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ABSTRACT: Tryptophan (Trp) metabolism via the kynurenine pathway (KP) was assessed in normal healthy US volunteers at baseline and after acute
Trp depletion (ATD) and acute Trp loading (ATL) using amino acid formulations. The hepatic KP accounts for ~90% of overall Trp degradation. Liver Trp
2,3-dioxygenase (TDO) contributes ~70% toward Trp oxidation, with the remainder achieved by subsequent rate-limiting enzymes in the KP. TDO is not
influenced by a 1.15 g Trp load, but is maximally activated by a 5.15 g dose. We recommend a 30 mg/kg dose for future ATL studies. ATD activates TDO
and enhances the Trp flux down the KP via its leucine component. Higher plasma free [Trp] and lower total [Trp] are observed in women, with no gender
differences in kynurenines. Kynurenic acid is lower in female Caucasians, which may explain their lower incidence of schizophrenia. African-American and
Hispanic women have a lower TDO and Trp oxidation relative to free Trp than the corresponding men. African-American women have a potentially higher
3-hydroxyanthranilic acid/anthranilic acid ratio, which may protect them against osteoporosis. Future studies of the KP in relation to health and disease
should focus on gender and ethnic differences.

KEYWORDS: acute tryptophan loading and depletion, ethnicity and gender, kynurenine aminotransferase, kynurenic acid, kynureninase, tryptophan

2,3-dioxygenase, tryptophan oxidation

CITATION: Badawy and Dougherty. Assessment of the Human Kynurenine Pathway:
Comparisons and Clinical Implications of Ethnic and Gender Differences in Plasma
Tryptophan, Kynurenine Metabolites, and Enzyme Expressions at Baseline and After
Acute Tryptophan Loading and Depletion. International Journal of Tryptophan Research
2016:9 31-49 doi: 10.4137/IJTR.S38189.

TYPE: Original Research

RECEIVED: June 16, 2016. RESUBMITTED: July 17, 2016. ACCEPTED FOR
PUBLICATION: July 19, 2016.

ACADEMIC EDITOR: Gilles Guillemin, Editor in Chief

PEER REVIEW: Three peer reviewers contributed to the peer review report. Reviewers’
reports totaled 1242 words, excluding any confidential comments to the academic editor.

FUNDING: This work was supported by the National Institute on Alcohol Abuse and
Alcoholism of the National Institutes of Health (RO1AA14988 and R0O1AA018124). The
authors confirm that the funder had no influence over the study design, content of the
article, or selection of this journal.

COMPETING INTERESTS: Authors disclose no potential conflicts of interest.
CORRESPONDENCE: badawyabdulla@yahoo.com

COPYRIGHT: © the authors, publisher and licensee Libertas Academica Limited. This is
an open-access article distributed under the terms of the Creative Commons CC-BY-NC
3.0 License.

Paper subject to independent expert blind peer review. All editorial decisions made

by independent academic editor. Upon submission manuscript was subject to anti-
plagiarism scanning. Prior to publication all authors have given signed confirmation of
agreement to article publication and compliance with all applicable ethical and legal
requirements, including the accuracy of author and contributor information, disclosure of
competing interests and funding sources, compliance with ethical requirements relating
to human and animal study participants, and compliance with any copyright requirements
of third parties. This journal is a member of the Committee on Publication Ethics (COPE).
Provenance: the authors were invited to submit this paper.

Published by Libertas Academica. Learn more about this journal.

Introduction

The essential amino acid L-tryptophan (Trp) is the precursor
of a number of biologically active metabolites, including the
pellagra-preventing factor nicotinic acid (vitamin B,), the
important redox cofactors NAD* (P*) H, the zinc-binding
compound picolinic acid, the neuroactive kynurenine (K) and
its metabolites kynurenic acid (KA) and quinolinic acid (QA),
the mood-enhancing indolylamine 5-hydroxytryptamine
(5-HT or serotonin), and the pineal hormone melatonin. At
most, only 1% of dietary Trp is utilized for protein synthe-
sis, because, in a person in nitrogen equilibrium, the amount
of protein degraded is matched exactly by that synthesized,
with the bulk of Trp being available for metabolism.! Of the
four known Trp-metabolic pathways (Fig. 1), the hepatic
kynurenine pathway (KP) accounts for >90% of total body
Trp disposal,? though the other three minor pathways also
produce biologically important metabolites. The hepatic KP
is controlled by the first enzyme, Trp 2,3-dioxygenase (TDO,

EC 1.13.11.11, formerly Trp pyrrolase).l> The importance of
TDO in Trp degradation and hence its availability under nor-
mal physiological conditions is best exemplified by the find-
ing that deletion of the mouse TDO gene elevates plasma
[Trp] by 9.3-fold.3 In extrahepatic tissues, Trp is oxidized by
another hemoprotein indoleamine 2,3-dioxygenase (IDO:
EC 1.13.11.17), though its activity is negligible under normal
conditions, but can be dramatically enhanced after immune
activation to astoundingly high levels, rendering it the major
player in control of Trp availability under immune-related
pathological conditions.* A comprehensive review of the role
of IDO in health and disease has recently been published.®
Trp has been used in a variety of clinical conditions,
notably behavioral, cognitive, and mood disorders, eg, aggres-
sion, anxiety, bipolar disorder, major depressive disorder, pre-
menstrual syndrome, seasonal affective disorder, and sleep
disorders.® The common denominator in all these conditions is
the presumed 5-H'T dysfunction. In major depressive disorder,
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Figure 1. Tryptophan metabolic pathways. Reproduced from Ref. 72, and adapted from Figure 1 in Badawy AA-B. Pellagra and alcoholism: a biochemical

perspective. Alcohol Alcohol. 2014;49:238-250.

wherein Trp has been most commonly used, its antidepressant
efficacy is modest and variable, most likely because of its
excessive hepatic degradation by TDO, whose activity can be
enhanced by the raised levels of glucocorticoids and possibly
also catecholamines, hence the suggestion that efficacy can be
enhanced by joint administration with antidepressant drugs or
other TDO inhibitors.” Whereas emphasis in Trp research has
in the past been serotonin-related, more recently metabolites
along the KP have become the focus of interest in view of their

neuronal activities in a variety of clinical conditions involv-
ing immune dysfunction, including schizophrenia.'! In
particular, the kynurenine metabolites 3-hydroxykynurenine
(3-HK), 3-hydroxyanthranilic acid (3-HAA), and QA have
been shown to possess immunosuppressive properties and
have thus been implicated in the immune response to bacterial,
parasitic, and viral infections,'? as well as in fetal tolerance.*
The functional capacity of the KP in health and disease

