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Introduction
The kynurenine (Kyn) pathway (KP) (Figure 1) is the major 
route of degradation of the essential amino acid l-tryptophan 
(Trp), accounting for ~95% of the dietary Trp disposal. 
Functional and regulatory aspects of this pathway have recently 
been reviewed.1 The liver is the major site of the KP, being 
responsible for ~90% of overall Trp degradation under normal 
physiological conditions. The extrahepatic KP, by contrast, 
contributes very little (<2%) to Trp degradation under normal 
conditions, but assumes a greater quantitative significance after 
immune activation. The KP is controlled by the first enzyme: 
tryptophan 2,3-dioxygenase (TDO, formerly Trp pyrrolase; 
EC 1.13.11.11) in liver and indoleamine 2,3-dioxygenase 
(IDO: EC 1.13.11.17) elsewhere. Liver TDO activity is regu-
lated by a number of mechanisms: induction of synthesis de 
novo by glucocorticoids, activation and stabilisation by the Trp 
substrate, activation by the heme cofactor, and end product 
inhibition by NAD(P)H.1 By contrast, IDO is induced mainly 
by interferon-γ (IFN-γ) and certain other cytokines and inhib-
ited by NO and excess Trp.1 The discovery of IDO and its 
induction by IFN-γ2 heralded a new era in immunologic 
research centred on Trp metabolism and in particular IDO (for 
an extensive review, see the study by Yeung et al3). The KP now 
occupies a central position in studies of immune function and 
disease.

We would like to discuss in this review an aspect of IDO 
research that requires critical appraisal, namely that of the 
somewhat indiscriminate use of the ratio in plasma or serum of 

concentration of Kyn to that of Trp, ie the [Kyn]/[Trp] ratio, to 
express IDO activity. In the following text, the origin of use of 
this ratio will be discussed, variations in extent of its elevation 
will be described, evidence against its indiscriminate use will be 
presented, and examining factors other than IDO activity 
which determine it will be proposed for future studies.

Origin of the Use of the Plasma [Kyn]/[Trp] Ratio to 
Express IDO
In demonstrating IDO induction by IFN-γ, Yasui et  al2 
observed a decrease in [Trp] and an increase in [Kyn] in human 
lung slices. Similar changes were subsequently observed in cul-
ture media after IFN-γ induction of IDO in human peripheral 
blood monocytes4 and a number of human cell lines.5 In these 
in vitro studies, the ‘closed’ system allows the monitoring of 
Kyn and Trp levels in the isolated tissue or culture media and 
thus justifies the valid use of the [Kyn]/[Trp] ratio to express or 
at least reflect changes in IDO activity. A wide array of pub-
lished studies in cell cultures too numerous to be listed here 
have established beyond doubt the role of IDO in controlling 
the [Kyn]/[Trp] ratio in these systems. A similar situation is 
observed after cortisol induction of TDO in the isolated 
perfused rat liver.6 Here, a ~50% decrease in perfusion 
medium [Trp] is accompanied by a ~4-fold increase in [Kyn], 
with a consequent dramatic increase in the [Kyn]/[Trp] ratio. 
Although monitoring this ratio in culture media and other iso-
lated systems is free from interference from or participation of 
‘external’ modulating factors, this is not the case in the in vivo 
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situation, wherein supply of nutrients; the presence of multiple 
cell types; complex structural and functional tissue arrange-
ments; the extracellular matrix; and hormonal, cytokine, and 
paracrine interactions are some such modulators.7 Thus, 
extrapolation from cell culture to the whole organism is not 
justified without adequate control of the prevailing in vivo 
conditions.

Extrapolation was adopted by many researchers, because 
either they did not have the means of direct measurement of 
IDO activity in immune cells or such activity is generally 
hardly detectable under basal conditions. Other authors 
resorted to measuring the IDO gene expression as a second 
best, but increased mRNA expression is not synonymous with 
increased enzyme functional activity. A case in point is that of 

the ability of 1-methyl tryptophan to prevent the increase in 
the [Kyn]/[Trp] ratio, but not the increased gene expres-
sion of IDO in Bacillus Calmette-Guérin (BCG)-treated 
mice.8 A situation has thus arisen wherein never in the his-
tory of biochemistry has so much been concluded about 
changes in an enzyme activity without having had it meas-
ured directly in suitable sources. That IDO activity is hardly 
detectable under normal conditions has been amply demon-
strated in a variety of cells, eg, human monocytic THP-1 
cells, a range of mouse cell lines, and rat glial cells.9-12 
However, there is no reason why it could not be detectable 
when measured in immune cells after immune activation in 
test subjects in comparison with the low or undetectable 
activity in similar cells from controls.

