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ABSTRACT: Rat liver tryptophan (Trp), kynurenine pathway metabolites, and enzymes deduced from product/substrate ratios were assessed following
acute and/or chronic administration of kynurenic acid (KA), 3-hydroxykynurenine (3-HK), 3-hydroxyanthranilic acid (3-HAA), Trp, and the kynureni-
nase inhibitors benserazide (BSZ) and carbidopa (CBD). KA activated Trp 2,3-dioxygenase (TDO), possibly by increasing liver 3-HAA, but inhibited
kynurenine aminotransferase (KAT) and kynureninase activities with 3-HK as substrate. 3-HK inhibited kynureninase activity from 3-HK. 3-HAA
stimulated TDO, but inhibited kynureninase activity from K and 3-HK. Trp (50 mg/kg) increased kynurenine metabolite concentrations and KAT from K,
and exerted a temporary stimulation of TDO. The kynureninase inhibitors BSZ and CBD also inhibited KAT, but stimulated TDO. BSZ abolished or
strongly inhibited the Trp-induced increases in liver Trp and kynurenine metabolites. The potential effects of these changes in conditions of immune activa-

tion, schizophrenia, and other disease states are discussed.
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Introduction
The essential amino acid L-tryptophan (Trp) is metabolized
by four known pathways, the quantitatively most important of
which is the hepatic kynurenine (K) pathway (KP)' (Fig. 1), as it
accounts for at least ~90% of overall disposal of dietary Trp under
normal physiological conditions.>~* The extrahepatic KP contrib-
utes little to Trp degradation under normal conditions, but plays
a major role after immune activation.* This latter feature has pro-
vided the stimulus for intense research interest in the KP in recent
years with the demonstration of the immunosuppressive proper-
ties of some of its intermediates, notably 3-hydroxykynurenine
(3-HK), 3-hydroxyanthranilic acid (3-HAA), and quinolinic
acid (QA), in pregnancy and defense against infection,*” and the
involvement of these and other kynurenine metabolites (Ks) in a
variety of neurological disorders.®?

Most previous studies of the hepatic KP have focused
on changes in the first and rate-limiting enzyme Trp 2,
3-dioxygenase (T DO, formerly Trp pyrrolase: EC 1.13.11.11)
and some subsequent enzymes in the pathway induced by Trp,
various drugs and other chemicals, and nutritional deficien-
cies. The potential effects of intermediates of the KP on the
hepatic metabolism of Trp have received little attention. Inves-
tigating such effects could throw light on feedback control

mechanisms of the pathway and the potential modulation of
intermediates in pathological conditions associated with ele-
vated Ks. We have previously reported that 3-HK, 3-HAA,
and kynurenic acid (KA) induce aversion to alcohol by elevat-
ing blood acetaldehyde levels secondary to inhibition of liver
aldehyde dehydrogenase activity.! Aversion to alcohol by the
same mechanism and mediated by 3-HK was also demon-
strated by combined administration of Trp and the kynureni-
nase inhibitor benserazide (BSZ).!! In these latter two studies,
hepatic levels of KA, 3-HK, and 3-HAA were reported after
their administration,'® as was 3-HK after administration of
BSZ or the other kynureninase inhibitor carbidopa (CBD) in
combination with Trp.!! In the present paper, we report the
effects of the above three kynurenine metabolites, and also

BSZ, CBD, and Trp, on hepatic Trp metabolism by the KP.

Materials and Methods

Chemicals and materials. Trp, 3-HK, 3-HAA, KA,
BSZ [(DL-serine 2(2,3,4-trihydroxybenzyl) hydrazine
hydrochloride], CBD [s(8)-3-(3,4-dihydroxyphenyl)-2-hydrazino-
2-methylpropionic acid], and other kynurenine metabolites
were purchased from the Sigma-Aldrich Co Ltd. and were
stored as directed by the manufacturer. Water and methanol
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Figure 1. The hepatic kynurenine pathway of tryptophan degradation up to the kynureninase step. Abbreviations are in parentheses. Benserazide (BSZ)
and carbidopa (CBD) are shown as kynureninase inhibitors. Adapted from Ref. 1. Badawy AA-B, Bano S. Elevation of kynurenine metabolites in rat liver
and serum: a potential additional mechanism of the alcohol aversive and anti-cancer effects of disulfiram? Alcohol Alcohol. 2016;51:20-5."
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(high-performance liquid chromatography: HPLC grade) were
purchased from either VWR International or Fisher Scientific.
Acids and alkalis of the purest commercially available grades
were purchased from VWR International and were made up
in HPLC-grade water. Filtration, Eppendorf, and other tubes
were purchased from Fisher or other standard suppliers.