has been assessed from the early 1960s by measuring urinary
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K metabolite excretion and plasma [Trp] and [K] follow-
ing oral administration of a Trp load.!37%® With the advent
of more sensitive detection techniques, eg, high-performance
liquid chromatography (HPLC) and mass spectrometry, it
has become possible to quantify the much lower plasma lev-
els of kynurenines (Ks). Quantification was initially limited
to K and occasionally 3-HK,'” but now includes many other
K metabolites.!® Acute Trp loading (ATL) in the past involved
oral administration of Trp itself, but is currently performed
using a mixture of ~15 amino acids enriched with Trp. A sim-
ilar mixture from which Trp is omitted is used to induce acute
Trp depletion (ATD). Both ATD and ATL are powerful
research and diagnostic tools for assessing the role of brain
5-HT in behavior in normal subjects and those with various
disorders.® Whereas both ATD and ATL continue to be used
to investigate 5-HT function, they are being increasingly used
to assess the KP, eg, in relation to oxidative stress in chronic
brain injury and Huntington’s disease.?’ The ATD test?!:??
is based on depletion of plasma Trp and hence its availability
to the brain by several mechanisms: (1) stimulation of protein
synthesis by Leu and other essential amino acids; (2) increased
hepatic Trp oxidation by Leu; and (3) competition with Trp
for cerebral uptake by competing amino acids (CA As), mainly
the three branched-chain amino acids (BCAAs) Leu, Ile, and
Val and the aromatic amino acids Phe and Tyr. In the above
ATYL studies,'? only one dose of Trp (6 g in a 100 g formula-
tion) was used. This is a relatively large Trp dose (~86 mg/kg
for a 70 kg adult), which could activate liver TDO, thereby
contributing to kynurenine metabolite formation on top of
that due to the flux of Trp down the KP. Whereas a 50 mg/kg

16 or rats,?3 a

Trp dose does not activate liver TDO in humans
75 mg/kg dose does in rats.?* As will be shown in the present
work, liver TDO is indeed activated (maximally) in humans
by a 5.15 g dose of Trp (~74 mg/kg for a 70 kg adult). The
standard amino acid mixture for ATL contains 5.15 g of Trp
in a 50 g dose and 10.3 g in the traditional 100 g dose, with
the control formulation containing 1.15 or 2.3 g, respectively,
for these two doses.?! No Trp dose—response study of plasma
kynurenine metabolites has been undertaken with ATL using
amino acid mixtures; only after administration of Trp alone
(see the “Results and discussion” section). Also, the presence
of Leu among the BCA As in the above mixtures enhances the
flux of Trp down the KP,?2 thus further complicating inter-
pretation of the kynurenine metabolite data. One aim of the
present study was to establish a suitable dose of Trp for future
ATL with minimal interference from TDO activation or the
Leu component of the formulation. Another aim was to assess
gender differences in Trp disposition and KP activity after
Trp loading, as cerebral serotonin synthesis has been sug-
gested to be lower in women,? possibly related to plasma Trp
availability to the brain following ATD. As the effect of gen-
der on plasma kynurenine metabolites has not been studied,
we considered it important to assess any likely differences.
Thirdly, as the subjects studied were of various US ethnic

groups, we have attempted to assess any likely ethnic differ-
ences in Trp disposition and KP activity, though in view of the
small numbers of subjects studied, our conclusions regarding
ethnic differences must be considered preliminary and in need
of replication in larger numbers. Thus, in the present study
with 114 healthy US volunteers of both genders and differ-
ent ethnic backgrounds, we measured fasting plasma Trp and
its K metabolites at baseline and after oral intake of various
doses of Trp, and addressed the potential effects of Leu in the
formulations used, including that for ATD, and gender, and
ethnic differences at baseline and following ATL.

Subjects and Methods

Subjects. Subjects of this study undergoing ATL and
ATD had previously been assessed for plasma Trp disposition
and availability to the brain following oral administration of
amino acid mixtures at two dose levels: 50 and 100 g2¢ and
for plasma Ks using 50 g formulations with different BCAA
content to assess the role of Leu in Trp oxidation.?? In this
latter study, the standard doses of Leu and other BCA As were
decreased by 20%, 30%, and 40%. Trp flux down the KP was
lowest with the 40% less BCAA formulation. This latter for-
mulation is therefore considered in the present study as broadly
representative of a Trp-only formulation (ie, with a minimal
contribution of Leu to the Trp flux; see “Design” below).

In the present study, healthy volunteers of both genders
(age range: 18—40 years) were recruited by one of the authors
(DMD) during his tenure at the Health Sciences Centers of
both Texas (Houston) and Wake Forest (Winston-Salem,
North Carolina) Universities. Subjects enrolled in the two
studies were deemed healthy after vigorous screening and
gave written informed consent to participate. The two studies
were conducted in accordance with the Declaration of Hel-
sinki. Details of recruitment, inclusion, and exclusion criteria
and ethical approval by the Institutional Review Boards of the
above Universities have all been described.??2¢

Design. This was a randomized, double-blind between-
group rather than within-group study to reduce participant
burden and attrition. The study is best presented in three parts:
(1) baseline comparisons; (2) separate and combined effects of
Leu and a small Trp dose (1.15 g) on the flux of Trp down the
KP in 50 g doses of control formulations and in comparison
with effects of a similar dose of the ATD formulation; and (3)
effects of larger Trp doses (5.15 and 10.3 g) in the ATL for-
mulations. The compositions of all formulations are given in
Table 1. As stated above, because Trp was not used alone in this
study, the control group with the least Leu content was used
as an approximate substitute. This is the first control group in
Table 1 (Control 1) with the low (40% less) [Leu] dose used
in our recent study?? of the effects of Leu on Trp oxidation.
Because of the relatively large content of BCA As in the origi-
nal ATD, ATL, and control formulations,?! specificity for
5-HT was impaired. This was addressed?’ in the control for-
mulation by reducing the BCAA content by 40%. The lower
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Table 1. Composition of the amino acid formulations.

FORMULATION CONTROL1 CONTROL2 ATD ATL ATL

Number of 12 12 10 25 20
subjects (n)

Dose of 51.25 51.15 50.00 55.15 110.30
formulation

Trp added Moderate Moderate Nil High Higher
Leucine level  Low High High High Higher
Trp 115 115 0.00 5.15 10.30
Leu 4.05 6.75 6.75 6.75 13.50
lle 2.40 4.00 4.00 4.00 8.00
Val 2.72 4.45 445 445 8.90
Phe 2.85 2.85 2.85 285 570
Tyr 3.45 3.45 345 345 6.90
Ala 3.34 2.75 275 275 550
Arg 2.98 2.45 245 245 490
Cys 1.64 1.35 1.35 135 270
Gly 1.94 1.60 1.60 1.60 3.20
His 1.94 1.60 160 1.60 3.20
Lys 5.41 4.45 445 445 8.90
Met 1.82 1.50 150 1.50 3.00
Pro 7.41 6.10 6.10 6.10 12.20
Ser 419 3.45 345 345 6.90
Thro 3.95 3.25 325 3.25 6.50

Note: Values are in g.
Abbreviations: ATD, acute tryptophan depletion; ATL, acute tryptophan
loading. (All others are standard amino acid abbreviations).

content of BCAA in Control 1 is compensated for by propor-
tionate increases in the content of the non-CAAs. We also
assessed kynurenine metabolite levels in the present study in
an ATD group to establish the effect of Leu on Trp oxidation
in the absence of exogenously administered Trp by comparing
the Control 2 and ATD groups. We hope that a comparison
of the data obtained with the first three groups in Table 1 will
help dissociate the roles of Leu and Trp in influencing the Trp
flux. The ATL group at a 50 g dose can be compared directly
with the Control 2 group. Finally, the 100 g ATL group can
be reasonably compared with the 50 g ATL group, as we did
not have a 100 g control group. The formulations were not
administered on a body weight basis, but subjects had an aver-
age body weight of 69.1 £ 9.9 kg (mean £ SD; »n = 114) and
there were no statistically significant differences between men
(70.7 £ 9.6; n = 54) and women (67.5 + 10.2; n = 60).
Procedure. Full details of the procedure and experimental
environments have been described previously.?22%%7 Briefly,
after overnight fasting, venous blood samples (10 mL each)
were withdrawn for baseline parameters. Subjects then
received one of the five formulations detailed in Table 1 over
20 minutes, and hourly blood samples were then withdrawn
up to 7 hours after consumption of drinks. Subjects remained
fasting during the entire procedure, following which they

received a meal, which, for the ATD and control groups, was
rich in Trp.