Figure 1.  The Kyn pathway of Trp degradation. The 5 determinants of the [Kyn]/[Trp] ratio(Flux, TDO, IDO, kynureninase, and KMO) are in italics and 

numbered in Latin numerals. ACMS indicates 2-amino-3-carboxymuconic acid-6-semialdehyde or acroleyl aminofumarate; IDO, indoleamine 

2,3-dioxygenase; KMO, kynurenine monooxygenase; Kyn, kynurenine; NEFA, non-esterified fatty acids; TDO, tryptophan 2,3-dioxygenase; Trp, tryptophan.
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Does the Plasma [Kyn]/[Trp] Ratio Always Reflect 
IDO Activity?
There is evidence that this is not always the case. In an extensive 
review of data on Kyn metabolites, Chen and Guillemin13 
reported that, of 15 studies reporting the ratio in patients with 
inflammatory disease and cancer, the ratio was elevated in 11, 
decreased in 2, and unaltered in 2. An increase in the ratio in 
alcohol-dependent subjects, 8 weeks after withdrawal, does not 
correlate with neopterin,14 a marker of IDO induction, as IFN-γ 
also induces the key enzyme of neopterin synthesis, GTP cyclo-
hydrolase I. In a study15 of patients with haemodialysis from 2 
separate centres, the significant increase in the plasma [Kyn]/
[Trp] ratio caused by a significant increase in [Kyn] and a sig-
nificant decrease in [Trp], does not correlate with IDO activity 
measured directly in peripheral blood mononuclear cells 
(PBMCs). That the increase in the ratio in this study was inde-
pendent of IDO activity is further suggested by the failure of 
these PBMCs to metabolise Trp to Kyn.15 A more likely expla-
nation of the changes in this ratio and its 2 components is 
enhancement of hepatic TDO activity, which has been demon-
strated in rat models of renal failure by 2 independent groups.16,17 
By contrast, IDO activity directly measured in 5 tissues16 includ-
ing lung17 is not altered in these 2 models. Thus, liver TDO 
activity is another determinant of the ratio. In a recent study of 
cirrhotic patients with acute-on-chronic liver failure (ACLF) 
and with kidney failure (ACLF-KF) or without kidney failure,18 
in those with infection, in whom IDO induction should be 
expected, neither plasma [Kyn] nor the [Kyn]/[Trp] ratio is 
increased. As will be discussed subsequently, liver cirrhosis is 
associated with TDO inhibition, which may counteract an 
IDO-induced Trp depletion and thus explain the normal ratio.

Extent of Elevation of the [Kyn]/[Trp] Ratio
The data in Table 1 show the extent of the increase in the ratio 
and its components in 10 published studies.16,19-27 An increase 
in the ratio could be due to an increase in [Kyn], a decrease in 
[Trp], or both. The data in Table 1 give examples of all 3 pos-
sibilities. In most of the studies listed, a significant increase in 
[Kyn] is apparent. However, in many published studies 
unquoted here, the increase in the ratio is due solely to a 
decrease in [Trp]. However, the absence of a simultaneous 
increase in plasma [Kyn] after IDO or TDO induction does 
not rule out the involvement of these enzymes, because of the 
nature of Kyn disposition. Thus, Kyn is rapidly cleared by the 
kidney, where it is transaminated to kynurenic acid (KA) or 
oxidised to 3-hydroxykynurenine (3-HK) and is mainly 
excreted in urine as xanthurenic acid (XA).28,29 In line with 
these features, KA and XA concentrations and kynureninase 
(KYNU) activity are highest in (rat) kidney,16 thus further 
reflecting the important role of the kidney in Kyn metabolism 
and disposition. An increase in plasma [Kyn] can occur when 
Trp oxidation exceeds renal handling, eg, after robust induc-
tion of TDO or IDO or loading with Trp or Kyn. Measurement 
of plasma Kyn metabolites could be more informative. At 
plasma levels below 10 µM, Kyn is 100% reabsorbed by kid-
neys.28 As such levels are reached after IDO induction, it is 
most likely that the absence of observable Kyn elevation in 
some studies is due to this renal handling. Another potential 
explanation of the absence of elevation of plasma [Kyn] in 
some instances is that of upregulation of kynurenine monoox-
ygenase (KMO), which occurs in inflammatory conditions, 
which can exert the opposite effect to that of IDO induction 
(see below).