Animals and treatments. Adult normal male Wistar
rats weighing between 150 and 170 g at the start of experi-
ments were purchased from accredited animal suppliers and
were acclimatized to our standard UK Home Office-approved
housing conditions (21 £ 2 °C, relative humidity 55 + 10%, and
a 12-hour/12-hour light/dark cycle) for at least one week before
experiments. They were housed five per cage in conventional
open-top cages with standard softwood bedding from accred-
ited suppliers, and were allowed free access to standard labora-
tory RM1 diet and water. This study was performed under the
auspices of Cardiff University and approved and licensed (PPL
30/2502) by the UK Home Office under the Animal (Scientific
Procedures) Act 1986. All compounds were administered intra-
peritoneally in 0.9% (w/v) NaCl (physiological saline). 3-HK,
3-HAA, and KA were given in single doses of 1-10 mg/kg
body weight, whereas Trp was given in a 50 mg/kg dose. The
kynureninase inhibitors BSZ and CBD were given in single
doses of 100 and 50 mg/kg, respectively. When given repeat-
edly for seven days, Trp and BSZ were given in the above single
doses once daily, whereas 3-HK, 3-HAA, and KA were given
in a single daily 10 mg/kg dose each.

Laboratory procedures. Trp and its K metabolites were
determined in liver and serum by our rapid isocratic HPLC
procedure.? Briefly, a Perkin Elmer LC200 system, consisting
of a quaternary pump, a column oven, and a degasser, was
used with ultraviolet and fluorimetric detection in series.
The mobile phase was a methanol/sodium dihydrogen phos-
phate mixture (27:73 by vol.) at a final pH of 2.0 or 2.8. The
system was run isocratically using a Synergi 4 | reverse-phase
Fusion-RP80 A column (250 x 4.6 mm) with a guard column
(Phenomenex). Operation of the system, data processing, and
handling were all performed by the associated Total Chrome
software. A standard mixture of Trp and six of its kynure-
nine metabolites (1 ug/mL each) was used as calibrant at the
start of each run. Results were corrected for full recovery.
Kynureninase activity was determined in liver supernatants by
measuring the conversion of kynurenine to anthranilic acid, as
described previously.!! Kynurenine aminotransferase (KAT)
activity was determined under the same experimental condi-
tions by measuring the simultaneous production of KA.

Statistics. Test results were compared with those of con-
trol groups by the unpaired #-test using Sigma Plot (Systat),
version 11, with which the graphics were prepared. For
multiple group comparisons using this program, the Holm—
Sidak test was applied, as it is more powerful than the Tukey
or Bonferroni tests and can be used for both pairwise compar-
isons and those versus a control group. Where the data failed
the normality (Shapiro-Wilk) test, Kruskal-Wallis one-way

ANOVA on ranks was performed. A two-tailed level of signi-
ficance (P) was set at 0.05.

Results and Discussion

Effects of kynurenine metabolites on liver trypto-
phan metabolism. The three kynurenine metabolites used
in the present work (3-HK, 3-HAA, and KA) have previ-
ously been shown in our alcohol aversion study® to be potent
inhibitors of aldehyde dehydrogenase. The acute time-course
data reported below were obtained over a four-hour period,
as this was found! to cover the maximum increases in their
hepatic concentrations.

Kynurenic acid. As the data in Figure 2 show, liver [KA]
was rapidly and maximally increased at 1 hour following admin-
istration of a 10 mg/kg dose. The sustained high level over the
subsequent 3 hours suggests that KA does not undergo exten-
sive metabolism. In rats, mice, and some other mammalian
species, KA is largely (80%-100%) excreted in urine within
24 hours, with little conversion to QA and quinaldylglycine.!3
In bacteria, KA is hydroxylated to 7,8-dihydroxykynurenic
acid,'* but it is not known whether this occurs in mammals.

The data with kynurenines in Figure 2 show that KA did
not exert a significant effect on [K], and the 44% decrease at
four hours did not reach a significant level (P = 0.055). This
suggests that KA does not inhibit the KAT reaction from
K to KA (KAT A). This is further suggested by the absence
of a change in the [KA]/[K] ratio if the increase in [KA] at
1-4 hours is excluded from the calculation. The KAT B reac-
tion (that from 3-HK to XA) was, however, inhibited by KA
by 60%—81%. This is due to a combination of a [3-HK] ele-
vation not matched by one in [XA] at 1-2 hours and a later
decrease in [XA]. The mechanism of this KAT B inhibition
by KA remains to be investigated. Little is known about the
potential effects of KA on KAT, but one possible mechanism
of KAT B inhibition is product inhibition by KA.

[AA] was elevated by KA by 2.57-3.46-fold, suggesting
that the kynureninase (kynase) A reaction (that from Kto AA) is
enhanced, and this is reflected in the several-fold increase in the
[AA]/[K] ratio over the four-hour study period. By contrast, the
kynase B reaction (that from 3-HK to 3-HAA) was decreased
over the first two hours after KA administration. Thus, there is
a preferential vulnerability in the conversion of 3-HK to both
XA and 3-HAA. The results in Figure 2 demonstrate and sug-
gest that KA increases the hepatic concentrations of 3-HK and
3-HAA, both of which possess immune-modulatory proper-
ties (see above) and this may be related to the ability of KA to
protect against lipopolysaccharide-induced toxicity in mice!®
and to exhibit anti-inflammatory activity toward activated
mouse splenocytes.’ The KA theory of schizophrenial” postu-
lates a state of glutamatergic hypoactivity induced by increased
levels of cerebrospinal fluid (CSF) KA, the endogenous antag-
onist of the NV-methyl-p-aspartate (NMDA) receptors of the
excitatory amino acid glutamate.!® The neuronal excitability
state is thought to involve the balance between the NMDA
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Figure 2. Time course of effects of administration of KA on liver tryptophan and kynurenine metabolite concentrations.

