is similarly affected by aging 
Age-related activation of the Kyn pathway - measured in blood - is common in 
humans and could contribute to Kyn pathway dysregulation in neurodegeneration. 
To characterize the effect of aging on Kyn pathway activity in mice in the context of 

►Figure 1. Reduction of kynurenine pathway metabolites in the blood in APP23 mice and 
genotype-independent kynurenine pathway alterations in blood and brain during aging

A. Simplified representation of Trp metabolism along the Kyn pathway. B. Line plots showing 
median concentrations of metabolites in blood and (C) cortex, hippocampus and cerebellum from 
3-, 6- and 12-month-old wild-type (blue symbols) and APP23 (red symbols) mice (n=4-5). Error bars 
represent interquartile ranges. Significance of the main effect of genotype (G) or linear/quadratic 
effect of aging (A) in ANOVA are depicted using * and $ respectively. */$ p<.05; **/$$ p<.01; ***/$$$ 
p<.001. Abbreviations: Trp, Tryptophan; Kyn, Kynurenine; AA, anthranilic acid; KA, kynurenic acid; 
3-Hk, 3-hydroxykynurenine; XA, xanthurenic acid; 3-HAA, 3-hydroxyanthranilic acid; QA, quinolinic 
acid; PA, picolinic acid. 
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neurodegeneration, we analysed kynurenines in the serum of APP23 and wild-type mice 
at 3-, 6- and 12-month-old (Figure 1B).

Our analyses showed that age did not interact with genotype to affect serum 
concentrations of Kyn metabolites. Regarding the effect of genotype, our analyses 
revealed reduced concentrations of KA (F(1,28)=10.3, p=.004), 3-Hk (F(1,28)=17.3, p<.001), 
XA (F(1,27)=10.7, p =.004), 3-HAA (F(1,28)=14.5, p=.001) and QA (F(1,27)=22.3, p<.001) in 
serum of APP23 mice compared to wild-type with differences ranging from 25% (KA) to 
56% (QA). 

Aging was associated with changes in concentrations of XA (F(2,27)=3.9, p =.037), 3-HAA 
(F(2,28)= 15.1, p<.001) and QA (F(2,27)= 3.8, p=.038) in serum of wild-type and APP23 
mice. Planned-contrast testing revealed differential trends between aging and these 
kynurenines with a quadratic trend peaking at 6 months for XA (p=.012), a trend with 
both a quadratic and linear component with a peak at 12 months for 3-HAA (p<.001 and 
p=.037 respectively) and a linear increase of QA (p=.015). 

These results suggest dysregulated peripheral Kyn pathway activity in APP23 mice, which 
is characterized by reduced concentrations of several downstream Kyn metabolites. 
In addition, aging causes changes in peripheral Kyn pathway activity in mice that are 
similar in APP23 and wild-type.

Kynurenine pathway activity is not affected in the brain of APP23 
mice and shows region-specific changes during aging
Because certain kynurenines can cross the blood-brain barrier, dysregulation of 
peripheral Kyn pathway activity can result in altered Kyn pathway activity in the brain 
(Fukui et al. 1991). To analyse cerebral Kyn pathway activity, we analysed Kyn metabolites 
in the cortex, hippocampus and cerebellum in 3-, 6- and 12-month-old APP23 and wild-
type mice (Figure 1C). 

Similar to our results in serum, interaction analyses indicated no interaction between age 
and genotype for Kyn metabolite concentrations in cortex, hippocampus or cerebellum. 
In addition, no differences in the concentrations of kynurenines were noted in any of the 
investigated brain regions between APP23 and wild-type mice. 
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Regarding the effect of age, our analyses showed age-related trends of Kyn pathway 
changes in the cortex, hippocampus and cerebellum. Hippocampal Kyn pathway activity 
varied most strongly during aging with changes in levels of Kyn (F(2,28)=4.24, p=.028), 
AA (F(2,28)=4.53, p=.023), KA (F(2,24)=7.37, p=.005) and PA (F(2, 24)=7.37, p=.005). 
Planned-contrast testing indicated a linear decrease of Kyn (p=.011), quadratic trends 
with low concentrations at 6 months for AA and PA (p=.007 and p=.001 respectively) 
and a trend with both a quadratic and linear component peaking at 12 months for KA 
(p=.034 and p=.009 respectively). In the cortex, aging was associated with alterations of 
KA (F(2, 27)=12.3, p<.001) and 3-Hk (F(2,28)=4.3, p=.027) which were both characterized 
by a quadratic trend (p=.009 and p=.001 respectively). For the cerebellum aging was 
associated with changes in Kyn (F(2,28)=3.79, p=.039) with a linear decrease during 
aging (p=.012).

Taken together, these data provide evidence of Kyn pathway alterations during aging 
in the brain of APP23 and wild-type mice, which are most evident in the hippocampus. 
Surprisingly, although several kynurenines were reduced in the serum of APP23 mice, 
this was not paralleled by changes in cerebral metabolite concentrations.

Long-term TDO inhibition specifically improves recognition memory 
in APP23 mice
Studies in C. elegans and Drosophila melanogaster have shown that TDO inhibition can 
reduce Aβ toxicity (van der Goot et al. 2012; Breda et al. 2016). In addition, it was shown 
that oral administration of the TDO inhibitor 680C91 improved recognition memory 
in a mouse model of AD mice (Woodling et al. 2016). To further establish the role of 
TDO in memory function in the context of AD, we studied the effect of long-term oral 
administration of 680C91 on learning and memory in 6-month old APP23 and wild-type 
mice.

To establish whether TDO inhibition could similarly improve recognition memory in 
APP23 mice, we conducted the novel object recognition test. During the familiarization 
phase, all groups of mice spent an equal amount of time exploring both objects (data 
not shown). During the test phase, wild-type mice showed interest in the novel object 
which was not affected by treatment (p<.001 for vehicle and p=.002 for 680C91 for paired 
t-test). However, vehicle-treated APP23 mice showed impaired novel object recognition 
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(p=.787 for paired t-test) which could be restored by 680C91 treatment (p=.013) (Figure 
2A). 

Next, to analyse whether TDO inhibition could also improve spatial learning and 
memory, APP23 and wild-type mice were trained during eight trial blocks in the Morris 
water maze. Repeated measures ANOVA indicated that mice were able to find the 
platform more easily with each consecutive trial block (F(7,259)=54.9, p<.001) (Figure 
2B). Although APP23 mice spent a longer distance to find the platform during the first 
two trial blocks, all groups of mice similarly learned the location of the platform during 
the final trials suggesting no learning impairment in APP23 mice in this setup-up and 
no effect of 680C91 treatment. A probe trial was conducted four days after the final 
trial block to assess spatial memory. The average distance to the specific target location 
during the probe trial was similar between the groups (Figure 2C). However, following 
up on a significant treatment-by-genotype effect (F(1,40)=8.0, p=.007), post-hoc analyses 
indicated that APP23 mice treated with 680C91 spent less time in the quadrant on the 
right side of the target quadrant compared to wild-type mice (p=.020), suggesting a 
subtle difference in the search patterns of these mice (Figure 2D). 