Table 1.  Extent of elevation of the plasma [Kyn]/[Trp] ratio: some published data.

Reference % ↓ in [Trp] % ↑ in [Kyn] % ↑ in [Kyn]/[Trp] Condition  

19 8 15 24* Breast cancer

20 9* 27* 39* Renal failure

21 13 18 38* Fatigue in lung cancer

22 16* −5 26* Colorectal cancer

23 11* 29* 45* AIDS: asymptomatic

23 41* 101* 243* AIDS

23 14* 111* 128* AIDS: PN/ARD

24 0-34? 13-114? 67-150? Various cancers

25 51* 137* 292* Sepsis

26 62* 4 55* Pregnancy

27 59* 168* 560* Chronic kidney disease (stage 5)

16 55* 75* 289* Chronic renal failure (rats CRF3)

Abbreviations: Kyn, kynurenine; PN/ARD, peripheral neuritis with AIDS-related dementia; Trp, tryptophan.
Differences are expressed as % decreases below or increases above control values. The asterisk (*) denotes a significant difference from control values and the question 
mark (?) denotes absence of statistical assessment. The references are detailed in the list of references.
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Occasionally, as in the study by Lyon et al,19 the significant 
increase in the ratio is a statistical product of non-significant 
changes in [Trp] and [Kyn] and is therefore unlikely to have a 
metabolic basis or clinical relevance.

The greatest increases in the [Kyn]/[Trp] ratio appear to 
occur in AIDS,23 cancer,24 sepsis,25 and kidney disease.16,27 In 
general and in the absence of confounders or other determi-
nants, glucocorticoid induction of TDO or IFN-γ induction of 
IDO in vivo results in decreases in plasma total (free + albu-
min-bound) [Trp] not exceeding 30%.30 Any greater decrease 
must therefore involve other factors. As shown in Figure 1, 
plasma Trp exists largely bound to albumin, with only 5% to 
10% being free. The physiological binder of Trp is albumin, 
whereas the physiological displacers of albumin-bound Trp are 
nonesterified fatty acids (NEFA). Trp binding can therefore be 
increased or decreased. It is increased if [NEFA] are decreased 
by antilipolytic agents such as insulin or nicotinic acid. By con-
trast, Trp binding is decreased: (a) by direct displacement of 
albumin-bound Trp by drugs such as salicylate; (b) if [NEFA] 
are increased, eg, by stimulation of lipolysis by catecholamines, 
agents releasing catecholamines, such as ethanol, and by phos-
phodiesterase inhibitors such as the methylxanthines; (c) if 
[albumin] is decreased, eg, in pregnancy, liver, and kidney dis-
eases and inflammatory conditions. It has been estimated that 
a decrease in circulating [albumin] of 19% or more can cause a 
significant release of albumin-bound Trp.31 Plasma-free Trp is 
therefore a labile parameter that can be influenced by many 
factors and also by food intake (for details see the study by 
Badawy32). Equilibration between the free and bound forms is, 
however, rapid, such that a strong and sustained displacement 
from albumin-binding sites, coupled with increased tissue 
uptake, results in depletion of bound or total [Trp]. The extent 
of this depletion will, however, depend on whether liver TDO 
activity is simultaneously altered. If TDO activity is enhanced, 
both the Trp depletion and Kyn elevation will be stronger, 
whereas a TDO inhibition will exert the opposite effects. Data 
from the following studies illustrate the aforementioned points. 
In rats treated 1 h earlier with a 50 mg/kg intraperitoneal dose 
of sodium salicylate, serum-free [Trp] is increased by 25% and 
total [Trp] is decreased by 52%.33 The increases in rat plasma 
[NEFA] of 129% to 300% induced by noradrenaline or 
3,4-dihydroxyphenylalanine (l-Dopa) are associated with a 
109% to 144% increase in free [Trp] and a 24% to 38% decrease 
in total [Trp].34 In normal human volunteers, subcutaneous 
injection of adrenaline induces also a large increase in free 
[Trp] and a considerable decrease in total [Trp].35 Similarly, 
the 255% increase in rat serum [NEFA] observed at 2 h after 
administration of ethanol (acting here by releasing catechola-
mines) is associated with a 231% increase in free [Trp] and a 
45% decrease in total [Trp].36 In late pregnancy, decreases in 
plasma total [Trp] of 25% to 50% and increases in free [Trp] of 
up to 132% have been reported (for reference, see the study by 
Badawy37). These changes are most likely caused by the widely 
reported decrease in serum [albumin] and increase in [NEFA], 

which occur in late pregnancy.37 It is noteworthy that these 
changes in albumin and NEFA do occur in immune diseases 
and must therefore be considered in studies involving measure-
ment of the [Kyn]/[Trp] ratio.