Notes: KA (10 mg/kg body wt) was administered intraperitoneally at zero time, and liver tryptophan and kynurenine metabolite concentrations were
determined as described in the Materials and Methods section at the time intervals indicated. Values are mean + SEM for five rats. The significance of
the differences from the control zero-time value is indicated by an asterisk, with levels of significance (P) of 0.05—0.001.

Abbreviations: Trp, tryptophan; K, kynurenine; 3-HK, 3-hydroxykynurenine; 3-HAA, 3-hydroxyanthranilic acid; KA, kynurenic acid; XA, xanthurenic

acid; AA, anthranilic acid.

receptor antagonist KA and agonist QA. As the latter is not
decreased in schizophrenia,’” it may be concluded that the
glutamatergic hypoactivity is solely due to the raised KA. In
the present work with KA, the increased [3-HAA] suggests
that QA production is not impaired by a raised KA level, thus

supporting the situation in schizophrenia.!” Thus the NMDA
hypoactivity in schizophrenia may be accompanied by an anti-

inflammatory component.
It has been suggested?” that a decrease in the ratio of

[3-HAA]/[AA] is associated with many neurological diseases
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and may represent a protective response to limit primary and
secondary damage, particularly in brain. In nonsurviving
acute stroke patients, levels of KA are increased along with
the decrease in the above ratio.?! In the present work, KA
administration induced a decrease in this ratio in liver from a
control value at zero time of 2.98 to 0.66, 1.45, 1.82, and 1.18
at 1, 2, 3, and 4 hours, respectively. Linear regression analy-
sis showed a highly significant correlation between liver [KA]
and [AA] (r=0.931; P < 0.001), but not between liver [KA]
and [3-HAA] (r=0.303; P=0.141). Thus, it appears that KA
itself may be capable of decreasing this ratio by its stimulation
of AA production. A similar situation exists in schizophre-
nia, wherein a strong (4.1-fold) elevation of serum [AA] has
recently been observed.?? [3-HAA] was not measured in this
latter study, though its level in anterior cingulate samples from
patients with schizophrenia was found in another study?® to be
1.68-fold higher than in controls. Thus, in all probability, the
[3-HAAJ/[AA] ratio will also be decreased in schizophrenia.
Whether this potential decrease is also caused by the elevated
KA in schizophrenia remains to be established.

KA administration did not alter liver [Trp] over the first
two hours, but caused significant (P 0.05-0.027) decreases of
34% and 39% at three and four hours, respectively. The flux
of Trp down the KP was assessed from the sum of kynure-
nines, excluding the high [KA] at 1-4 hours, and was found
to be minimally altered by KA (sums at 0, 1, 2, 3, and 4 hours
were 14.22, 16.45, 15.42, 17.60, and 11.57 uM, respectively).
Although this is consistent with the absence of any signifi-
cant changes (P > 0.1) in TDO activity estimated from the
[K]/[Trp] ratio over the four-hour study period (data not
shown), the decrease in liver [Trp] can still suggest a TDO
activation, with the absence of a corresponding increase in [K]

being attributed to enhanced K hydroxylation to 3-HK and

hydrolysis to AA. Calculating the ratio of [K + 3-HK + AA]
to [Trp] shows a >2-fold increase. As will be suggested below,
TDO may be activated by 3-HAA and it is therefore possible
that the above decrease in liver [ Trp] after KA administration
is mediated by 3-HAA.

KA dose-response experiments were also performed to
assess the levels of serum and liver Trp and K metabolites at
one hour. This time interval was chosen because liver [KA] was
maximally increased in our previous study'® on aversion to alco-
hol. There were distinct differences between liver and serum
levels. The data in Figure 2 show that concentrations of liver
3-HK, KA, and A A were increased at one hour after adminis-
tration of the 10 mg/kg dose of KA. The dose—response changes
at one hour given in Table 1 show that concentrations of 3-HK,
3-HAA, and KA were increased in liver by most of the KA
doses, whereas that of AA was increased only by the 7.5 mg/kg
dose. In serum, by contrast, only [KA] was increased signifi-
cantly by all doses of KA, though to a lesser extent than in liver
especially at the lower doses, whereas [3-HK] was increased
only by the 2.5 mg/kg dose, 3-HAA was not increased, and
AA was detectable in only one or two rats in any one treat-
ment group. These results clearly demonstrate that serum levels
generally do not reflect those in liver. However, a correlation
between the two is more likely under steady-state conditions.

3-Hydroxykynurenine. The time course of changes in
liver Trp and kynurenines after acute administration of a
10 mg/kg dose of 3-HK is shown in Figure 3. As expected,
liver [3-HK] was increased by 3-HK administration, maxi-
mally at one hour. The absence of a decline at two to three
hours suggests that its further metabolism to either 3-HAA
or XA is impaired. We were unable to establish with certainty
the levels of XA or KA due to experimental factors preventing
their chromatographic separation. Also, AA was undetectable

Table 1. Effects of acute administration of various doses of KA on concentrations of some kynurenine metabolites in rat liver and serum.