Taken together, impaired recognition memory in APP23 mice could be rescued by long-
term oral administration of the TDO inhibitor 680C91 while spatial learning and memory 

►Figure 2. Inhibition of tryptophan 2,3-dioxygenase improves hippocampal-based 
recognition memory but does not influence measures of anxiety and spatial learning and 
memory in APP23 mice

A. Graph showing recognition index during a 5-minute familiarization phase (time spent exploring 
familiar object 1/time spent exploring familiar objects 1 and 2) versus the recognition index during 
the novel object phase 24 hours later (time spent exploring novel object/time spent exploring both 
objects). Results from paired-sample T tests are shown. * p<.05; ** p<.01; *** p<.001. B. Graph 
displaying the mean and standard errors of the total distance travelled during eight consequent 
trials during the learning phase of the Morris water maze. Results from main effect of genotype 
by two-way ANOVA are depicted. * p<.05. C. Graph showing the average distance to the platform 
location during the Morris water maze test phase (probe trial). D. showing the percentage time 
spent in the different quadrants the during the Morris water maze test phase (probe trial). Results 
from Tukey post-hoc test are depicted. * p<.05. E. Line bars showing mean and 95% CI of the total 
time spent in the centre and corners during the open field test paradigm in mice treated with 
vehicle (DMSO) or TDO inhibitor (680C91) through oral gavage (n=8-13). F. Line bars showing mean 
and 95% CI of the visiting frequency and the duration spent in the closed and open arms of the 
elevated plus maze. Results from two-way ANOVA are depicted. * p<.05; ** p<.01. 
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were not impaired in APP23 mice and were not affected by 680C91 treatment in the 
current experimental set-up. These data suggest a role for TDO in specific types of 
memory in APP23 mice.

Long-term TDO inhibition does not affect anxiety in APP23 mice
Genetic inhibition of TDO was found to reduce anxiety-related behaviour in mice (Kanai 
et al. 2009; Too et al. 2016). As anxiety could influence the performance of APP23 mice 
during memory test, we next investigated the effect of long-term TDO inhibition on 
anxiety-related behaviour in APP23 and wild-type mice. 

Results from the open field test, which was performed to analyse general exploratory 
behaviour, indicated that VEH- and 680C91-treated APP23 and wild-type mice spent a 
similar amount of time in the centre circle and corners of the open field set-up (Figure 
2E). 

Next, to more specifically address anxiety-related behaviour mice were tested in the 
elevated plus maze (Figure 2F). Following up on a significant treatment-by-genotype 
interaction effect (F(3,40)=5.9, p=.020), post-hoc analyses indicated a trend towards 
reduced closed arm visits after 680C91 treatment in APP23 mice (p=.060), which was 
not found in wild-type mice (p=.739). Further analyses indicated that, irrespective of 
treatment, APP23 mice spent less time in the closed arms (F(1,40)=9.7, p=.004) and more 
time in the open arms of the maze (F(1,40)=10.3, p=.003), while also visiting the open 
arms more frequently than wild-type mice (F(1,40)=6.8, p=.013) 

Taken together, these data suggest that APP23 mice show reduced anxiety-related 
behaviour which is not affected by long-term oral treatment with a TDO inhibitor. 

►Figure 3. Inhibition of tryptophan 2,3-dioxygenase has minor effects on kynurenine 
metabolites in blood and does not affect kynurenine metabolites in the brains of APP23 
mice

A. Boxplots showing distributions of Kyn pathway metabolites in blood and (B) cortex, hippocampus 
and cerebellum from 6-month-old wildtype and APP23 mice after a 6-week treatment with vehicle 
(DMSO) or vehicle + 680C91 through oral gavage (n=8-13). Significance of the main effect of 
genotype in two-way ANOVA or Tukey post-hoc tests (in case of significant interaction) are depicted 
with * p<.05 or ** p<.01. Abbreviations: Trp, Tryptophan; Kyn, Kynurenine; AA, anthranilic acid; KA, 
kynurenic acid; 3-Hk, 3-hydroxykynurenine; XA, xanthurenic acid; 3-HAA, 3-hydroxyanthranilic acid; 
QA, quinolinic acid; PA, picolinic acid.
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Long-term TDO inhibition has a minor influence on kynurenines in 
serum of APP23 mice and does not affect brain kynurenines
Finally, to investigate whether TDO inhibition could have improved recognition memory 
in APP23 mice by modulating the Kyn pathway, we analysed Kyn metabolites in serum 
and brain tissue of the VEH- and 680C91-treated APP23 and wild-type mice that had 
undergone behavioural tests.

The analyses indicated increased serum concentrations of Kyn in APP23 mice (genotype-
effect: F(1,40)=10.3, p=.003) (Figure 3A) while a trend was observed towards reduced 
Kyn in serum after treatment with 680C91 (treatment-effect: F(1,40)=4.0, p=.052). 
Concentrations of QA were reduced in APP23 mice (F(1,40)=5.2, p=.029) and, following up 
on a significant genotype-by-treatment interaction effect (F(1,40)=4.67, p=.037), post-hoc 
analyses indicated increased PA concentrations in VEH-treated APP23 mice compared 
to VEH-treated wild-type mice (p=.024) whereas concentrations did not differ between 
680C91-treated APP23 or wild-type mice and VEH-treated wild-type mice (p=.914 and 
p=.842). These data suggest that long-term oral treatment with 680C91 specifically 
lowers PA concentrations while possibly reducing the increased Kyn concentrations in 
serum of APP23 mice.

680C91 treatment did not influence the concentrations of Kyn metabolites in the cortex, 
hippocampus or cerebellum (Figure 3B). In addition, there were no differences between 
APP23 and wild-type mice and no interaction effects. 

Taken together, these results show that long-term treatment with the TDO inhibitor 
680C91 has minor effects on Kyn metabolite profiles in blood of APP23 and wild-type mice 
and does not affect Kyn metabolite levels in the cortex, hippocampus and cerebellum. 