Decreased [albumin] is also an important feature of diseases 
of the liver, where synthesis of this major plasma protein takes 
place.38 In patients with fulminant hepatic failure, free [Trp] is 
increased by 425%.39 A similar increase (409%) occurs in patients 
with liver cirrhosis with oesophageal varices.40 Because the TDO 
activity is inhibited in liver diseases,41 plasma total [Trp] was not 
decreased in these 2 studies,39,40 but underwent gradual increases 
with the severity of the liver dysfunction.40 Patients with 
advanced renal disease also have a decreased [albumin] and/or an 
increased [NEFA] and exhibit a 43% decrease in total [Trp] and 
a 38% increase in free [Trp].42 In another study of patients with 
renal failure, plasma total [Trp] is decreased by 25% to 40% in 
those with normal [albumin] and by 60% in those with hypoal-
buminemia.43 Stronger changes in renal failure in humans and 
rats have been reported in studies16,27 listed in Table 1. As stated 
earlier, renal failure is associated with liver TDO enhance-
ment,16,17 whereas IDO activity is not impaired.16,17 In addition 
to TDO enhancement, kidney failure is associated with changes 
in other Kyn pathway enzymes, notably enhancement of kynure-
nine aminotransferase (KAT) and inhibition of KYNU and 
ACMSD.16,17 These changes explain the recently reported18 
greater accumulation of Kyn, KA, and quinolinic acid in plasma 
of patients with ACLF-KF than in those without kidney failure 
(ACLF), which the authors attributed to further stimulation of 
Trp oxidation in kidney failure.

Large increases in plasma-f ree [Trp] and in the 
[Kyn]/[Trp] ratio are also observed in patients with cancer 
(for reference, see the study by Badawy44). [NEFA] is also 
elevated in patients with cancer and most also exhibit a low 
[albumin].45 In AIDS, low [albumin] predicts survival45,46 
and is associated with HIV progression,45 which may explain 
the progressive increases in [Kyn] and the [Kyn]/[Trp] ratio 
reported in the study by Huengsberg et al23 in Table 1. [NEFA] 
is also increased in patients with HIV,47,48 especially if malnu-
trition is also present.49,50

There are several mechanisms of the decreases in circulating 
albumin in the aforementioned conditions. In pregnancy, 
haemodilution (oedema) is responsible, whereas in liver dis-
eases impaired hepatic albumin synthesis is the cause. In AIDS, 
cancer, and other inflammatory conditions, decreased albumin 
may result from elevation of the cytokines interleukin (IL)-6, 
tumour necrosis factor alpha (TNF-α), and IL-1β.50,51 As 
IDO is likely to be induced under these conditions, the extent 
of elevation of the [Kyn]/[Trp] ratio is likely to be the com-
bined influence of IDO induction and albumin depletion as a 
function of level of release of proinflammatory cytokines.

Determinants of the Plasma [Kyn]/[Trp] Ratio
From the above discussion, IDO and TDO activities can deter-
mine the plasma [Kyn]/[Trp] ratio by influencing either or 
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both components of the ratio. A potential group of third deter-
minants are KP enzymes that directly influence Kyn levels. 
These are KMO (also known as kynurenine hydroxylase), 
KYNU, and to a partial extent KAT. Upregulation of KMO 
and KYNU can lead to a decrease in circulating and tissue 
[Kyn] and thus lower the [Kyn]/[Trp] ratio, whereas their 
downregulation or inhibition can have the opposite effect. 
With KAT, the situation is less certain, because its catalytic 
activity on upregulation is determined by an increase in Kyn 
availability through other mechanisms, eg, TDO/IDO induc-
tion or downregulation of KMO or KYNU. Downregulation of 
KAT is unlikely to influence the [Kyn]/[Trp] ratio. However, 
little information is currently available to ascertain the role of 
KAT in the aforementioned ratio changes.

The content of Table 2 is an outline of the changes in plasma 
or tissue Trp and Kyn metabolites expected with up- or down-
regulation (or inhibition) of TDO, IDO, and the aforemen-
tioned 3 KP enzymes. Measurements of Kyn metabolites in 
conjunction with the [Kyn]/[Trp] ratio could provide confirm-
atory evidence of potential changes in the status of KP enzymes. 
In almost all but 2 of the following study examples, the [Kyn]/
[Trp] ratio was not assessed, but can be deduced indirectly 
from available information.