Laboratory procedures. Fasting plasma was isolated
from the blood samples in ethylenediamine tetraacetate
(EDTA) tubes and was frozen at =70 °C until transported
under frozen conditions to Cardiff, UK, for analysis. Plasma
ultrafiltrates for free Trp determination were prepared from
fresh plasma (before freezing) as described,?® as frozen stor-
age increases albumin binding of Trp.2® Both free and total
(free + albumin-bound) [Trp], and K and its metabolites (KA,
3-HK, xanthurenic acid [XA], 3-HAA, and anthranilic acid
[AA]) were determined by HPLC isocratically, with ultra-
violet (UV) and fluorimetric detection.'® Limits of detection
varied between 22 (3-HK) and 72 (AA) nM (UV) and 5 (Trp)
and 32 (3-HAA) nM (fluorimetry). Between-day coefficients
of variation varied between 1.9% (A A) and 7.7% (3-HK).18

With our HPLC method,® baseline fasting [3-HK]
values are considerably higher than those reported in the
literature (which are on average ~0.31 uM), most likely due
to the presence of a co-eluting substance as yet unidentified.
However, as will be described below, the increases in [3-HK]
from baseline (calculated by subtracting the baseline values)
are similar to values in the Trp loading literature using other
procedures showing the low baseline fasting [3-HK].1%20
Also, in one subject with a baseline [3-HK] of 0.31 uM, the
subsequent increases also matched those in the literature. We
therefore considered it appropriate to make this subtraction
throughout and to insert a historical baseline [3-HK] value of
0.31 uM for all groups.

Expressions of results. Concentrations of all analytes
are expressed in absolute units (WM). Plasma Trp binding
is expressed as the percentage free Trp (100 X [free Trp]/
[total Trp]. Enzyme activities are expressed in the Trp lit-
erature as ratios (or ratio percentages) of products to sub-
strates. This has been the case for some time for TDO, but
was extended more recently to subsequent enzymes of the
KP.?° Table 2 gives the definitions of these enzyme expres-
sions. TDO activity is also expressed relative to free Trp,
in view of the finding?® that free Trp determines to a large
degree the flux of Trp down the KP. Another expression,
also given in Table 2, is that of total Trp oxidation, which is
useful in expressing the flux of Trp down the KP, especially
in the absence of changes in TDO activity, eg, after loading
with small amounts of Trp.?? With total tryptophan oxida-
tion (TTOX), extrahepatic tissues contribute significantly
to kynurenine aminotransferase (KAT) and kynureninase
(kynase), but minimally to IDO under normal physiological
conditions.* Thus, TDO expressed in this study is likely to
include a small (<5%) contribution from IDO.

Statistical analysis. Results were analyzed statistically by
one-way analysis of variance (ANOVA) for repeated measures
for within-group and between-group differences using Sigma
Plot version 11 (Systat, UK). For multiple group comparisons
using this program, the Holm—Sidak test is recommended as
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Table 2. Expressions of kynurenine pathway enzyme activities and
tryptophan oxidation.
ABBREVIATION DEFINITION

TDO Trp dioxygenase
relative to total Trp

EXPRESSION
100 x [K]/[total Trp]

TDOF Trp dioxygenase 100 x [K)/[free Trp]
relative to free Trp

KOHase Kynurenine hydroxylase 100 x [3-HK]/[K]

KAT A Kynurenine 100 x [KA)/[K]
aminotransferase
(K — KA)

KAT B Kynurenine aminotrans- 100 x [XA]/[3-HK]
ferase (3-HK — XA)

Total KAT Sum of KAT A + KAT B

Kynase A Kynureninase (K — AA) 100 x [AA]/[K]

Kynase B Kynureninase 100 x [3-HAA)/
(3-HK — 3-HAA) [3-HK]

Total Kynase Sum of Kynase A +

Kynase B
TTOX Total Trp oxidation rela- 100 x [total kynure-
tive to total Trp nines)/[total Trp]
TTOXF Total Trp oxidation rela- 100 x [total kynure-

tive to free Trp nines])/[free Trp]

the first-line procedure, as it is more powerful than the Tukey
or Bonferroni tests and can be used for pairwise compari-
sons and those versus a control group. When data failed the
normality (Shapiro-Wilk) test, Friedman repeated measures
ANOVA on ranks was performed followed by the appropriate
test. A 0.05 probability (P) level was taken as indicative of the

least significant differences.

Results and Discussion

Baseline plasma tryptophan and kynurenine metabo-
lites and gender and ethnic differences. We had previously
reported!® baseline plasma Trp and kynurenine metabolite
concentrations in a healthy US control group of 114 subjects of
both genders. We now report (Table 3) that gender differences
among these 114 subjects were observed only in free and total
[Trp], but not in kynurenine or five of its metabolites (KA,
3-HK, XA, 3-HAA, and AA). Plasma free [Trp] was 31%
higher in women, whereas total [Trp] was 15% lower. A 17%
lower total [Trp] in women had been reported previously.3!
Accordingly, the percent free Trp (an expression of Trp bind-
ing to albumin) in our study was 53% higher in women. This
suggests that circulating Trp availability is higher in women.
The decreased Trp binding in women is not due to a decrease in
albumin or an increase in non-esterified fatty acids (NEFAs),
as both showed no significant gender differences. A female-
specific substance (or substances) may therefore be respon-
sible, the nature of which requires investigation. That Trp
availability to the brain is also higher in women is suggested
by the 42% higher [free Trp]/[CAA] ratio due to the higher
free Trp and the 8% lower [CAA] in women. These results

suggest that Trp availability to the brain for both the cerebral
KP and 5-HT synthesis is moderately higher in women than
in men and are thus at odds with the reported? lower sero-
tonin biosynthetic rate in women (see also below).

The results in Table 3 also give data on Ks and enzyme
activities expressed as products to substrate ratio percentages.
There were no significant gender differences in Ks, and the
33% lower [KA] in women did not reach statistical signifi-
cance (P = 0.079). [KA] will be shown below to be signifi-
cantly lower in Caucasian women, relative to men. Female
subjects also had a significantly lower TDO activity and total
Trp oxidation, but only relative to plasma free Trp [ie, try-
ptophan 2,3-dioxygenase relative to free tryptophan (TDOF)
and total tryptophan oxidation relative to free tryptophan
(TTOXF)]. On this basis, it could be argued that Trp oxida-
tion by women may be moderately lower than that by men,
which could also explain the higher free Trp availability to the
brain of women. As will be shown below, the lower TDOF
and TTOXF expressions are limited to African-American
and Hispanic women, but not Caucasians.