Discussion

The Kyn pathway has been frequently linked to AD because of its involvement in aging, 
inflammation and neurotoxicity (Maddison and Giorgini 2015). Several studies have 
indicated that kynurenines could provide biomarkers for AD (Giil et al. 2017; Gulaj et al. 
2010; Hartai et al. 2007; Widner et al. 2000a) and that Kyn pathway enzymes, including 
TDO, could potentially be targeted to prevent or delay amyloid-beta-induced cellular 
toxicity (van der Goot et al. 2012; Breda et al. 2016). To further explore the role of the 
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Kyn pathway in aging and AD, we made use of the APP23 amyloidosis mouse model to 
investigate the effect of aging on Kyn profiles and the effect of long-term TDO inhibition 
on cognitive function. We found reduced serum concentrations of several downstream 
Kyn metabolites in APP23 mice. Independent of genotype, aging strongly affected 
metabolite levels in serum and was associated with region-dependent variations in brain 
tissue, most prominent in the hippocampus. Oral administration of the TDO inhibitor 
680C91 rescued impairments in recognition memory in APP23 mice without altering 
spatial learning and memory or anxiety-related behaviour. 

In accordance with studies in AD patients (Hartai et al. 2007; Giil et al. 2017; Gulaj et al. 
2010; Heyes et al. 1992), we found that multiple Kyn metabolites downstream of Kyn 
were reduced in serum of APP23 mice. The mechanisms underlying these changes 
are unknown but could include increased metabolism or disturbances in the circadian 
rhythm - which have both been previously observed in APP23 mice (Vloeberghs et al. 
2004; Vloeberghs et al. 2008). Such disturbances could affect Trp metabolism that shows 
a circadian pattern (Rapoport and Beisel 1968; Coggan et al. 2009; Carpenter et al. 1998; 
Kennedy et al. 2002),. As alterations in the circadian rhythm are common in AD patients 
and are closely related to metabolic dysfunction in AD pathology (Mattis and Sehgal 
2016), we speculate that reduced downstream Kyn pathway activity in AD patients or 
APP23 mice might reflect a state of metabolic and/or circadian dysregulation. 

To our knowledge, this is the first report on the effect of aging on kynurenines in the 
blood of mice. In line with studies in humans (Heyes et al. 1992; Giil et al. 2017), we found 
that QA accumulates during aging in blood of mice. Aging was recently shown to be 
associated with impaired metabolism of QA towards NAD+ in human macrophages, which 
significantly impacted their immune function (Minhas et al. 2018). Similarly, hampered 
QA-dependent de novo synthesis of NAD+ led to dysregulated cellular homeostasis in 
mouse models of hepatic and renal damage (Poyan Mehr et al. 2018; Katsyuba et al. 
2018). We speculate that QA accumulation in the blood could represent a cross-species 
phenotype of aging indicative of maladaptive cellular responses to age-related damage. 
Differences between mice and men with regard to age-related changes include a lack of 
increase of Kyn in serum of mice (Rist et al. 2017; Theofylaktopoulou et al. 2013; Collino 
et al. 2013; Yu et al. 2012; Capuron et al. 2011; Niinisalo et al. 2008; Pertovaara et al. 2006; 
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Frick et al. 2004). This could be attributed to species-specific activity of Kyn pathway 
enzymes (Fujigaki et al. 1998).

Our data indicated no alterations of Kyn metabolites in brain tissue of APP23 mice. This is 
in contrast with previous work on the Kyn pathway in AD mice (Zwilling et al. 2011; Wu et 
al. 2013) and could result from the use of different AD mouse models and the extend of 
brain pathology. In line with evidence in AD patients (Heyes et al. 1992), one study showed 
reduced KA concentrations in the cortex of 7-month-old J20 mice (Zwilling et al. 2011). In 
contrast to APP23, expression of mutated APP is driven by a promotor that is expressed 
during embryonic development (Mucke et al. 2000).This could alter embryonic Kyn 
pathway activity and modulate KA concentrations in the brain in later life (Pershing et al. 
2015). Another study analysed Kyn pathway activity in the brains of 3-, 6- and 12-month 
old triple transgenic mice (3xTg֯AD) (Wu et al. 2013) that overexpresses mutant APP 
and MAPT (encoding tau protein) on a presenilin-1 (PSEN1) knock-in background (Oddo 
et al. 2003). They demonstrated increased QA levels in the hippocampus of transgenic 
mice that progressed with aging. As we were unable to detect QA in our brain samples, 
a similar increase of QA levels in our model seems unlikely. As QA is mainly produced 
by microglia in the brain (Heyes et al. 1996; Guillemin et al. 2003), these results could be 
interpreted in line with evidence of age-dependent microglial activation in the 3xTg֯AD 
model (Belfiore et al. 2019). However, as QA concentrations are not increased in post-
mortem brain tissue of AD patients (Moroni et al. 1986; Mourdian et al. 1989; Sofic et al. 
1989), Kyn pathway disturbances in 3xTg֯AD might not be related to AD pathology. The 
above considerations should be taken into account when studying the Kyn pathway in 
AD mouse models.

In line with studies showing that TDO inhibition can improve AD-related behavioural 
deficits (Woodling et al. 2016; Too et al. 2016), we demonstrated that long-term oral 
administration of the TDO inhibitor 680C91 restored recognition memory deficits 
in APP23 mice. Treatment with 680C91 was previously shown to inhibit cerebral TDO 
activity (Cuartero et al. 2014). However, and although 680C91 affected Kyn levels in the 
serum, we did not observe a treatment effect on Kyn pathway activity in the brains of 
AD mice. We therefore speculate that TDO might have a role in brain physiology that 
is independent of its enzymatic function. Indeed, TDO inhibition reduced Aβ toxicity 
independent of Kyn metabolites in C. elegans (van der Goot et al. 2012). Alternatively, as 
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TDO expression is highly restricted to subregions in the brain, TDO inhibition could impact 
cellular function without causing measurable changes in metabolite concentrations at 
a regional level. Of interest in this regard, is the fact that TDO seems to be integrated 
in damage response mechanisms in the brain that are regulated by stress signals such 
as glucocorticoids and prostaglandins (Brooks et al. 2016; Ochs et al. 2015; Dostal et 
al. 2017) which might be activated by Aβ (Woodling et al. 2016). To establish whether 
TDO inhibition indeed offers therapeutic potential in AD, mechanistic studies should 
address how TDO activation impacts neuronal functioning and how this might influence 
AD-related cognitive dysfunction. 