DOSE OF 3-HK 3-HAA KA AA

KA (mg/kg)

0 Liver 2.86+0.68 0.10+£0.01 0.07 £0.02 0.16 £ 0.06
Serum 3.79+£0.32 0.95+0.12 0.85+0.18 ub

1 Liver 3.47 £0.65 0.18 £ 0.06 28.1+£1.2* 0.53+£0.21
Serum 3.46+£0.27 0.75+0.08 3.20£0.59* (0.05, 0.41)

2.5 Liver 18.6 £ 1.0* 113 +£0.32 30.6 +0.8* 0.27 £0.14
Serum 4.87 +£0.32* 0.61+0.09 3.28 £0.09* ub

5 Liver 11.6 £3.9* 1.67£0.74 351+£5.2¢ 0.89+0.54
Serum 3.55+0.44 0.81+0.18 4.01£0.45* (0.10, 0.01)

7.5 Liver 16.0 £ 1.0* 1.62+£0.74 37.4 £18.8* 1.01 £0.35%
Serum 4.59 +£0.47 0.61+£0.13 11.2+0.2* (0.24)

10 Liver 18.8+0.1* 0.84 £ 0.25* 54.5+9.6* 0.39+0.11
Serum 4.90+0.43 0.52 £0.06 26.4 £ 1.4 (0.01, 0.19)

Notes: Rats were given an intraperitoneal injection of various doses of KA or physiological saline and were killed one hour later. Values are mean + SEM for each
group of five rats, except for individual values in parentheses. The significance of the differences from the zero dose control group is indicated by an asterisk (*)

(P=0.042-0.001 by t-test).
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Figure 3. Time course of effects of administration of 3-hydroxykynurenine on liver tryptophan and kynurenine metabolite concentrations.

Notes: 3-Hydroxykunurenine (10 mg/kg body weight) was administered intraperitoneally at zero time, and liver tryptophan and kynurenine metabolite
concentrations were determined as described in the Materials and Methods section at the time intervals indicated. Values are mean + SEM for five rats.
The significance of the differences from the control zero-time value is indicated by an asterisk, with levels of significance (P) of 0.033—-0.001.
Abbreviations: Trp, tryptophan; K, kynurenine; 3-HK, 3-hydroxykynurenine; 3-HAA, 3-hydroxyanthranilic acid.

in most animals. As far as we could ascertain, no previous
studies of the potential effects of 3-HK administration on
K metabolites have been reported. We can, however, sug-
gest that the absence of detectable AA may involve kynase A
inhibition by 3-HK. Such inhibition has been reported with
the human recombinant enzyme.?* It is unlikely that 3-HK
inhibited KAT A or B under our experimental conditions. The
rat brain KAT A activity is inhibited by 50% only at the very
high concentration of 2 mM.?

However, [3-HAA] was elevated up to 0.75 hours after
3-HK administration before declining to lower than con-
trol values at 1 and 3 hours. It may be concluded that these
latter decreases are due to kynase inhibition by 3-HK. The
[3-HAAJ/[3-HK] ratio %, indicative of kynase B activity, was
decreased from the zero-time control value of 13.8 to 8.0, 7.4,
0.9, 4.0, and 1.3 at 0.5, 0.75, 1, 2, and 3 hours, respectively.
'This is consistent with the previously reported 3-HK inhibi-
tion of human recombinant kynase.?*

3-HK did not influence significantly liver [K], [Trp], or
the [K]/[Trp] ratio, thus suggesting that TDO activity is not
inhibited at the 10 mg/kg dose level. 3-HK has previously been
shown to inhibit rat liver TDO activity in vitro by 67% and
95% at concentrations 5 and 50 UM, respectively.?® However,
as inhibitory levels were reached in the present work, it can only
be concluded that other factors operating in vivo must play a

role in overcoming a potential TDO inhibition. Perhaps, the
increase in [3-HAA] could have overcome a potential inhibi-
tion, as this latter K metabolite stimulates TDO (see below).
3-Hydroxyanthranilic acid. The time course of changes
in liver Trp and kynurenines after acute administration of a
10 mg/kg dose of 3-HAA is shown in Figure 4. As expected,
[3-HAA] increased rapidly, by 4.7-fold at 1 hour and 5.4-fold
at 4 hours, whereas there was no change in [3-HK]. 3-HAA
increased [K] significantly over the first three hours. The K
transamination product KA was also increased, suggest-
ing that 3-HAA did not inhibit KAT A activity. Similarly,
KAT B activity was also not decreased, though there was
a trend toward an increase. The increased formation of KA
reflected only the increased availability of the K substrate,
rather than enhancement of KAT A activity, as there were
no increases in the [KA]/[K] ratio (data calculated from the
results in Fig. 4). By contrast with KAT, kynase A activity
was decreased by 3-HAA. Thus, despite the increase in [K],
there was a steady and significant decrease in [AA]. This sug-
gests that 3-HAA may exert a product inhibition of kynase
activity. Kynase inhibition by 3-HAA in pig liver had been
demonstrated previously,?” with 0.1 and 1 mM concentrations
causing inhibition iz vitro of 53% and 79%, respectively.
3-HAA caused a steady decrease in liver [Trp]. Cou-
pled with the increase in [K], this suggests that 3-HAA
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Figure 4. Time course of effects of administration of 3-hydroxyanthtranilic acid on liver tryptophan and kynurenine metabolite concentrations.