The plasma [K]/[Trp] ratio is widely used to express
TDO or IDO activity, and its use is both valid and informa-
tive under conditions when induction of either enzyme and
the resulting enhanced flux of Trp down the KP are assured
and robust, eg, with cortisol (T'DO) or interferon-y (IFN-7)
(IDO). However, under basal conditions, this ratio does not
reflect totally the normal flux of Trp down the KP. Accord-
ingly, we previously proposed?? new expressions using free Trp
and total Ks. Free Trp plays a major role in the Trp flux,
and the sum of Ks better reflects this flux. As the TDOF and
TTOXF data in Table 3 show, women exhibit significantly
lower rates of Trp oxidation. The flux of Trp down the rat
hepatic KP is controlled mainly by TDO.3? In the present
work with human plasma, it appears that this may also be the
case, as the six ratios of TDO/TTOX and TDOF/TTOXF
in men and women, and the combined total in Table 3 is
~0.70 (range: 0.6923-0.7069). A similar value of 0.70 is also
obtained for the ratio of [K]/[Ks]. Linear regression showed
highly significant (P < 0.001) correlations between each of the
above three ratio pairs (r= 0.942-0.968). Because other Ks, in
particular QA, were not measured, the above ratio of 0.7 is
not a maximum value. Although QA is the largest K metabo-
lite excreted in urine under basal conditions (45%—52%),532 its
plasma concentration is on average 0.348 pM (range: 0.253—
0.451; calculated from data in Refs. 9,34). By adding 11% for
QA contribution to the total Ks (3.09) in Table 3, the TTOX
and TTOXF values can be upgraded to 5.44 and 65, respec-
tively. The TDO/TTOX and TDOF/TTOXEF ratios can now
be revised to 0.627 and 0.631, respectively. Thus, it may be
provisionally concluded that the contribution of TDO (plus a
minimal one from IDO under normal basal conditions) to Trp
oxidation via the KP is 63%, and the remaining 37% may be
due to other rate-limiting enzymes, possibly kynureninase and
picolinate carboxylase.
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Table 3. Gender comparison of baseline fasting plasmatryptophan and kynurenine metabolites in healthy volunteers.

PARAMETER

TOTAL GROUP

(n=114)

MALES (n = 54)

FEMALES (n =60) AND SIGNIFICANCE

OF DIFFERENCES FROM MALES

Free tryptophan (Trp) (uM) 5.29+0.24 454 +0.28 5.96 + 0.34* P=0.010
Total tryptophan (Trp) (uM) 63+2 69+3 59 + 2* P=0.010
% Free Trp 8.40+0.47 6.58+0.75 10.10 £ 0.52* P=0.002
Nonesterified fatty acids (NEFA) (mM) 0.296 + 0.012 0.299 +0.015 0.293+0.018

Albumin (g/L) 49.6 +0.30 49.7 £ 0.42 49.6 £ 0.44

Competing amino acids (CAA) (uM) 552 + 11 575+ 17 530 £ 13* P =0.047
[Free [Trp)/[CAA] ratio 0.0096 + 0.0006 0.0079 £ 0.0008 0.0112+0.0008* P =0.001
[Total Trp]/[CAA] ratio 0.114 £ 0.003 0.120 £ 0.031 0.111 £ 0.000
3-Hydroxykynurenine (3-HK), uM, (revised) 9.20+0.36 (0.31) 9.37 £0.58 (0.31) 9.06 +0.43 (0.31)

Kynurenine (K) (uM) 215+0.12 217+0.18 214 +0.17
3-Hydroxyanthranilic acid (3-HAA) (uM) 0.28 £0.03 0.25+0.03 0.31+0.03

Xanthurenic acid (XA) (uM) 0.16 +0.03 0.15+0.03 0.17 £0.03

Kynurenic acid (KA) (uM) 0.078 £ 0.019 0.099 +0.029 0.059 £ 0.023

Anthranilic acid (AA) (uM) 0.069 £ 0.01 0.090 +0.023 0.053+£0.01

Total kynurenines (Ks) (uM) 3.09+0.14 3.12+0.21 3.08+0.19

TDO 3.41+0.26 3.14£0.32 3.63+0.40

TDOF 41+3 48+6 36 +4* P=0.024
TTOX 4.90+0.33 4.49+0.48 5.22 +0.47

TTOXF 58+4 6817 52 + 4* P=0.010
K OHase 14.4+£0.8 143+1.2 14.5+1.1

KAT A 3.63+0.40 4.55+0.64 2.78+0.48

KAT B 52+7 48+9 54 +10

Total KAT 56+7 53+9 57+ 11

Kynase A 3.21+0.65 415+ 1.14 2.48 £ 0.67

Kynase B 90+6 81+9 100+9

Total kynase 93+6 85+9 102+9

[3-HAA]/[AA] ratio (n = 88,46,42) 5.76 £1.09 6.92+1.08 5.65+ 1.01

Notes: Values are means + SEM for the numbers indicated above. The 3-HK values are those observed experimentally, but a (0.31) value based on the smaller
literature values (see the text) has been applied for total kynurenines and the relevant ratios.

Human KP enzyme activities can be approximated from
plasma K metabolite ratios. Three studies by a Norwegian
group?333+
number of parameters from the total group in Table 3 here
with the corresponding pooled calculated data from the above
three studies as follows: TDO (3.41 vs 2.31), TTOX (4.90 vs
2.50), K hydroxylase (14.4 vs 1.8), KAT A (K — KA) (5.58
vs 2.56), KAT B (3-HK — XA) (52 vs 43), total KAT (58 vs
46), kynase A (K — AA) (3.21 vs 0.95), kynase B (3-HK —
3-HAA) (90 vs 98), and total kynase (93 vs 99). As plasma [K]
is lower in nonfasting subjects,® the higher values for TDO,
TTOX, KAT A, and kynase A in our study may due to our
higher [K] (2.15 vs 1.49 uM), and other differences may be
due to food intake by the Norwegian subjects. Further assess-

were performed in this regard. We compared a

ment of KP enzymes will be made in the following sections.
From our results and those by the above group, it is clear that
KAT and kynase are more active with 3-HK as substrate than

with K. This is consistent with the higher [3-HAA] compared
with [AA] in Table 3 and the above three Norwegian studies,
and the much lower #_ of kynase for 3-HK than for K.3¢:37
KP enzyme activities have been studied in rat liver and/or
four other tissues.’®#0 In the study in several tissues,* direct
enzyme assays did not correlate with product/substrate ratios.
This is to be expected given the in vitro nature of enzyme
assays. However, the comparable ratios for TDO and kynase
A (K—AA) in Table 3 of the present work at least reflect the
comparable rates of Trp flux through these two enzymes in
isolated rat hepatocytes.*!

It has been suggested that the ratio of plasma [3-HAA]/
[AA] may contribute to disorders with an inflammatory com-
ponent, and may represent a novel marker for the assessment
of inflammation and its progression.*> Under such conditions,
the ratio is decreased because of a large increase in [AA],
while [3-HAA] remains generally unaltered. As stated above
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and also shown in Table 3, in our normal subjects [3-HAA]
is higher than [AA], and the above ratio does not exhibit
gender differences in the whole group. Ethnic differences
in this ratio and the possible role of KA in this ratio will be
discussed below.