We provided an extensive analysis of kynurenine profiles in serum and brain tissue during 
aging in a mouse model of AD and a characterization of the effects of pharmacological 
TDO inhibition on the Kyn pathway and cognitive function. However, our results should 
be discussed in light of the studies limitations. First of all, we observed differences in 
Kyn profiles between untreated and treated groups of mice (see Figure 1 and Figure 2). 
These differences are possibly explained by differences in the time of the day at which 
mice were. Secondly, contrary to previous reports from our group (Van Dam et al. 2003), 
spatial learning and memory were not impaired in 6-month-old APP23 mice as assessed 
in the Morris water maze. However, in the current study, mice were handled on a daily 
basis by a single experimenter during three weeks prior to the start of behavioural tests. 
Although chronic stress protocols can hamper mouse performance in the Morris water 
maze (Moreira et al. 2016), daily handling of mice and habituation to the experimenter 
can reduce stress-related behaviour and improve cognitive function (Neely et al. 2018; 
Hurst and West 2010). The development of novel TDO inhibitors that show higher 
solubility and stability will allow for the use of treatment routes such as food pellets or 
osmotic pumps that reduce such experimental biases. 

In conclusion, this study revealed age-related and genotype-specific changes of the 
Kyn pathway in the APP23 mouse model of AD. As these changes were partially in 
accordance with studies in humans, the APP23 mouse model might be used to study the 
role of the Kyn pathway in AD. Furthermore, we demonstrated that long-term inhibition 
of TDO improved hippocampal-based recognition memory in APP23 mice without 
majorly influencing central measures of Kyn pathway activity. These data suggest that 
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Kyn pathway activation could be a cross-species aging phenotype and warrants further 
investigation of the role of TDO in AD pathophysiology.
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Neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson’s 
disease (PD) are reaching epidemic proportions as human life-expectancy is steadily 
increasing. To cope with the progressive pressure that AD and PD are putting on our 
societies, we need strategies that delay or prevent their onset. The development of such 
strategies requires a thorough understanding of the different factors that drive AD and 
PD pathology. Ageing is characterized by a range of molecular phenotypes including 
increased cellular damage and dysfunctional damage response mechanisms and is 
considered the primary risk factor for the most common types of AD and PD. However, 
it is largely unclear which age-associated phenotypes drive progression of AD and PD.

The kynurenine (Kyn) pathway, the major metabolic pathway of the amino acid 
tryptophan (Trp), is deeply involved in damage response mechanisms and produces 
metabolites - kynurenines - that can both harm and protect brain cells. Kynurenines 
increase in human blood during ageing and blocking the Kyn pathway extends lifespan 
and protects from neurodegeneration in worms and mice. As Kyn pathway activity in 
the brain largely depends on availability of Trp and Kyn in the blood, dysfunctional 
control of blood concentrations during ageing could contribute to neurodegeneration. 
The analysis of kynurenines in blood could thus possibly be employed to predict age-
dependent vulnerability to AD and PD or track disease progression. In addition, the Kyn 
pathway could be targeted to prevent or delay the onset of these diseases. 

This thesis aimed to broaden the understanding of how Kyn pathway activity in the blood 
is controlled and to further establish the diagnostic and therapeutic potential of the Kyn 
pathway in ageing and neurodegeneration. In this chapter, we discuss the results of this 
thesis while reflecting on potential future research directions.  

How do glucocorticoids regulate kynurenine pathway 
activity in the blood? 

The liver is an important regulator of systemic Trp levels. Situated right behind the 
gastrointestinal tract, the liver rapidly degrades most of the Trp that enters the portal 
vein after food intake (Bender 1983). This function is supported by hepatocytes that 
constitutively express the enzyme tryptophan 2,3-dioxygenase (TDO) that drives the 
conversion of Trp to Kyn which then quickly fluxes through the downstream pathway 
to produce metabolites involved in energy homeostasis including acetyl-CoA and 
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nicotinamide adenine dinucleotide (NAD+). Genetic or pharmacological inhibition of 
hepatic TDO causes a large increase in system and brain Trp concentrations, highlighting 
the important role of TDO as Trp regulator (Kanai et al. 2009; Salter et al. 1995). The 
activity of TDO in the liver is under hormonal control (Badawy 2017). Glucocorticoids 
such as cortisol, which is released during periods of stress (including starvation, 
hypoxia and immune activation), induce hepatic TDO transcription through binding of 
glucocorticoid responsive elements on the promotor region of TDO (Nakamura et al. 
1987; Danesch et al. 1987; Danesch et al. 1983), resulting in the enzymatic conversion of 
Trp to Kyn (Feigelson and Greengard 1963; Schimke et al. 1964; Altman and Greengard 
1966) (Figure 1A). 

These concepts are largely based on experiments using supraphysiological doses of non-
endogenous glucocorticoids, yet evidence on the relationship between physiological 
glucocorticoid functioning and Trp metabolism is lacking. In Chapter 3 and Chapter 4 
we described two studies that investigated this relationship making use of observational 
and experimentally controlled human cohorts. In sharp contrast with previous findings, 
our models in Chapter 3 indicated that increased basal cortisol levels were associated 
with reduced metabolism of Trp. These analyses were conducted in a cohort consisting 
of over 2000 individuals and included healthy controls and people suffering from a 
major depressive disorder. We showed that the inverse relationship between cortisol 
and Trp metabolism was limited to patients suffering from chronic types of depression 
(on average these people suffered from over eight depressive episodes during their 
lifetime). To extend our findings, we then investigated the effect of glucocorticoids on 
Trp metabolism within the setting of a randomized controlled trial. This cross-over study 
- described in Chapter 4 - was conducted in patients with adrenal insufficiency, who 
produce inadequate amounts of glucocorticoids and require lifelong glucocorticoid 
substitution therapy with hydrocortisone. This study investigated the effect of a lower 
or higher dose of hydrocortisone during a 10-week period on mental and physical 
wellbeing of these individuals. In accordance with our previous findings, we found that 
a higher dose hydrocortisone caused reduced metabolism of Trp measured in the blood. 
Importantly, our models showed that Trp metabolism was involved in the effects of 
hydrocortisone on quality of life. 
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The results of these two studies are in striking contrast with previous work but should be 
considered in light of important methodological differences. Most relevant in this regard 
is the fact that previous studies (both in vitro and in vivo) used a single high dose of 
very potent glucocorticoids (Maes et al. 1990; Morgan and Badawy 1989). Physiological 
glucocorticoid functioning is regulated as part of a multi-organ and complex feedback 
system that controls metabolic and immune homeostasis. Release of glucocorticoids 
is finetuned in response to the amount of stress and shows a typical circadian rhythm. 
We speculate that experimental settings as described above poorly reflect physiological 
glucocorticoid functioning. 

Kyn pathway dysregulation as a phenotype of glucocorticoid 
resistance? 
Although both studies described Chapter 3 and Chapter 4 investigated glucocorticoid 
functioning in a different way, both seem to indicate a relation between increased (but 
physiological) glucocorticoid output and reduced Trp metabolism. Without suggesting 
causal inference, these results allow for speculations on mechanisms that could underlie 
this notion. 