Notes: 3-Hydroxykunurenine (10 mg/kg body weight) was administered intraperitoneally at zero time, and liver tryptophan and kynurenine metabolite
concentrations were determined as described in the Materials and methods section at the time intervals indicated. Values are mean + SEM for five
rats. The significance of the differences from the control zero-time value is indicated by an asterisk, with levels of significance (P) of 0.035-0.001.
Abbreviations: Trp, tryptophan; K, kynurenine; 3-HK, 3-hydroxykynurenine; 3-HAA, 3-hydroxyanthranilic acid; KA, kynurenic acid; XA, xanthurenic
acid; AA, anthranilic acid.

enhances liver TDO activity. The large increase in the reach 4 UM in this time-course experiment (Fig. 3) or 9 uM
[K]/[Trp] ratio is consistent with this conclusion. As was in the dose—response experiment (see below). The [K]/[Trp]
the case with 3-HK,?¢ 3-HAA had also been reported to ratio% was increased dose-dependently by 3-HAA in the dose
inhibit TDO activity in vitro (by 32% at 5 uM and 85% range of 2.5-10 mg/kg (from 8.41 in controls to 17.18-33.02).
at 50 uM).¢ The hepatic concentration of 3-HAA did not This likely TDO enhancement must be attributed to factors
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operating in vivo, the nature of which requires investigation.
In dose-response experiments, the smallest 3-HAA dose
causing significant changes in the parameters affected in
Figure 4 was 2.5 mg/kg, except for [3-HAA] itself, which
was already elevated from the control value by 1.9-fold by the
smallest (1 mg/kg) dose (data not shown).

Effects of chronic administration of kynurenine
metabolites on concentrations of liver and serum trypto-
phan and kynurenines. These effects are given in Table 2,
from which it can be seen that elevation of liver levels of KA,
3-HK, and 3-HA A also occurs after their individual adminis-
tration for eight days. None of the other kynurenines altered
by acute administration of the three metabolites is altered
after their chronic administration. The main chronic effects
in liver are the decreases in kynase A and B by 3-HK, the
decrease in kynase B, and the consequent increase in KAT B
by 3-HAA (as deduced from ratios of the relevant parameters
in Table 2). A glance at the parameters in serum (Table 1)
shows that, apart from the raised levels of the administered
kynurenines, the liver changes are not reflected in serum, thus
turther emphasizing the need for caution in extrapolating all
changes in serum levels to those in liver.

Effects of tryptophan loading on liver tryptophan meta-
bolism. The dose of Trp used here (50 mg/kg) does not enhance
TDO activity when assayed in rat liver homogenates.”® As shown
in Figure 5, this dose increased the hepatic concentrations of
Trp and all six kynurenines analyzed. When TDO activity was
assessed indirectly from the [K]/[Trp] ratio%, there were no
significant changes at 1, 2, or 4 hours after Trp administration.
Only at 3 hours was TDO activity increased significantly from
a baseline value of 4.41 + 0.71 to 10.98 + 2.31 (mean + SEM
for five rats; P = 0.027). As the increases in concentrations of
K, 3-HK, 3-HAA, and AA occurred earlier, this can be attrib-
uted to increased flux of Trp down the KP. This flux, estimated
from the sums of the six kynurenines analyzed, was significantly
increased during the first three hours, but not at four hours. Values
(mean = SEM for five rats) were as follows: 4.88 + 0.55 M,
11.90 £ 0.83 uM, 11.64 £ 0.91 uM, 14.59 £ 2.77 uM, and
6.84+0.46 pM at 0, 1, 2, 3, and 4 hours, respectively.

Also of interest is that the increases in the transamination
products KA and XA occurred later and only the increase in
[KA] was significant at four hours. This supports the well-
known notion that K metabolism occurs mainly by oxidation
(hydroxylation to 3-HK followed by hydrolysis to 3-HAA and
direct hydrolysis of K to AA). Expression of enzyme activi-
ties from product to substrate ratio percentages showed that
this dose of Trp did not alter the activities of K hydroxy-
lase, kynase A or B, or KAT B. Only KAT A activity was
increased significantly at 4 hours (from a control zero-time
value of 5.06 + 0.72 to 19.87 £ 3.38, mean + SEM for five rats;
P =0.016). When KAT A activity was assayed directly, Trp
caused a significant increase only at 0.5 hour (from a control
zero-time value of 1.15 + 0.03 to 1.52 + 0.28 nmol of KA
formed/mg of protein/h; P = 0.008), but not at subsequent
time intervals up to 4 hours (data not shown). A larger Trp
dose (300 mg/kg) had previously been reported not to alter
KAT activity at 1-3 hours,? though activity was not assessed
at earlier time intervals. In our previous study, we observed a
transient increase in kynase A activity at 0.5 hours after Trp
administration when the enzyme activity was assayed iz vitro
in liver supernatants of Trp-treated rats.’® In view of the above
finding with TDO, in all probability, a 50 mg/kg dose of Trp
could conceivably activate TDO in humans. Accordingly, we
have suggested in our accompanying paper’ that, for acute Trp
loading in humans to assess the Trp flux and functional capac-
ity of the KP in the absence of TDO activation, a 30 mg/kg
body weight dose should be used, rather than the blanket 2 g
dose unadjusted for body weight.