When the above data were analyzed by ethnicity, new
gender differences emerged (Table 4). Thus, Trp binding to
albumin was significantly lower in women of all three ethnic
groups, due to a higher free, but not total, [Trp], though only
the higher free Trp in the Caucasian women was significant.
In the absence of significant gender differences in NEFA
or albumin, the lower Trp binding in women may, as stated
above, be due to the presence of substance(s) in the blood of
women capable of displacing Trp.

The increase in free Trp availability to the brain,
expressed as the free [Trp]/[CAA] ratio, is confined to Cau-
casian women. There were no significant gender differences
among Caucasians in TDO activities or TTOX whether
expressed relative to total or free Trp. However, compared to
men, Caucasian women showed significantly higher [3-HAA],
but lower [KA], [AA], KAT A, and kynase A. This suggests
that transamination of K to KA and K hydrolysis to AA by
kynureninase are impaired in Caucasian women. This may
be induced by estrogens, which are known to inhibit both
enzymes by binding their pyridoxal 5-phosphate cofactor.*>*
Estrogens thus mimic the effects of B, deficiency on both
enzymes.’3* Compared to men, African-American and His-
panic women exhibited lower TDO activity and Trp oxidation
when expressed relative to free Trp, with 20% and 19% lower
values in African-Americans and 61% and 48% in Hispanics.
These greater decreases in Hispanic women also reflected a
significant decrease (39%) in total K.

The [3-HAAJ/[AA] ratio was comparable between
Caucasians, Hispanics, and Asian Americans, and about one-
half of that of African-Americans (Table 4). Only the higher
value in Caucasian women approached significance (P=0.059)
compared with that of Caucasian men. The similarly higher
ratio in Hispanic women and the lower ratio in African-
American women did not achieve statistical significance,
because of the large individual variations. The differences in
this ratio are not due to differences in [3-HAA], whose values
were gender comparable, but are caused mainly by the lower
[AA] in women. The 49% lower [AA] in Caucasian women
was significant (P = 0.011), whereas the 63% lower (Hispanic
women) and the 146% higher (African-American women)
values were not. Statistical significance in these parameters
and their ratio could be expected in larger samples.

The above data in Tables 3 and 4 could be of clinical sig-
nificance inrelation to schizophrenia (SZ) and immune-related
disorders. The lower KAT A in Caucasian women could explain
the lower incidence of schizophrenia in women,***” which has
been suggested to involve protection by estrogens*® through
their interaction with brain-derived neurotrophic factor or a
lower lipid peroxidation level in women.* We propose here

an additional mechanism, namely inhibition of transamina-
tion of K to KA by estrogen metabolites binding and thereby
inactivating the KAT cofactor, pyridoxal 5-phosphate (PLP).
The rationale is as follows. (1) The KA theory of SZ involves
decreased functions of the NMDA (N-methyl-D-aspartate)
receptors of the excitatory amino acid glutamate and the o7
nicotinic acetylcholine receptors.!? (2) Cerebrospinal levels
of KA, the physiological antagonist of these receptors,’® are
increased in SZ.1° (3) By binding the PLP cofactor, estro-
gens inhibit KAT (and also another PLP-dependent enzyme,
kynase).*** (4) Rat kidney mitochondrial and cytosolic KAT
activity is 33% lower in females, and the higher activity in
males is decreased to female levels by estrogens.** The rat kid-
ney has the highest tissue [KA], and its KAT is the second
most active after the hepatic enzyme.*’ (5) Elevation of brain
KA in SZ results from increased transamination of K to KA
due to the accumulation of K following inhibition of cortical
K hydroxylase (K mono-oxygenase) activity.”! The increased
formation of KA reflects increased substrate availability for
KAT, and not activation of the enzyme, as its activity is unal-
tered in SZ.>! (5) Accordingly, inhibitors of KAT have been
proposed as potential SZ therapeutic agents.*?

The higher [KA] and KAT approximated activity in
African-American women is surprising, but could be attrib-
uted to the lower use of estrogen contraceptives by women

53,54 result-

of this ethnicity (and also Hispanic women),
ing in less inhibition of KAT. It is possible that individual
variations in [KA] within any ethnic group may be a func-
tion of the levels of endogenous estrogens and those used
as contraceptives. This study is the first attempt to examine
human gender differences in KAT, and future studies should
include a parallel assessment of the estrogen status as well
as that of vitamin B,. Current literature does not permit a
clear conclusion regarding gender differences in incidence
of SZ in African-Americans or Hispanic Americans. SZ
incidence is greater in African-Americans than Caucasians,
even after adjusting for the socioeconomic status,> though
diagnostic bias is an obstacle to a clear-cut conclusion.’®
In a study of psychosis across ethnic groups in the UK, a
higher incidence of SZ was reported in Afro-Caribbean and
Black African subjects compared to White subjects. How-
ever, the incidence of psychosis in the first two ethnic groups
was higher in women. Whether a similar pattern emerges in
African-American women remains to be seen and, if so, the
higher [KA]/[K] ratio reported here for this ethnic group
may be of diagnostic relevance.

The effects of estrogens on the KP are not limited to KAT
inhibition, but inhibition extends to TDO* and kynureni-
nase.! The overall effect of estrogens is increased excretion of
kynurenine metabolites in a pattern resembling that observed
in vitamin B, deficiency, the mechanism of which involves
competition with the pyridoxal 5-phosphate cofactor of
kynureninase by estrogen metabolites' and possibly also the
KAT inhibition reported here.
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The gender differences among ethnic groups in the
[3-HAA]/[AA] ratio described above (Table 4) may be rel-
evant to immune-related conditions. A lower ratio has been
suggested to be associated with a range of neurological and
other disorders, including osteoporosis, chronic brain injury,
Huntington’s disease, coronary heart disease, thoracic dis-
ease, stroke, and depression.*? In most of these conditions,
[3-HAA] is decreased whereas [AA] is increased. The higher
[3-HAAJ/[AA] ratio is African-Americans, compared with
the other three ethnic groups (Table 4) is consistent with, and
may explain, the lower incidence of osteoporosis in this eth-
nic group. Protective factors for African-Americans against
fracture include their higher peak bone mass, increased obe-
sity rates, greater muscle mass, lower bone turnover rates, and
advantageous femur geometry.’® In the present study, the age
range of our subjects was 18—40 years. Whether the higher
[3-HAA]/[AA] ratio is also present in older subjects remains
to be established. Elderly African-Americans, however,
lose the advantages accrued by younger ones, which include
increased calcium absorption, superior renal calcium conserva-
tion, and the absence of increased bone loss because of skeletal
resistance to parathyroid hormone.”® A potential relationship
between the above ratio and neurological diseases cannot be
suggested from the present results, as the latter apply to nor-
mal subjects aged 40 years or less.

In the accompanying paper,®® we showed that KA admin-
istration to rats increases liver [AA] and kynase A activity and
observed a highly significant correlation between liver [KA]
and [AA], but not between [KA] and [3-HAA]. We suggest
that KA enhances kynase A activity. Linear regression analy-
sis of the KA, AA, and kynase A data in Table 3 of this paper
revealed significant positive correlations between plasma KA
and AA (r=0.669; P=0.049), KA and kynase A (r = 0.679;
P=0.044) and AA and kynase A (r=0.941; P < 0.001). Addi-
tionally, a highly significant correlation was observed between
kynase A activity and the [3-HAA]/[AA] ratio (r = 0.813;
P=0.008). It thus appears that baseline physiological levels of
KA can influence kynase activity and the above ratio, and an
increase in [KA] could therefore have potential clinical conse-
quences additional to NMDA receptor antagonism.