One of these mechanisms could include resistance (or reduced sensitivity) of TDO to 
glucocorticoid induction in situations of long-term increased glucocorticoid exposure. 
Glucocorticoids exert their effects by binding the glucocorticoid receptor (GR), which 
then translocates to the nucleus to positively or negatively regulate the expression 
of target genes through binding of glucocorticoid responsive elements, transcription 
factors and coactivators (Sacta et al. 2015). Glucocorticoid resistance can occur after 
long-term exposure to glucocorticoids and is characterized by (mal)adaptive changes 
in GR functioning including decreased translocation of the GR to the nucleus, reduced 
transcription of the GR and posttranslational modifications of the GR (Kadmiel and 
Cidlowski 2013). This leads to altered patterns of gene expression in otherwise 
glucocorticoid-responsive cells. Although glucocorticoid resistance has been well-
characterized in immune cells, reduced sensitivity to glucocorticoids also modulates 
the metabolic functioning of other cell-types including hepatocytes (Whirledge and 
DeFranco 2018). In this context, we speculate that reduced hepatic Trp metabolism could 
be one of the phenotypes of glucocorticoid resistance occurring in situations of long-
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term dysregulated glucocorticoid signalling which could occur in chronically depressed 
individuals or after prolonged treatment with higher dosage HC (Figure 1B). 

In a similar fashion, glucocorticoid resistance could be associated with reduced Trp 
metabolism by downregulation of IDO activity. As we discussed in Chapter 3, the 
activation of indoleamine 2,3-dioxygenase (IDO) by immune and non-immune cells is 
crucial for inflammatory control. Transcriptional regulation of IDO is cell- and context-
specific and involves the (combined) action of inflammatory mediators such as interferon-

Figure 1. Hypothetical model of glucocorticoid-related kynurenine pathway activity

Figure showing a hypothetical model on the regulation of the Kyn pathway by glucocorticoids. 
A. Depicting a balanced response to acute stress that includes activation of the Kyn pathway to 
allow for the metabolic and immune control of the stressor. B. Chronic stress, for example during 
chronic types of depression, or long-term higher doses of glucocorticoid therapies could lead to 
dysregulation or adaption of the stress response characterized (amongst others) by inhibition of 
the Kyn pathway. Mechanisms could include resistance of Trp metabolizing enzymes to action of 
glucocorticoids or inhibition of inflammatory cytokines that normally induce IDO. Abbreviations: 
IDO, indoleamine 2,3-dioxygenase; Kyn, Kynurenine.
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gamma (IFN-y) on central ‘immunological’ signalling pathways including NF-κB and JAK/
STAT (Mbongue et al. 2015). Glucocorticoids have strong anti-inflammatory effects by 
acting both up- and downstream of these signalling pathways (Quax et al. 2013) and 
acute administration of glucocorticoids induces IDO expression and activity (Manches 
et al. 2012; Brooks et al. 2016). Although the activity of IDO has not been studied in 
the context of glucocorticoid resistance, we hypothesize that diminished glucocorticoid 
sensitivity during chronic stress could be associated with reduced IDO-dependent Trp 
metabolism (Figure 1B). 

Taken together, our results point towards an unexpected link between endogenous 
glucocorticoid functioning and Trp metabolism. These results could guide more 
mechanistic studies to unravel the interaction between glucocorticoids and TDO- 
and IDO-dependent Trp metabolism in the context of chronic stress or glucocorticoid 
therapy.

What is the relevance of the kynurenine pathway in 
ageing and neurodegeneration? 

Many studies (and theories) have linked the Kyn pathway to ageing and neurodegeneration. 
One of these theories is that dysregulation of systemic Kyn pathway activity could alter 
the action kynurenines in the brain. Ageing could cause this dysregulation and thereby 
contribute to neurodegeneration. In Chapter 5 and Chapter 6, we focused on further 
establishing the diagnostic and therapeutic potential of the Kyn pathway in ageing and 
neurodegeneration.  

In Chapter 5 we described an analysis of Trp and Kyn metabolites in blood and 
cerebrospinal fluid (CSF) of persons suffering from AD and PD and age-matched 
(cognitively) healthy controls. We showed that Kyn pathway activation is a general 
phenotype of ageing that is not altered in neurodegeneration. Specifically, we found that 
ageing is associated with the accumulation of Kyn and the neurotoxic Kyn metabolite 
quinolinic acid (QA) in blood and CSF. We then showed that both in AD and PD patients 
levels of the neuroprotective Kyn metabolite kynurenic acid (KA) are strongly reduced 
compared to control. By measuring levels of other amino acids that compete with Trp 
and Kyn for brain transport, we were able to show that this type of transport probably 
did not contributed to reduced production of KA in the AD and PD brain. 
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In Chapter 6 we aimed to further substantiate these fi ndings and to assess whether Kyn 
pathway inhibition could be of therapeutic value in neurodegeneration. To do so, we 
made use of the APP23 mouse model of AD. First, we established temporal changes in 
Kyn profi les in the blood and the brain of these mice and their wildtype littermates. In 
accordance with our study in human subjects, age-related patterns of Kyn metabolites in 
the blood and the brain were similar in healthy (wild-type ) mice and APP23 mice. Ageing 
caused accumulation of QA and 3-hydroxyanthranillic acid (3-HAA) in the blood, while it 
affected brain Kyn metabolites in a region-specifi c manner. This effect was most striking 
in the hippocampus where multiple Kyn metabolites, including KA, were altered during 
ageing. Concentrations of many Kyn metabolites in the blood were reduced in APP23 
mice, while there were no changes in the metabolite concentrations in the brain. Next, 
we tested the effect of TDO inhibition on Kyn pathway profi les and cognition in APP23 
mice. We demonstrated that long-term inhibition of TDO ameliorated hippocampal-
based recognition memory in APP23 mice while infl uencing Kyn metabolism in the blood 
but not in the brain. 