Targeted deletion of the KMO gene in mice increases 
[Kyn] by 4.4-fold in liver and 15.6-fold in plasma and ele-
vates the [Kyn]/[Trp] ratio in liver by 5.4-fold.52 KMO inhi-
bition by Ro-61-8048 increases mouse brain [KA] by 
7.8-fold,53 suggesting Kyn elevation as the cause, and KMO 
inhibition by m-nitrobenzoylalanine elevates both [Kyn] and 
[KA] in brain, liver, blood, and kidney.54 The downregulation 
of KMO in schizophrenia55 may explain the increased pro-
duction of KA from Kyn, although upregulation of TDO may 

also contribute to the Kyn elevation. The increase in plasma 
[Kyn] in schizophrenia is reflected in increases in the [Kyn]/
[Trp] ratio and [KA], whereas the concomitant decrease in 
[3-HK] implies KMO downregulation.56 Confirmation of 
downregulation or inhibition of KMO requires demonstration 
of no decrease in plasma [Trp], a decrease in [3-HK] and sub-
sequent metabolites, and elevation of [Kyn], [KA], and [AA]. 
Kynurenine monooxygenase is upregulated in many inflam-
matory conditions,57 mainly by the major proinflammatory 
cytokine IFN-γ.58 Although under these conditions, [Kyn] is 
expected to fall, IDO and possibly also TDO induction may 
compensate, thus resulting in a potentially normal [Kyn].

The less studied KYNU has been shown to be upregulated 
in chronic inflammatory skin disease and many human auto-
immune and auto inflammatory diseases are associated with 
increased KYNU expression.59 This is likely to result in eleva-
tion of AA, 3-HAA, and QA levels. Downregulation or inhibi-
tion of KYNU, by contrast, should decrease levels of these 3 
metabolites and elevate those of Kyn, 3-HK, and possibly also 
their transamination products KA and XA. Christensen et al60 
reported a massive increase in urinary Kyn, 3-HK, and XA in a 
young Somali boy and his brother due to a mutation of a gene 
encoding KYNU.

With KAT, upregulation can enhance its activity only if 
adequate amounts of the Kyn substrate are available (due to its 
high Km). Here, an elevation of the [Kyn]/[Trp] ratio cannot be 
attributed to changes in KAT. A potential effect of downregu-
lation of KAT on the ratio is unlikely (see below).

In reality, modulation of more than one of the aforemen-
tioned enzymes occurs simultaneously in disease states and 
even with the use of inhibitors in experimental settings, 
which makes it difficult to attribute the change in the ratio 

Table 2.  Expected changes in plasma tryptophan and kynurenine metabolites after up- or downregulation (inhibition) of kynurenine pathway 
enzymes. 

Enzyme Trp Kyn [Kyn]/[Trp] KA AA 3-HK XA 3-HAA QA

TDO↑ ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

↓ ↑ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓

IDO↑ ↓? ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

↓ − − − − − − − − −

KMO↑ − ↓ ↓ ↓ ↓ ↑ ↑ ↑ ↑

↓ − ↑ ↑ ↑ ↑ ↓ ↓ ↓ ↓

KAT↑ − (↑) ↑ ↑ ↑ − ↑ − −

↓ − ? ? ↓ ? ? ↓ ? ?