Previous studies of plasma tryptophan disposition
after various tryptophan doses. It is helpful to review at this
stage previously published data on the maximum increases in
plasma Trp and kynurenine concentrations after oral admin-
istration of various doses of Trp to establish differences in Trp
disposition between ATL using Trp alone versus Trp in amino
acid formulations. All studies listed in Table 51°717:20-22,27,60-62
involved oral Trp administration, except one®® in which Trp
was given intravenously. From the data summarized, the fol-
lowing conclusions could be drawn: (1) Plasma [Trp] is highest
and maximally increased earlier (at 0.5 hours) after intrave-
nous, compared with oral, administration. (2) Dose-dependent
increasesinplasmafreeandtotal[Trp]and [K]are observedirre-
spective of the route of administration or the Trp formulation.

(3) Elevation of plasma free or total [Trp] is less efficient after
Trp administration in amino acid formulations than with Trp
alone. As plasma [Trp] returns to baseline levels after five to
seven hours in all the studies listed in Table 5, impaired Trp
absorption from ATL amino acid preparations versus Trp
only can be ruled out, leaving enhanced Trp disposal as the
more likely mechanism. As will be shown below, the presence
of Leu in Trp-containing amino acid formulations increases
the Trp flux down the KP, and the experiments in the next
section will attempt to dissociate the effects of Leu and Trp
on this flux.

Separate and combined effects of leucine and a small
tryptophan dose on plasma tryptophan disposition and
kynurenine metabolites. Leu enhances the flux of Trp down
the KP in both hepatocytes isolated from high-Leu-fed rats®?
and human volunteers receiving the control formulation of the
ATD test.? In this latter study, the flux of Trp, expressed as
the sum of six Ks in plasma was decreased dose dependently
when [Leu] was decreased from the traditional 13.2% (6.75 g
in a total amount of 51.25 g of the amino acid formulation, or
~96 mg of Leu/kg body weight) by 20%, 30%, and 40%. TDO
activation in rats is the most likely mechanism of the increased
flux,% and the Leu component of the amino acid formulation
is the mediator of the increased flux in the human study.?? As
flux was minimal with the low Leu formulation (~58 mg of
Leu/kg), we considered this latter formulation the nearest to
a Trp-only control (referred to in Table 1 as Control 1 group).
With this assumption, we were able to dissociate the effects of
Leu from those of the small Trp dose by comparing data in the
first three amino acid formulations in Table 1.

The time course of effects of oral administration of these
three formulations on plasma Trp, K, and five of its metabo-
lites is shown in Table 6. The effects of Leu in the absence of
added Trp are those observed in the ATD group. Here, as
expected, there were progressive decreases in free and total
[Trp] and [K], reaching a maximum of 85%, 92%, and 45%,
respectively, at 5, 4, and 5 hours. The decreases in these three
parameters at five hours have previously been reported.!?20
Also not surprisingly, the K transamination product KA was
not elevated, and KAT A activity was accordingly not altered.
KAT A activity has also been shown to be unaltered by ATD,
despite a reported decrease in [KA], presumably because of a
greater decrease in [K],'*?° compared with that in the present
work. By contrast, significant increases in K metabolites and
their sum were induced by the ATD formulation (Table 6),
suggesting that the flux of Trp down the KP was enhanced
by the Leu component. In our previous study,?? we proposed
that this increased flux is caused by TDO enhancement by
Leu. In the present study (Table 6), TDO activity and TTOX
were both significantly increased when expressed relative to
either total or free Trp. The observed increase in [3-HK] sug-
gests the activation of K hydroxylase (Table 6), and it could be
argued that the lower than expected decrease in [K] (45%) after
Trp depletion is the result of TDO activation. Our reported
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Table 5. Plasma tryptophan and kynurenine(s) in normal subjects after loading with various doses of tryptophan: previous studies.

REFERENCE

TRP FORMULATION/DOSAGE

FREE TRP

TOTAL

TRP

% FREE
TRP

15 Trp only (10 females): 1h 3h
50 mg/kg 511 21.4
16 Trp only in males: 1h 1h 1h
10 mg/kg (4) 25 125 20% 5.1 (2h)
25 mg/kg (5) 73 276 26% 12.7 (2 h)
50 mg/kg (7) 117 490 24% 27.4 (3 h)
17 Trp only (1/5): 1.52h 1.52h 1.52h 4.05h 4.23h
100 mg/kg 328 77 46% 68.0 10
61 Trp only (5 males): 1.5-2h 1.5-2h 1.5-2h 4 h
0 mg/kg 5 61 8% 2.4
50 mg/kg 176 612 29% 327
100 mg/kg 328 832 39% 711
60 Trp only iv (14 males): 0.5h 3h
0 g (0 mg/kg) 1 g (~14 mg/kg) 70 4
3 g (~43 mg/kg) 5 g (~71 mg/kg) 340 12.5
980 22.5
1320 37.5
62 ATD control (8/13)*: 0g (0 mg/kg) 2h 2h 2h
2.3 g (~33 mg/kg) 12.5 56 22%
375 123 30%
26 ATL: 3h 3h 3h
1.15 g (~16 mg/kg) (12/12) 8 143 6%
5.15 g (~74 mg/kg) (12/12) 76 491 15%
10.3 g (~147 mg/kg) (10/10) 93 528 18%
27 ATD control (5/7): 2h 2h 2h
1.15 g (~16 mg/kg) 16.1 100 16%
22 ATD control (6/6): 2h 2h 2h 3h
1.15 g (~16 mg/kg) 16 106 15% 2.9
20 ATL (4/11): 5h 5h 5h 5h 5h 5h 5h
6 g (~86 mg/kg) 310 64 12.3 53 86 17 5.8

Note: *Depressed patients in remission.

increases in 3-HK and 3-HAA are at odds with previous
work,'”20 in which they were undetectable at 5 hours after
ATD. No explanation can be advanced at present. Differences
in sample storage and/or processing are possible explanations.
A brief review of the literature shows that, of the Trp metabo-
lites in the KP, only plasma [K] has been measured after ATD
and was found to be decreased, as was the case in the pres-
ent study and the above papers.»2° The absence of a universal
decrease in K metabolites after ATD in the present work is
consistent with Leu promoting the flux of Trp down the KP,?2
and this should be taken into consideration in ATD studies
addressing the KP.

The pellagragenic effect of Leu is thought to also
involve the inhibition of kynase activity,?? and the results in
Table 6 indeed demonstrate inhibition of kynase B activity
at one to seven hours by ATD. Kynase A activity, however,
was not inhibited by ATD. Similarly, whereas KAT A activity
was not decreased by ATD, KAT B activity was. It therefore
appears that metabolism of 3-HK is preferentially undermined
by Leu. A potential mechanism of kynase inhibition by Leu
is that of decreased availability of the PLP cofactor, which
could result from its depletion by BCAA aminotransferase
acting on its Leu substrate.?? The baseline (zero-time) data

in Table 6 show that kynase B activity represents 68%-97%
of the total enzyme activity. This is consistent with purified
kynase from human liver exhibiting K values for 3-HK and
K of 7.7 x 107 and 1 x 1073 M, respectively, and an activity
ratio of these two substrates of 15:1.3 In vitamin B, deficiency,
KAT in mitochondria is thought to be protected against PLP
depletion. Thus, whereas kynase activity (~92% of which exists
in rat liver or kidney cytosols) is strongly inhibited by B, defi-
ciency, KAT activity is inhibited in kidney cytosols (which
represents 54% of total tissue activity) but not in mitochondria
(43% of total KAT activity).®* Whether this compartmental
protection plays a role in K conversion to AA or KA in humans
requires investigation.