Of worms, mice and men: kynurenine pathway activity as a cross-
species marker of ageing
Focusing on the role of the Kyn pathway in ageing, the two studies described in Chapter 
5 and Chapter 6 show interesting differences and similarities. For example, Kyn 
levels did not increase with ageing in the blood of mice whereas increased Kyn levels 
were strongly associated with ageing in blood and CSF within our human cohort, an 

Box 1. Improving health- and lifespan by boosting NAD+ production

Strategies aiming to increase breakdown of QA towards NAD+ might be used to enhance 
cellular functioning during ageing and possibly treat age-related diseases that are 
characterized by hampered NAD+-related cellular function such as neurodegenerative and 
cardiovascular diseases (Katsyuba and Auwerx 2017). These strategies could include inducing 
QPRT expression or blocking the metabolism of other branches of the Kyn pathway that 
shunt Kyn away from NAD+ synthesis. Regarding this latter option, a recent study showed 
that inhibition of ACMSD (alpha-amino-beta-carboxymuconic semialdehyde decarboxylase) 
- an enzyme that facilitates the metabolism of Kyn away from NAD+ synthesis - increased 
lifespan in Caenorhabditis elegans and improved health in mouse models of hepatic and 
renal damage by boosting NAD+ production (Katsyuba et al. 2018). Further preclinical and 
clinical studies should establish the potential of the Kyn pathway as a drug target to boost 
NAD+ synthesis and improve age-related cellular decline. 
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observation that has repeatedly reported in other studies (see Chapter 3) (Rist et al. 
2017; Theofylaktopoulou et al. 2013; Collino et al. 2013; Yu et al. 2012; Capuron et al. 
2011; Niinisalo et al. 2008; Pertovaara et al. 2006; Frick et al. 2004). The most striking 
similarity between mice and humans, was age-related accumulation of QA in the blood 
and increased KA in the brain during ageing. Kyn pathway activation culminating in 
either increased production of Kyn and/or downstream Kyn metabolites might thus 
constitute a cross-species phenotype of ageing. In line with this idea, high relative Kyn 
pathway activity was associated with shortened maximum lifespan across 26 different 
mammalian species (Ma et al. 2015). In addition, inhibition of the Kyn pathway extended 
lifespan in lower animal models (van der Goot et al. 2012; Sutphin et al. 2017; Breda 
et al. 2016), suggesting that activation of this pathway might be a mediator of ageing 
preserved throughout evolution. 

Ageing and the kynurenine pathway: the chicken or the egg?
We are far from understanding the relevance of Kyn pathway activation in ageing. Most 
importantly, it is unclear whether Kyn pathway activation is a cause or consequence 
of the biological processes that underlie ageing. As we hypothesized in Chapter 3, 
activation of the Kyn pathway during ageing could reflect a progressive onset of an 
anti-inflammatory milieu necessary to suppress inflammation caused by accumulation 
of cellular damage. 

Additionally, the Kyn pathway might be connected to ageing through its role in de novo 
synthesis of NAD+. Ageing is associated with reduced levels of NAD+. This reduction is 
thought to be (at least in part) caused by the activation of NAD+-consuming enzymes, 
which are activated by age-related cellular damage (Verdin 2015). Although NAD+ is 
produced through multiple pathways, recent studies have highlighted the importance 
of de novo NAD+ synthesis that depends on the Kyn pathway. For example, hepatocytes 
were found to be strongly dependent on Kyn pathway activity to produce NAD+ (Liu 
et al. 2018). Similar observations were done in macrophages (Minhas et al. 2018). This 
latter study is of particular interest with regard to ageing, as the authors showed that de 
novo synthesis of NAD+ declined during ageing in macrophages. Specifically, ageing was 
associated with reduced expression of QPRT (quinolinate phosphoribosyltransferase) 
- which facilitates the metabolism of QA towards NAD+. Interestingly, the resulting 
accumulation of QA hampered macrophage immune function during ageing. Similarly, 
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QA accumulation due to low QPRT expression was found to limit NAD+-dependent 
protection from ischemic renal damage (Poyan Mehr et al. 2018). These studies suggest 
that Kyn pathway activation might be used to sustain metabolic functioning under 
increasing (age-related) cellular damage by boosting intracellular levels of NAD+. In 
this context, a declining ability to metabolize QA by macrophages or renal cells could 
contribute to the age-related changes in systemic Kyn pathway metabolites that we 
demonstrated. This pathway could potentially also be targeted to improve health- and 
lifespan (Box 1).

Kynurenic acid in neurodegeneration: friend or foe?
Our studies in humans and mice contribute to a growing body of literature that implicates 
the Kyn pathway in neurodegeneration. One of the most interesting findings, was that 
KA concentrations were strongly reduced in the CSF of PD and AD patients. This result is 
in accordance with findings of reduced KA concentrations in post-mortem brain tissue of 
PD patients and CSF of AD and PD patients (Ogawa et al. 1992; Heyes et al. 1992). As KA 
does not cross the blood-brain barrier and as we did not observe differences in estimates 
of cerebral uptake of Kyn from the blood, these data indicate that the production of KA 
in the brains of PD and AD patients might be reduced. 

Bearing in mind the observational nature of our study, we can hypothesize on what 
could be the relevance of hampered cerebral KA production in neurodegeneration. The 
best established function of KA in the brain is inhibition of neuroreceptors including 
the N-methyl-D-aspartate (NMDA) receptor and the homomeric α7-nicotinic receptor 
(α7nAChR) (Hilmas et al. 2001; Rassoulpour et al. 2005). Excessive activation of NMDA 
receptors and consequent glutamate neurotoxicity is a hallmark of PD and AD (Lipton 
2006). Our findings support the frequently postulated theory that a disturbed balance 
between KA and QA - an NMDA receptor agonist - could contribute to glutamate 
neurotoxicity in neurodegenerative diseases (Schwarcz 2016; Schwarcz et al. 2012; 
Maddison and Giorgini 2015). Although it is often suggested that neuroinflammation 
in PD and AD could contribute to increased levels of QA, our results indicate that QA 
accumulation with ageing is in fact a phenotype of normal ageing both in humans and 
in mice. We speculate that age-related QA accumulation in combination with disease-
specific KA depletion could contribute to altered neuroreceptor signalling and possibly 
glutamate neurotoxicity in PD and AD. 
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In addition, disturbances in NMDA and α7nAChR receptor signalling due to fluctuations 
of KA could contribute to a deficit in neurogenesis, which is emerging as key feature 
in PD and AD pathophysiology (Papadimitriou et al. 2018). For example, kynurenines 
aminotransferase (KAT) - enzymes that catalyse KA production - are highly expressed 
in brain regions crucial for adult neurogenesis and trafficking in mice and rats (Song 
et al. 2018; Herédi et al. 2017). Increasing KA production in rats during embryogenesis 
changed hippocampal plasticity and cognitive function in adulthood (Forrest et al. 
2015; Khalil et al. 2014; Pershing et al. 2015). However, a recent study showed that Aβ 
induced the production of KA in neuronal stem cells thereby supressing their plasticity 
(Papadimitriou et al. 2018). The authors demonstrated high KAT protein expression in 
the temporal lobe and hippocampus of AD patients. These data suggest that increased 
production of KA in specific brain regions might in fact contribute to deficits in neuronal 
development. We speculate that our finding of reduced concentrations of KA in CSF 
could be caused by region-specific adaptive changes in KA-producing cells. These data 
also indicate that strategies aiming to boost cerebral KA production - which was already 
shown to alleviate symptoms of neurodegeneration in PD and AD animal models (Zwilling 
et al. 2011; Grégoire et al. 2008) - might have unwanted effects on neuronal stem cell 
function. In addition, they warrant further investigation of the up- and downstream 
pathways that control KA production in the brain and their relevance in different aspects 
of the pathophysiology of chronic neurodegenerative diseases. 