Effects of kynureninase inhibitors on liver tryptophan
metabolism. The main therapeutic application of the two
kynureninase inhibitors BSZ and CBD is their use as peripheral
aromatic L-amino acid decarboxylase inhibitors in the treat-
ment of Parkinson’s disease when administered jointly with
L-Dopa (3,4-dihydroxyphenylalanine) to enhance cerebral
dopamine synthesis by preventing peripheral Dopa decarboxy-
lation. The effects of both drugs on Trp metabolism have been
studied previously in rats and mice. Both agents inhibit liver

kynase activity both in vifro and after administration.1%2%31

Table 2. Effects of chronic administration of kynurenine metabolites on concentrations of tryptophan and kynurenines in rat liver.

PARAMETER LIVER SERUM

CONTROL KA 3-HK 3-HAA CONTROL KA 3-HK 3-HAA
Trp 21.2+1.8 20.7+0.9 19.2+13 170+ 0.9 75+4 68+ 4 66+4 63 £ 2
K 54+0.3 6.3+0.1% 9.5+0.8* 3.6+0.8* 5.8+0.5 55+0.6 6.2+0.6 10.9£0.9*
KA 43+0.2 10.6 £0.9* 4.4+05 2.7+04" 0.8+041 3.8+0.8" 0.23 £0.03* 0.10 £ 0.04*
AA 3.0+041 34+03 0.8+0.1% 5.0+0.5 3.7+0.8 51+0.2 4.3+£041 3.7+041
3-HK 4.8+0.3 56+0.3 18.6 £1.7* 141 +£2.2" 7.2+0.7 75+0.8 17.3+£2.2* 8.7+15
XA 0.02 +£0.01 0.04 +0.02 11£0.2¢ 1.4£0.2* 2104 26+0.2 4.8+11* 25+0.3
3-HAA 49+04 52+0.5 75+1.3 10.3+0.3* 0.05+0.01 0.06 £0.02 49+11* 11.0+£1.7*

Notes: Rats were treated intraperitoneally once daily for 8 days with saline or a 10 mg/kg dose of kynurenine metabolites and were killed at 2 hours after the injection
on the final day. Values in uM are mean = SEM for six rats per group. The asterisk (*) denotes a significant difference from controls at P levels of 0.044—0.001.
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Figure 5. Time course of effects of administration of tryptophan on liver tryptophan and kynurenine metabolite concentrations.

Notes: Tryptophan (50 mg/kg body weight) was administered intraperitoneally at zero time, and liver tryptophan and kynurenine metabolite
concentrations were determined as described in the Materials and Methods section at the time intervals indicated. Values are mean + SEM for five
rats. The significance of the differences from the control zero-time value is indicated by an asterisk, with levels of significance (P) of 0.046—-0.001.
Abbreviations: Trp, tryptophan; K, kynurenine; 3-HK, 3-hydroxykynurenine; 3-HAA, 3-hydroxyanthranilic acid; KA, kynurenic acid; XA, xanthurenic

acid; AA, anthranilic acid.

Additionally, BSZ inhibits KAT activity in vitro in mice.’!
The results in Table 3 show that KAT A activity in rats is
also inhibited in vitro by both BSZ and CBD, with the latter
showing a stronger inhibition. The BSZ inhibition of KAT
and the other pyridoxal 5-phosphate-dependent enzyme

kynureninase had previously been suggested to involve the
inactivation of the cofactor by the formation of the hydra-
zone.3! By contrast, liver TDO is not inhibited by BSZ in
mice in vitro by concentrations up to 200 M or after admin-
istration of a 50 mg/kg body weight dose,3 though others
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Table 3. Inhibition of liver KAT activity in vitro by the kynureninase
inhibitors benserazide and carbidopa.