'The results in Table 6 with the C1 control group could be
considered the nearest to a Trp control group with minimal
interference from Leu. As expected, the flux of Trp down the
KP is reflected by increases over time in the plasma concen-
trations of free and total Trp, K, and five of its metabolites,
and total Ks. Compared to the ATD group, the C1 group
induced greater elevations in all parameters, except XA and
3-HAA. Unlike the elevation of TDO by the Leu component
of the ATD formulation, TDO activity in the C1 group was
not significantly altered whether expressed relative to total of
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Assessment of the human kynurenine pathway

free Trp. This suggests that a 1.15 g Trp dose (~16.4 mg/kg
body weight for a 70 kg adult) does not activate TDO (or
the combined TDO/IDO) activity. As stated above, a single
50 mg/kg dose of Trp does not activate TDO in human'® or
rats.>* However, flux of Trp is enhanced in C1, as suggested by
the increased TTOX and TTOXEF, and the apparent increase
in K hydroxylase. As was the case with ATD, KAT A and
kynase A activities were not altered by C1, whereas KAT B
and kynase B activities were strongly decreased, suggesting
that K conversion to KA or AA is also protected, as is the
case after ATD. The preferential impairment of 3-HK con-
version to 3-HAA may be explained by a potential inhibi-
tion of kynase by high substrate (3-HK) concentrations, as has
been demonstrated with the recombinant human enzyme.® It
could therefore be suggested that kynase inhibition by Leu (in
ATD) and Trp (in C1) is caused by two different mechanisms:
PLP depletion and substrate inhibition.

The increases in plasma free and total Trp and K concentra-
tions observed in the C1 control group (small Trp dose; Table 6)
correspond to those previously published by us using amino acid
mixtures.?>?27 When Trp (10 mg/kg) was given alone,!® the
increases in total Trp and free Trp at 1 hour and in K at 2 hours
were 25%, 50%, and 105%, respectively, greater than in the pres-
ent work, suggesting that absorption and subsequent metabolism
of Trp are delayed by the presence of other amino acids.

Trp binding (expressed as the percent free Trp) was not
influenced by ATD or C1. The absence of a change after ATD
is not surprising given that no Trp was added. With C1, mod-
erate but insignificant increases (of up to 22%) in the percent
free Trp were observed. Greater increases occurred in C2. It
may therefore be concluded that a 1.15 g dose of Trp causes
only a partial saturation of the Trp binding sites on albumin.

The results in Table 6 with the C2 control group rep-
resent the combined effects of the larger Leu dose and the
small Trp dose. Not surprisingly, there were no differences in
plasma free or total [Trp] between the two control groups C2
and C1 with the same Trp content. [K] and [3-HK] were also
not different. However, the levels of KA, XA, 3-HAA, and
total Ks were significantly greater in C2 than in C1. To estab-
lish whether the combined effects of Leu + Trp equal the sum
of the two separate effects, comparisons were made of the sum
of the separate effects (in ADT and C1) and those of the com-
bined effects (in C2). As Leu (ATD) and Trp (C1) acted dif-
ferently on a number of parameters, such as free and total Trp,
K, and XA, it was considered more appropriate to conduct
these comparisons first on total Ks and then on the remain-
ing parameters. In data not shown here, but can be calculated
from Table 6, total Ks, AA, 3-HAA, and KA showed reason-
able concordance between the sums and the combined effects.
With total Ks, the differences between the combined effects
and sums at 1, 2, 3,4, 5, 6, and 7 hours were in all but one case
moderate (+9%, +17%, —11%, —16%, +16%, +56%, and —1%,
respectively). We therefore believe that we have reasonably
dissociated the effects of Leu from those of Trp.

Effects of tryptophanloading at various doses on plasma
tryptophan disposition and kynurenine metabolite concen-
trations. In this section, the effects of the 5.15 g Trp load (in
2 50 g dose of the amino acid formulation) are compared with
those observed in the C2 control group in Table 1 (1.15 g of
Trp in the 50 g dose with the same Leu content). The effects
of the 10.3 g Trp load are compared with those of the 5.15 g
load, as we did not have a control formulation for the 100 g
dose. These comparisons are given in Table 7.

Free and total [Trp] were dose-dependently and sig-
nificantly elevated by Trp loading. The percentage free Trp
(expressing Trp binding) was increased by the two larger Trp
doses, but not by the small (1.15 g) dose in the C2 control
group. The similar increases in this parameter caused by the
larger Trp doses suggest that the Trp-binding sites on albumin
are maximally occupied by the 5.15 g dose and that the extra
Trp derived from the 10.3 g dose is reflected in the higher free
[Trp] in this group.

Concentrations of plasma K, its metabolites, and their sum
were also increased dose-dependently. Because TDO activity
in the three groups was not elevated until the four-hour time
point, it may be concluded that the increased formation of K
metabolites is initially caused by the flux of Trp down the KP.
The absence of differences in TDO activity or TTOX between
the two larger Trp groups suggests that the 5.15 g dose induces
the maximum activation of TDO and enhancement of Trp
oxidation. A similar dose in rats (75 mg/kg) also activates
TDO.?* We therefore recommend that, for maximum TDO
activation in humans, a ~75 mg/kg Trp dose should be used.
By contrast, a 1.15 g (~16 mg/kg) dose of Trp with a minimal
effect of Leu (as in the C1 control group in Table 6) will not
influence TDO activity. A 2 g oral Trp dose (~28.6 mg/kg)
has traditionally been used in ATL studies.* It has been sug-
gested that a 50 mg/kg dose (~3.5 g for a 70 kg adult) should
be used for ATL.% This latter dose does not activate TDO
in rats (measured by enzyme assay) or humans,'®23 but causes
a temporary significant increase in the serum [K]/[Trp] ratio
in rats.”” We therefore recommend the smaller dose of 2 g, or,
more accurately, a 30 mg/kg dose, as a means of correcting for
body weight differences among study subjects.

Enzyme activities expressed by product/substrate ratio
percentages (Table 7) show that Trp loading with the two
large doses preferentially decreases KAT and kynase activities
with 3-HK as substrate. With KAT B, competitive inhibition
by Trp may be a possible mechanism,*” whereas with kynase
B a potential inhibition by both 3-HK and K®* is likely. It will
be noted that KAT A and kynase A activities in the 1.15 g Trp
group are considerably higher than in the other two groups.
This is due to [KA] and [AA] being higher and [K] being
lower in this group.