KYNU↑ − − − − ↑ − − ↑ ↑

↓ − ↑ ↑ ↑? ↓ ↑ ↑ ↓ ↓

Abbreviations: AA, anthranilic acid; 3-HAA, 3-hydroxyanthranilic acid; 3-HK, 3-hydroxykynurenine; KA, kynurenic acid; IDO, indoleamine 2,3-dioxygenase; KAT, kynurenine 
aminotransferase; KMO, kynurenine monooxygenase; KYNU, kynureninase; QA, quinolinic acid; TDO, tryptophan 2,3-dioxygenase; Trp, tryptophan; XA, xanthurenic acid.  
Symbols used: ↑, increase; ↓, decrease; –, no change; ?, unknown.
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to any particular determinant. For example, in schizophrenia, 
upregulation is not limited to KAT, but extends to TDO, 
whereas KMO is downregulated.55,56 An example of involve-
ment of multiple determinants is provided by the results of 
experiments in rats with Trp, benserazide (BSZ), and carbi-
dopa (CBD).61 The mean [Kyn]/[Trp] ratios in Figure 2 
have been calculated at 0 and 3 h after intraperitoneal adminis-
tration of Trp (50 mg/kg), BSZ (100 mg/kg), and CBD 
(50 mg/kg). The 3-h time point was chosen because it was 
the time at which liver Kyn elevation was maximal. The 
aforementioned dose of Trp does not activate TDO in rats,62 
but its disposition reflects increased flux of Trp down the KP. 
Apart from their inhibition of aromatic l-amino acid decar-
boxylase, BSZ and CBD are both inhibitors of KYNU and 
KAT activities. In vitro, their KYNU inhibition is compara-
ble at concentrations of up to 100 µM, above which CBD 
becomes a stronger inhibitor.63 With KAT, CBD is the 
stronger inhibitor at all concentrations (10-500 µM).61 Both 
BSZ and CBD appear to enhance TDO activity, as suggested 
by the significant decreases in liver [Trp] and concomitant 
increases in liver [Kyn], with the decreases in [Trp] being 
comparable.61 The ratio changes in Figure 2 therefore dem-
onstrate the effects of increased Trp flux by Trp and the com-
bined effects of TDO enhancement and inhibition of KAT 
and KYNU by BSZ and CBD. Trp administration elevates 
the [Kyn]/[Trp] ratio maximally at 3 h by 3.03-fold, com-
pared with the zero-time control value. The effects of flux in 
humans will be considered below. The increase in the ratio by 
CBD (2.97-fold) was comparable with that by Trp, whereas 
that by BSZ (8.77-fold) was greater. Although it is difficult 
to assign any particular mechanism to the ratio elevation, 
only the following conclusions can be made: (a) the flux of 
Trp down the KP is as important as modulation of [Kyn] by 
means of enzymatic changes; (b) the greater inhibition of 

KAT by CBD does not lead to a greater increase in the ratio, 
thus supporting the notion that KAT inhibition does not 
exert a significant effect on [Kyn].

A potential fourth determinant is the flux of Trp through 
TDO and down the KP, which is enhanced by albumin deple-
tion and/or NEFA elevation. Studies in rat hepatocytes suggest 
that the flux of Trp down the KP primarily involves plasma-
free Trp.64 The increase in [Kyn]/[Trp] ratio following 
administration of a 50 mg/kg dose of Trp to rats illustrated in 
Figure 2 the importance of flux in determining this ratio. Flux 
has not so far been assessed in humans, but can be studied 
under conditions of acute tryptophan loading (ATL). Several 
ATL studies have been published65-69 in which plasma [Kyn] 
and [Trp] were measured over several hours after loading, from 
which the [Kyn]/[Trp] ratio can be calculated. It should be 
emphasised that ATL in these studies induced elevations of 
plasma [Trp] greater than 100 µM, ranging between 106 µM 
with a 1.15 g dose of Trp (~16 mg/kg) and 410 µM (oral) or 
1310 µM (intravenous) with a 5 g dose (~71 mg/kg). As IDO 
activity is inhibited by [Trp] of >50 µM,1 it is almost certain 
that the Kyn formed after ATL (or conditions leading to 
high plasma Trp levels) is produced by the flux of Trp through 
TDO. Except with small doses of Trp, the increases in [Kyn] 
after larger doses varied between 10- and 20-fold, in contrast to 
the relatively modest increases shown in Table 1. The question 
of whether the [Kyn]/[Trp] ratio is elevated by the simple 
flux of Trp or requires net activation of TDO can be explored 
from the data in Figure 3. In the 5 studies examined,65-69 Trp 
was given intravenously in 167 and orally in the other 4. In 
3 studies,67-69 Trp was given alone, whereas in the other 2 
studies,65,66 it was given in an amino acid mixture. At the con-
centrations used, the only amino acid in this mixture that exerts 
effects on TDO is Leu. It enhances the flux of Trp through 
TDO (see the study by Badawy et  al65 for a discussion). As 
shown in Figure 3A, Leu was present at low (LL) or high (HL) 
concentrations in the mixture containing the small (1.15 g) 
dose of Trp, at HL in the mixtures containing 5.15 g of Trp and 
at double the HL with the 10.3 g dose of Trp.