KAT ACTIVITY

INHIBITOR BENSERAZIDE CARBIDOPA
CONCENTRATION (uM)

0 1.78 +0.26 1.78 +0.26
10 1.50+0.18 1.00+0.11*
25 1.20+0.16 0.59 +0.10*
100 0.81+0.17* 0.17 £ 0.08*
250 0.63 +0.20* 0.11 +0.06*
500 0.54+0.18* 0.06 + 0.05*

Notes: Values for KAT activity (expressed in nmol of KA formed per mg of
protein/h) are mean + SEM of liver homogenates from 4-5 different rats
per group. *Denotes significant differences from the zero control by t-test at
P =0.036-0.001.

have reported TDO inhibition by BSZ in rats both in vitro
(at 100 UM and above) and at 0.5-1.5 hours after administra-
tion of a larger dose (400 mg/kg).33

Benserazide. As shown in Figure 6, the 50 mg/kg dose of
BSZ actually decreased liver [ Trp] and increased [K], suggest-
ing that the drug enhances TDO activity. However, although
the [K]/[Trp] ratio% was dramatically increased, this does
not reflect solely TDO enhancement, because the rise in [K]
could also be due to the inhibition of kynurenine hydroxy-
lase (see below) and to a lesser extent KAT A and kynase A.
Calculating the [K]/[Trp] ratio% on the basis of unaltered
[K] from the zero-time value resulted in increases of 78%,
170%, and 135% at 2, 3, and 4 hours, respectively. Thus, on
the basis of this assumption and as liver [Trp] was decreased,
rather than increased or remained unaltered, it is valid to con-
clude that TDO activity was enhanced by this dose of BSZ.
A TDO enhancement by BSZ is also further suggested by an
observed increase in both liver total kynurenines and total Trp
oxidation (TTOX). Thus [total kynurenines] was increased by
121%, 147%, 86%, and 92% at 1, 2, 3, and 4 hours, respec-
tively (P = 0.004-0.001) and TTOX was increased by 1.3-,
4.4-, 5.1-, and 4.5-fold, respectively (P = 0.008-0.001; data
not shown).

Kynurenine hydroxylase, estimated from the [3-HK]/[K]
ratio%, was decreased by BSZ from a control value at zero time
of 324 to values of 153, 112, 164, and 171 at 1-4 hours, respec-
tively (P=0.027-0.005). Kynurenine hydroxylase inhibition by
BSZ had previously been demonstrated in vizro.>* Elevation of
liver and other tissue [K] after kynurenine hydroxylase inhibi-
tion had previously been demonstrated in rats using the inhib-
itor m-nitrobenzoylalanine.>* The increase in liver [K] at three
hours in this latter study® (3.00-fold) is close to that observed
here with BSZ (2.82-fold) at the same time interval. As
kynurenine hydroxylase stands at the start of the major route
of kynurenine metabolism, it could be reasonably concluded
that the BSZ inhibition of this enzyme, rather than of KAT
A or kynase A, is the major contributor to the K elevation.

Kynase inhibition by o-methoxybenzoylalanine increases liver
[K] by only 1.31-fold.>® [KA] was significantly increased at
1 hour, and then decreased at 2—4 hours after BSZ. [AA] was
also significantly decreased, at 1-2 hours, before returning to
baseline levels thereafter. These results suggest that, as well
as in vitro, BSZ also inhibits KAT A and kynase A activities
after administration. Calculating these two enzyme activi-
ties from the [KA]/[K] and [AA]/[K] ratio percentages also
confirmed these conclusions. The former was decreased by
BSZ from the control zero-time value of 6.6 + 1.2 to values of
0.15 + 0.07, 0.16 + 0.24, and 0.52 + 0.20 (P = 0.009-0.001)
at 2, 3, and 4 hours, whereas the latter ratio% was decreased
from the control value of 3.08 £ 0.75 to values of 0.17 £ 0.06,
0.40£0.01,1.82%£0.51,and 1.72£0.32 at 1, 2, 3, and 4 hours,
respectively (P = 0.021-0.005; all mean percentages + SEM
for five rats). The strongest decrease in kynase A activity (at
one hour) coincides with the inhibition of the liver enzyme
activity assayed in liver supernatants from BSZ-treated rats
previously reported by us.!!

BSZ increased liver [3-HK] and decreased [3-HAA]
but did not significantly alter [XA]. These changes sug-
gest that KAT B activity, calculated from the [XA]/[3-HK]
ratio%, was not significantly altered by BSZ, whereas
kynase B activity ([3-HAAJ/[3-HK] ratio%) was signifi-
cantly (P=0.008-0.005) inhibited by BSZ (from a zero-time
value of 1.31 £ 0.36 to values of 0.27 £ 0.03, 0.09 = 0.04, and
0.70 £0.13 at 1, 2, and 3 hours, respectively).

Carbidopa. As was the case with BSZ, the other
kynureninase inhibitor CBD also decreased liver [Trp]
and increased liver [K] (Fig. 7), thus suggesting a TDO
enhancement. Expressed as the [Trp]/[K] ratio%, TDO
was increased from a zero-time value of 6.14 by 69%, 146%,
196%, and 180%, respectively, at 1, 2, 3, and 4 hours. In
line with this TDO enhancement, liver [total kynurenines]
and total Trp oxidation were both enhanced by CBD by
217%-282% and 383%-508%, respectively (data derived
from Fig. 7).