Gender differences in the 21 parameters studied in
Table 7 were examined in the three Trp-treatment groups
(data not shown). Only a few gender differences were detected,
none of which was in the 1.15 g Trp-treated group. In the
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5.15 g group, significantly lower KAT A activity at 4 hours
and KAT B activity at 2, 6, and 7 hours after the Trp dose was

Q
<
o<
e .
~r 2 e EE observed in women, compared to men. In the 10.3 g group,
g 5 ; g 5 g 3 § more differences were observed: a higher free [Trp] in women
Rl ¥ S5 at 4-7 hours; a lower [K] in women at 3—7 hours; a lower
- C
82 total Ks in women at 4-7 hours; a lower TDO and TTOX
= 0
o in women at 4—7 hours whether expressed relative to total
02 P
£3 or free Trp. These findings in conjunction with the data in
35 P g i)
oo Qoo o £ Table 7 suggest that: (1) whereas TDO is activated maximall
+ H H +H H 22 &8 Y
239 PN © 8 equally in men and women, an excessive Trp dose decreases
c
e e o5 TDO activation only in women; (2) the decreased overall Tr
)
<2 y P
o oxidation in women with the 10.3 g Trp dose is consistent
[0}
£2 with the decreases in TDO and the subsequent flux of Tr
oS q P
% ° down the KP; (3) the lower KAT activity in women observed
N = O . .
™ o0 N~ © 35 with the 5.15 g Trp dose is overcome by the larger dose pos-
41 HH HH H 78 X ) A
o8 QN o= sibly because of increased substrate availability.
x % % * % % o .2 . . . .
20 Because the data in Table 4 show that ethnicity influ-
3= ences some Irp-related parameters, an attempt was made to
£o P P ) p
§ ; examine ethnic responses to Trp loading by combining the
9 data from both the 5.15 and 10.3 g Trp-treated groups to
. 2 g g 1rp group
B o9 s obtain sufficient (if still small) numbers for statistical pur-
RER IS 25 poses. However, numbers were still too small (not exceeding
* % % PR = o0
%ﬁ 8 in subgroups) with large individual variations. In Cau-
;é casians, for example, whereas baseline gender differences
[elNe) o
E £ exist for [3-HAA], [KA], [AA], and KAT A and Kynase
2c Y
RS A (Table 4), the same differences were also observed dur-
9 o w e o w [Sie] ’
T H HHH 2 2 ing ATL, but did not reach statistical significance. Eth-
*3 8 :NO *3 ?) g ° g nic responses to ATL for the combined genders were also
£3 . )
< compared for the 21 Trp parameters. Little differences were
5 o
g2 observed (data not shown), thus suggesting that no eth-
Q . . . . . .
33 nic differences in kynurenine metabolite formation can be
€0 Y
c . .
N - . 3o expected in future ATL studies.
~No ™ ~No o D e P
HH H H H H 25
0 © O [Tol N = . . .
SN Ny | 22 General Discussion and Conclusions
S<
2= We have assessed Trp disposition and metabolism alon
3g p disp g
e} . . .
sg the KP in a sample of healthy US volunteers and identified
28 . important features. We suggest that liver TDO contrib-
53 p 28
O ox N 503 utes some 70% toward Trp oxidation along the hepatic KP,
m2C IR 252 P g p
BN X Axnd gc;c', with most of the remainder possibly achieved by the sub-
= a3 . . . . . .
DR Lee 283 sequent rate-limiting enzymes kynureninase and picolinate
goo carboxylase. We assume that a small contribution is likel
oL g y Y
e from the extrahepatic Trp-degrading enzyme IDO under
8% the normal physiological conditions of the present work.
©o <* gco phy g p
< © N~ 28T Dose—response experiments with ATL demonstrated that
HoH T HoH 0 8 E P p
wo ! 8. £59 maximum activation of TDO is caused by a 5.15 g dose of
~ O ~ O oE3 . . . .. . .
éi g Trp, with higher dosage impairing Trp oxidation. To stan-
< o) gt dardize dosage for future ATL studies and to avoid TDO
< +H . . .
T wES activation, we recommend a 30 mg/kg body weight dose.
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£ ; T ® g i% called functional vitamin B deficiency, defined as a decrease
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S Il X—°- |[FT©~- 252 XA and also KA. However, as the results in Table 6 with the
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control C1 group (the nearest to a Trp-only control) show,
KAT A is not influenced and KAT B is actually inhibited.
Also, our data in rats treated with a 50 mg/kg dose of Trp
(detailed in the accompanying paper)® show that KAT A
and B and also kynureninase A and B are all enhanced by
Trp. There may be a species difference here, but another
potential mechanism of this B, deficiency that has not pre-
viously been suggested is that of increased transamination
of Trp to indolepyruvic acid (IPA) and further metabolites.
Trp administered in a large dose to rats increases liver Trp
aminotransferase activity by 4.7-fold,® and intravenous Trp
administration to humans dose-dependently elevates the
plasma concentrations of indol-3-lactic and indol-3-acetic
acids.®® Conversion of IPA to Trp has been suggested when
a healthy woman on a Trp-free diet given IPA achieved
nitrogen balance but then lost it when the latter was with-
drawn from the Trp-free diet.®” Transamination of Trp to
IPA is common in plants and bacteria, including intestinal
flora, but has not been studied in humans. However, the
rapid increase in plasma concentrations of the above IPA
metabolites following intravenous Trp administration®
suggests that tissues and not intestinal flora play an impor-
tant role. In rat liver, 60% of Trp transamination is achieved
by tyrosine aminotransferase.®® It is therefore likely that
a significant level of Trp transamination to IPA occurs in
humans especially after Trp loading. IPA is thought to pos-
sess many properties, including anxiolysis, sedation, and
sleep promotion, and is also known to be metabolized to
kynurenic acid.”” Aminotransferases play important roles in
brain physiology as catalysts in the formation of keto acids
as energy sources. Significant Trp transamination to IPA
in the human brain is also very likely, in view of the wide
substrate specificity of aminotransferases. For example, the
recombinant human brain KAT II isoenzyme shows a simi-
larly high catalytic efficiency for Trp as for K.”! These con-
siderations may be relevant to the pharmacological actions
of Trp and are worthy of investigation.

Baseline assessments are important, as they can reveal
important gender and ethnic differences, notably (1) the higher
plasma free [Trp] in women and consequently the increased
availability of Trp for the cerebral kynurenine and serotonin
pathways; (2) the lower kynurenic acid in Caucasian women,
which may explain the lower incidence of schizophrenia in
this ethnic group, possibly because of their greater use of
estrogen contraception; (3) the potentially higher [3-HAA]/
[AA] ratio in African-American women, which may explain
their protection against osteoporosis. Other ethnic differences
in KP activity could not be suggested here with certainty
because of the small numbers studied. This is an important
limitation in the present study, and future studies examining
gender and ethnic differences in KP activity in larger num-
bers of subjects could yield important information for fur-
ther understanding of the important role of this pathway in
health and disease. Another limitation of the present study is

the younger age group of subjects (18—40 years), and future
studies will require comparisons with older subjects. Also, we
suggest that future studies linking KP activity to schizophre-
nia and other behavioral disorders should assess the role of
potential determinants and/or confounders: in particular (1)
differences in diagnostic criteria and instruments used within
a single population or across different countries with varied
cultural and ethnic backgrounds, which could lead to differ-
ent diagnostic conclusions, and (2) the need to establish the
endogenous and pharmacological estrogen status as a func-
tion of age in women.
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