As shown in Figure 3, an initial decrease in the [Kyn]/[Trp] 
ratio occurs, which is of no significance, as it simply reflects 
the influx of the Trp load into the circulation. In Figure 3A, 
the small Trp dose (1.15 g or ~16 mg/kg) with low leucine 
does not increase the ratio, except only moderately (by 19%) 
at 7 h. By contrast, the mixture containing the same Trp dose, 
but with a larger Leu dose (HL) increases the ratio by 21% to 
113% from 3 h onwards. This is consistent with Leu enhanc-
ing the flux of Trp through TDO by activating the enzyme.65 
Of the 2 large Trp doses, the 5.15 g dose (~ 74 mg/kg) appears 
to induce maximum activation of TDO and the maximum 
increases in the [Kyn]/[Trp] ratio (by 47%-140% from 4 h 
onwards). Doubling this Trp dose and also that of Leu does 
not cause a further increase in the ratio (48%-148% at 4-7 h). 
The absence of an additive effect of Trp and Leu suggests 

Figure 2.  The rat liver [Kyn]/[Trp] ratio after acute administration of Trp, 

benserazide (BSZ), and carbidopa (CBD). Ratios were determined at 

zero-time and at 3 h after intraperitoneal administration to male Wistar 

rats of Trp (50 mg/kg body wt), BSZ (100 mg/kg), or CBD (50 mg/kg). 

Ratios were calculated from the Kyn and Trp values reported previously 

in the study by Badawy and Bano.61 Kyn indicates kynurenine; Trp, 

tryptophan.
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that both act by the same mechanism, namely TDO enhance-
ment. In the other 3 studies, the oral 10 mg/kg Trp dose exerts 
only a minimal effect on the ratio (Figure 3 C), whereas a 
14 mg/kg intravenous dose appears to increase the ratio at 
4-5 h (Figure 3B). The ratio is further increased by Trp doses 
of ⩾25 mg/kg (Figure 3A to D). Based on the observation68 
that the plasma Trp clearance rate is decreased with increas-
ing dose of Trp, which suggests the saturable nature of 
Trp metabolism, it was suggested that doses of Trp below 
50 mg/kg do not cause a strong TDO activation. In rats, a 
50 mg/kg dose of Trp also does not activate TDO, but pro-
tects it against degradation.62 This stabilisation with a conse-
quent increase in TDO catalytically active protein may 
explain the large increase in the [Kyn]/[Trp] ratio (Figure 3C) 
in subjects previously treated daily for 7 days with 2 50 mg/kg 
doses of Trp. Taken together, it is likely that, in humans, a 
25-50 mg/kg Trp dose may activate TDO only moderately, 
although the plasma Trp elevation by the 25 mg/kg dose is 
large enough (from a baseline value of 49 µM to 98-279 µM)68 
to inhibit IDO activity. Thus, the flux of Trp down the KP 
most likely involves activation of TDO, rather than simple 
passage down the pathway.

Other Potential Determinants: Microbial Trp 
Breakdown and Plasma Protein Binding of Kyn
The gut flora plays an important role in Trp synthesis and deg-
radation, with the latter producing tryptamine and the less 
familiar metabolites skatole, indole, and its various indole 
derivatives.70 The question of how much gut Trp synthesis and 
degradation contribute to circulating [Trp] in host is difficult 
to ascertain in humans, but can be addressed in animal models, 
namely germ-free mice and those treated with antibiotics. In 
germ-free mice, plasma [Trp] is ~50%71 to 70%72 higher than 
in conventional mice. These rises are limited to male mice. 
Plasma [Trp] is already higher in conventional female mice.71 
The [Kyn]/[Trp] ratio is, however, lower in both male and 
female germ-free mice, compared with conventional controls.71 
In fasting normal human subjects, however, women (n = 60) 
have a 15% lower plasma total [Trp], a 31% higher plasma free 
[Trp], and a 16% higher [Kyn]/[Trp] ratio, in comparison with 
men (n = 54).66 It is still possible that normal variations in 
plasma [Trp] can be explained in part by gut flora Trp-
metabolising activity in addition to dietary factors.

Kynurenine undergoes albumin binding, with an association 
constant of 2.8 × 105(M−1).73 In rat serum, 27% of a tracer dose 

Figure 3.  The kynurenine to tryptophan ([Kyn]/[Trp]) ratio after acute tryptophan loading: previous studies. (A) Trp was administered orally in an amino 

acid mixture at 3 dose levels. The leucine content was either low (LL) or high (HL). Details are in the studies by Badawy and colleagues.65,66 (B) Trp was 

administered intravenously in doses of 1, 3, or 5 g (doses were approximated as mg/kg for a 70 kg adult). Details are in the study by Heuther et al.67 (C) Trp 

was administered orally to normal male subjects in doses of 10, 25, and 50 mg/kg and in a 50 mg/kg dose to subjects previously treated with twice daily 