To establish the diagnostic/prognostic potential of the Kyn pathway in blood and/or 
CSF of PD and AD patients, our results should be replicated within prospective and 
preferably longitudinal cohorts. In addition, future studies could address the source of 
Kyn pathway disturbances in CSF of PD and AD patients, for example by making use 
of immunohistochemical analyses of cell- and region-specific Kyn pathway metabolites.

Using mice to study kynurenines in Alzheimer’s disease
Reduced KA concentrations were not reproduced in our study using the APP23 mouse 
model of AD. In fact, we found that none of the analysed Kyn metabolites were altered 
in the brains of APP23 mice compared to wildtype. 

These results contrast with previous studies in AD mouse models that showed diverse 
Kyn pathway disturbances in the brain (Zwilling et al. 2011; Wu et al. 2013; Woodling 

137719_sorgdrager_binnenwerk_2.indd   172 19/09/08   21:40:21



173

General Discussion and Perspectives

et al. 2016) and highlight the variability of Kyn pathway disturbances in AD mouse 
models. As an example, a landmark study showed that KA concentrations were reduced 
in the cortex of AD mice (Zwilling et al. 2011). AD-related pathology and behavioural 
deficits were prevented by boosting cerebral KA through inhibition of downstream Kyn 
metabolism. The investigators made use of the J20 mouse model of AD (Mucke et al. 
2000). Different to the APP23 model that we used, J20 mice overexpress APP with two 
mutations. In addition, APP overexpression is driven by the promoter PDGF-β (platelet-
derived growth factor subunit B) instead of Thy1, a promoter that is commonly used in 
AD models (including APP23). This difference might have important consequences for 
Kyn pathway activity in the brain because PDGF-β expression begins around embryonal 
day 15 (out of 21) while Thy1 expression begins around postnatal day seven. 

In line with the concept that embryonic Kyn pathway changes can have lifelong effects 
on Kyn metabolite concentrations in the brain (Pershing et al. 2015), expression of 
transgenes in the developing mouse brain might have lifelong consequences for Kyn 
pathway activity. Although these changes could contribute to neurodegeneration later 
in life, it is questionable how well they reflect Kyn pathway disturbances that arise during 
the course of AD. A thorough examination of Kyn pathway activity in different mouse 
models of AD (including mice at advanced age) could further help to establish which 
mouse model is most suitable to study the Kyn pathway in the context of AD.  

TDO as a drug target in neurodegeneration
Enzymes of the Kyn pathway including IDO and kynurenine-3-monooxygenase (KMO) 
have been successfully targeted to prevent neurodegeneration in mouse models 
of AD (Zwilling et al. 2011; Souza et al. 2016). Similarly, inhibition of TDO prevented 
neurodegeneration in Caenorhabditis elegans and Drosophila melanogaster models 
of AD, PD and Huntington’s disease (HD) (van der Goot et al. 2012; Breda et al. 2016; 
Campesan et al. 2011). As expression of TDO was detected co-localized to tau protein 
and Aβ deposits in post-mortem brain tissue of AD patients (Wu et al. 2013), TDO could 
be a potential drug target to prevent or ameliorate neurodegeneration in humans. We 
showed that TDO inhibition improved hippocampal-dependent recognition memory in 
a mouse model of AD. Although of a preliminary nature, these results suggest that TDO 
might play a role in hippocampal functioning in the course of AD. 
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Although multiple lines of evidence support the notion that TDO inhibition can ameliorate 
neurodegeneration, the mechanisms that underlie this notion remain obscure. In 
Drosophila melanogaster models of HD inhibition of TDO caused neuroprotection 
by increasing the relative production of KA (Campesan et al. 2011; Breda et al. 2016). 
These results are in accordance with studies that indicate that boosting KA levels might 
protect from neurodegeneration in mammals (Zwilling et al. 2011). However, in mice 
KA production is not boosted by - pharmacological (Chapter 6) or genetic (Kanai et al. 
2009) - inhibition of TDO. This not only demonstrates that the production of Kyn pathway 
metabolites is differentially regulated by TDO across species, but also indicates that 
Drosophila melanogaster models are possibly less useful as a pre-clinical model to study 
the role of TDO in neurodegeneration. 

Making use of Caenorhabditis elegans models of AD, PD and HD, our lab previously 
demonstrated that TDO can act as a regulator of protein toxicity through a mechanism 
that did not depend on Kyn pathway metabolites. In these models the protective effect 
of TDO inhibition instead relied on Trp accumulation and was shown to possibly involve 
the synthesis of serotonin (van der Goot et al. 2012). In mammals, genetic knockout of 
TDO in mice and TDO insufficiency in humans caused biochemical changes (increased 
levels of Trp and serotonin) similar to those observed in Caenorhabditis elegans (Kanai 
et al. 2009; Ferreira et al. 2017). This indicates that the role of TDO as a regulator of Trp 
levels has been well-preserved throughout evolution and suggests that Caenorhabditis 
elegans models could be used to further assess the mechanisms underlying the role of 
Trp in protein toxicity in the context of neurodegeneration. Our findings in Caenorhabditis 
elegans suggested that the function of TDO as a regulator of protein toxicity could 
(partially) involve serotonin synthesis (van der Goot et al. 2012). Indeed, more recent 
studies in Caenorhabditis elegans showed that serotonin is involved in pathways that 
regulate mitochondrial functioning during proteotoxic stress in Caenorhabditis elegans 
(Berendzen et al. 2016; Zhang et al. 2018). As serotonergic dysfunction is a common 
feature of neurodegenerative disease (Xu et al. 2012), further exploration of the interplay 
between TDO and serotonin in neurodegeneration in mammals could be of interest. 
These studies could make use of the fact that cerebral serotonin synthesis is strongly 
increased in TDO knockout mice (Kanai et al. 2009).
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Additionally, it will be of importance to better understand the pathways that connect TDO 
to the processes that underlie neurodegeneration. Glucocorticoids and prostaglandins, 
which are released at sites of inflammation to orchestrate immune tolerance, seem to be 
involved in inducing TDO expression in the brain (Dostal et al. 2017; Brooks et al. 2016; 
Ochs et al. 2015). In the case of prostaglandin, transcription and enzymatic activity of 
TDO was found to be induced through a cyclooxygenase 2 (COX-2)-dependent pathway 
(Ochs et al. 2015). Importantly, Aβ induced TDO expression through COX-2-dependent 
release of prostaglandins in primary neurons (Woodling et al. 2016). These data implicate 
that TDO could be involved in damage control machineries that are activated as part of 
a response to neurodegeneration and warrants further investigation of the involved 
signalling molecules.

Finally, the results from our study described in Chapter 6 should be interpreted with 
care because TDO inhibition did not change metabolite concentrations in the brain. Of 
note, constitutive TDO expression within the brain is limited to specific regions including 
a small layer of cells in the hippocampus and the cerebellum (Kanai et al. 2009a). It is 
thus possible that treatment with a TDO inhibitor does not produce quantifiable changes 
of the Kyn pathway. To further address the role of TDO in neurodegeneration, we are 
currently establishing a new transgenic animal model by crossbreeding TDO knockout 
mice with APP23 mice. This model will be used to study the effect of TDO deletion on AD-
related brain pathology and behaviour.  

Conclusion 

This thesis has shed new light on the relation between glucocorticoids and Kyn pathway 
activity and suggests that the interaction between the two could be of relevance in 
mood disorders and disturbances. We have also provided a novel theoretical framework 
that could aid the investigation of the role of Trp metabolism in ageing and our results 
suggest that the analysis of Kyn profiles could be employed to predict or track ageing 
and neurodegeneration. Finally, we have provided further evidence that underlines the 
potential of the Kyn pathway as a therapeutic target in age-related neurodegenerative 
diseases. 
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We worden steeds ouder: de komende 20 jaar verdubbelt het aantal Nederlanders boven 
de 80. Ziekten zoals Alzheimer en Parkinson, neurodegeneratieve ziekten die vooral 
ontstaan op latere leeftijd, komen hierdoor bij steeds meer mensen voor. We willen 
beter voor deze groeiende groep patiënten zorgen en tegelijkertijd het zorgsysteem 
ontlasten. Daarom is er dringend behoefte aan manieren om deze aandoeningen eerder 
te diagnosticeren en efficiënter te behandelen. De rol van biologische veroudering in 
het ontstaan van deze ziekten is daarbij een belangrijk uitgangspunt.

Verschillende studies hebben aangetoond dat veroudering gepaard gaat met verhoogde 
activiteit van de kynurenine stofwisselingsroute - de belangrijkste metabole route van het 
aminozuur tryptofaan. Die verhoogde activiteit leidt tot een verstoring van zogenaamde 
kynurenines in het bloed en de hersenen. Dit kan bijdragen aan neurodegeneratie 
omdat bepaalde kynurenines, zoals quinolinezuur, de hersenen beschadigen terwijl 
anderen, bijvoorbeeld kynureninezuur, de hersenen juist beschermen. Het meten van de 
tryptofaan- en kynurenine-concentraties in het bloed is de meest gebruikelijke manier 
om de activiteit van de kynurenine stofwisselingsroute vast te stellen. De interpretatie 
van deze waarden is echter ingewikkeld. Immers, tryptofaanmetabolisme vindt plaats in 
meerdere organen. Bovendien spelen bij dit metabolisme allerlei factoren een rol, zoals 
de invloed het stresshormoon cortisol.

Het eerste doel van dit onderzoek was om beter inzicht te krijgen in de factoren die 
de activiteit van de kynurenine stofwisselingsroute beïnvloeden. In Hoofdstuk 2 
bespreken we daarom uitgebreid het effect van veroudering op de activiteit van de 
kynurenine stofwisselingsroute en laten we zien dat deze activiteit een uitstekende 
maat is voor biologische veroudering. In Hoofdstuk 3 en Hoofdstuk 4 onderzoeken 
we vervolgens in twee verschillende patiëntengroepen de relatie tussen cortisol en 
tryptofaanmetabolisme. In tegenstelling tot eerdere bevindingen, laten we zien dat 
hoge cortisolwaarden geassocieerd zijn met verminderd metabolisme van tryptofaan. 
Ons onderzoek werpt daarmee een nieuw licht op de relatie tussen cortisol en 
tryptofaanmetabolisme en laat bovendien zien dat deze relatie een rol kan spelen in het 
welzijn van patiënten.    

Het tweede doel van dit onderzoek was om vast stellen of de kynurenine stofwisse-
lingsroute kan bijdragen aan de diagnostiek en behandeling van neurodegeneratieve  
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ziekten. In Hoofdstuk 5 beschrijven we een analyse van kynurenines in bloed en hersen-
vocht van patiënten met de ziekte van Alzheimer en de ziekte van Parkinson enerzijds 
en van gezonde mensen met dezelfde leeftijd anderzijds. We tonen aan dat verhoogde  
activiteit van de kynurenine stofwisselingsroute een algemeen fenotype van verouder-
ing is dat niet geassocieerd is met neurodegeneratie. Vervolgens laten we zien dat de  
concentraties van kynureninezuur beduidend lager zijn bij patiënten met  
Alzheimer en Parkinson dan bij gezonde ouderen. In Hoofdstuk 6 proberen we daarom 
na te gaan of het onderdrukken van de kynurenine stofwisselingsroute therapeutische 
waarde kan hebben bij neurodegeneratieve ziekten. Hiervoor maken we gebruik van 
het APP23-muismodel voor de ziekte van Alzheimer. We vergelijken eerst het effect van 
veroudering op kynurenines in het bloed en de hersenen van wildtype-muizen met dat 
van APP23-muizen. Het blijkt dat er geen verschil is. Deze resultaten komen goeddeels 
overeen met onze patiëntenstudie. Vervolgens laten we zien dat langdurige remming 
van tryptofaanmetabolisme de geheugencapaciteit van APP23-muizen gedeeltelijk her-
stelt. Deze resultaten bevestigen het idee dat kynurenines een rol spelen in neurode-
generatieve ziekten en suggereren dat de kynurenine stofwisselingsroute diagnostische 
en therapeutische potentie heeft bij deze aandoeningen. Deze en andere conclusies 
worden bediscussieerd in Hoofdstuk 7. 

Dit proefschrift biedt een goed uitgangspunt voor verder pre-klinisch en klinisch  
onderzoek naar de diagnostische en therapeutische waarde van de kynurenine stofwis-
selingsroute bij de ziekte van Alzheimer en de ziekte van Parkinson en werpt bovendien 
vragen op die middels fundamenteel onderzoek beantwoord moeten worden. 
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In een tijd waarin de mens in toenemende mate wordt gezien als een wandelende 
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