50 mg/kg doses for 7 days. Details are in the study by Green et al.68 (D) Trp was administered orally to normal female subjects in a 50 mg/kg dose. Details 

are in the study by Green et al.69
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of Kyn is bound to proteins,74 whereas a greater binding (65%) 
was reported after administration of a 16.2 µmol/kg dose 
(3.37 mg/kg) of l-Kyn.75 In another study in rats, Kyn (5 mg/
kg intraperitoneally) was reported to bind to albumin to a simi-
lar extent as does Trp.76 In pregnant women, 20% of plasma 
Kyn is albumin-bound, compared with 19% of Trp.77 As an 
increase in plasma [Kyn] is associated with increased cerebral 
uptake, it is unlikely that Kyn binding will present a significant 
barrier to Kyn entry into the brain (or peripheral organs). At 
large concentrations (5 µmol/mL), Kyn has been reported to 
displace Trp from albumin-binding sites.78 However, such a 
high concentration is unlikely to be reached even after Trp 
loading or under pathological conditions. For example, a large 
oral loading dose of Trp (10.3 g) increases plasma [Trp] from a 
zero-time value of 61 µM maximally to 410 µM at 4 h, whereas 
[Kyn] rises to only 27 µM.66 In rats, plasma [Kyn] is increased 
from 2.5 to 9.6 µM at 3 h after administration of the KYNU 
inhibitor m-nitrobenzoylalanine,54 whereas targeted KMO 
gene deletion in mice raises plasma [Kyn] from 0.5 to ~8 µM.52 
In normal human subjects, a plasma [Kyn] of ~ 2 µM is unlikely 
to compete successfully with a circulating [Trp] of ~60 µM.

General Conclusions, Comments, and 
Recommendations
From the above discussion, it is reasonable to conclude that 
IDO induction is not the only determinant of the increase in 
the plasma [Kyn]/[Trp] ratio in vivo. Other determinants are 
liver TDO activity, increased flux of Trp through TDO, and 
KP enzymes influencing [Kyn], especially KMO, KYNU, and 
to a lesser extent KAT. Thus, in the absence of direct proof of 
induction of IDO activity, it is necessary to establish the poten-
tial role(s) of these other determinants and explore the contri-
butions of various factors influencing them. This approach is 
likely to help establish clearly the underlying mechanism(s). 
Adopting the following recommendations may help achieve 
this clarity.

1.	 Indoleamine 2,3-dioxygenase induction. This requires pri-
marily demonstration of increased enzyme catalytic 
activity in suitable cells, eg PBMC. If this is not possible, 
supporting evidence should be sought in an increase in 
plasma neopterin and proinflammatory cytokines, espe-
cially IFN-γ, IL-6, and/or TNF-α, a decrease in plasma 
[Trp] and an increase in [Kyn] at least at high IDO 
induction levels. Tryptophan 2,3-dioxygenase induction, 
increased flux of free Trp and inhibition of KMO and 
KYNU should be excluded using the criteria described 
below.

2.	 Tryptophan 2,3-dioxygenase induction. This requires dem-
onstration of decreased plasma [Trp] and increased plasma 
[Kyn], [cortisol], and/or flux of free Trp. In addition, 
induction of TDO and possibly also IDO should lead to 
decreased plasma-free [Trp] and there may be a case for 

using the plasma [Kyn]/[free Trp] ratio, which appears to 
be more informative regarding Trp oxidation.65

3.	 Increased flux of plasma-free Trp down the KP. This 
requires demonstration of increased plasma-free [Trp] 
and [Kyn] and increased [NEFA] and/or decreased 
[albumin], with total [Trp] preferably decreased.

4.	 Kynurenine monooxygenase. KMO inhibition has not 
been encountered in disease states, but, if suspected, it 
will require demonstration of increased plasma [Kyn], 
[KA], and [AA], decreased plasma [3-HK], [3-HAA] 
and [QA] and absence of a decrease in plasma [Trp]. 
Upregulation of KMO, however, will, among others 
(Table 2), lower the ratio.

5.	 Kynureninase inhibition. This will increase the ratio, lower 
[AA], [3-HAA], and [QA] and possibly increase the 
transamination products KA and XA.

It is hoped that measurements of these additional experi-
mental parameters will contribute to a clearer understand-
ing of the Trp status in immune studies and in relation to 
IDO involvement in immune and related diseases, and 
improve and strengthen the diagnostic value of the [Kyn]/
[Trp] ratio.
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