From these results, it appears that administration of
BSZ and CBD enhances liver TDO activity. Administration
of another hydrazine compound, BSZ, had previously been
shown?® to activate TDO by promoting the conjugation of the
apoenzyme with heme. Although these three chemicals share
structural similarities, which may confer this TDO- activating
property, not all hydrazine compounds activate TDO.3¢
Unlike BSZ, CBD did not inhibit kynurenine hydroxylase
activity, as the [3-HK]/[K] ratio% was in fact increased by
2.20-3.13-fold (P=0.001) at 1-4 hours. This apparent stimu-
lation of kynurenine hydroxylase may explain the less strong
elevation of liver [K] (1.33-1.83-fold), and the relatively large
increase in [3-HK] by CBD, compared with those by BSZ.
Perhaps because of this greater elevation of [3-HK], [3-HAA]
was increased by CBD, but kynase B activity, estimated from
the [3-HAAJ/[3-HK] ratio%, was only little affected by
CBD. Kynase A activity was, however, decreased by CBD by
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Figure 6. Time course of effects of administration of benserazide on liver tryptophan and kynurenine metabolite concentrations.

Notes: Benserazide (100 mg/kg body weight) was administered intraperitoneally at zero time, and liver tryptophan and kynurenine metabolite
concentrations were determined as described in the Materials and methods section at the time intervals indicated. Values are mean + SEM for five
rats. The significance of the differences from the control zero-time value is indicated by an asterisk, with levels of significance (P) of 0.037—-0.001.
Abbreviations: Trp, tryptophan; K, kynurenine; 3-HK, 3-hydroxykynurenine; 3-HAA, 3-hydroxyanthranilic acid; KA, kynurenic acid; XA, xanthurenic
acid; AA, anthranilic acid.

61%, 82%, 63%, and 41%, respectively, at 1, 2, 3, and 4 hours. Chronic tryptophan—benserazide administration. In our
CBD decreased KAT A activity by 58%, 92%, 90%, and 83% previous study of the effects of joint acute administration of
at 1-4 hours, but inhibited KAT B activity only at 1 hour, Trp and the above two kynureninase inhibitors,"! we reported
by 69%, with a stimulation at 2-4 hours (data calculated the unexpected observation that aversion to alcohol occurs only
from Fig. 7). when Trp is given with BSZ, but not with CBD. Aversion was
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Figure 7. Time course of effects of administration of carbidopa on liver tryptophan and kynurenine metabolite concentrations.

Notes: Carbidopa (50 mg/kg body weight) was administered intraperitoneally at zero time, and liver tryptophan and kynurenine metabolite
concentrations were determined as described in the Materials and methods section at the time intervals indicated. Values are mean + SEM for five
rats. The significance of the differences from the control zero-time value is indicated by an asterisk, with levels of significance (P) of 0.05-0.001.
Abbreviations: Trp, tryptophan; K, kynurenine; 3-HK, 3-hydroxykynurenine; 3-HAA, 3-hydroxyanthranilic acid; KA, kynurenic acid; XA, xanthurenic
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then shown to involve a greater increase in liver [3-HK] by
the Trp—BSZ but not by the Trp—CBD combination, because
Trp prevented the kynureninase inhibition by CBD. Accord-
ingly, we proceeded to examine the aversive effect of the Trp—
BSZ combination after repeated daily administration for eight

days. The changes in liver and serum Trp and K metabolites

under these conditions are given in Table 4.
In liver, BSZ alone increased only [K] and [3-HK]. By

contrast, Trp increased all analytes. However, when BSZ

was administered with Trp, the Trp-induced increases were
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altered in three different ways: (1) The increase in [Trp] was
minimized by BSZ, whereas that in [K] was not. This is con-
sistent with the TDO enhancement by BSZ and the conse-
quent increase in the Trp flux down the KP (assessed from
total kynurenines) and in Trp oxidation (TTOX). (2) The
Trp-induced increases in concentrations of KA, AA, XA, and
3-HAA were either abolished or strongly prevented by BSZ,
thus providing further support to the drug-induced inhibition
of KAT A and B and kynase A and B activities. (3) The Trp-
induced increase in [3-HK] was potentiated by BSZ because
of its inhibition of kynase B, as reported previously after
acute administration.!!

In serum, BSZ alone decreased the concentrations of Trp,
KA, and XA and increased that of 3-HK but did not alter those
of K, AA, or 3-HAA, thus confirming the inhibition of KAT
A and B and kynase B and activation of TDO. Total kynure-
nines (Ks) and TTOX were also increased by BSZ. Trp alone
increased the levels of all serum parameters, except XA. These
increases were either prevented or strongly decreased when
BSZ was administered jointly with Trp, except 3-HK, whose
serum levels were potentiated. From the results in Table 4, it
is clear that changes in liver Trp and kynurenine metabolite
profiles are generally reflected in serum as are the effects of
BSZ on these changes under these steady-state conditions.

The results in Table 5 show that both KAT A and
kynase A activities were inhibited significantly by chronic

BSZ administration but not by Trp. The BSZ inhibition

of both enzyme activities was even stronger when Trp was
co-administered. KAT A inhibition by BSZ was stronger
than that of kynase A.

General Conclusions and Comments

The results of the present study, some of which were unex-
pected, raise a number of issues of importance in relation to
control of the hepatic kynurenine pathway and its role in health
and disease. Feedback control of the KP is generally thought
to involve allosteric inhibition of TDO activity by the end
products NAD(P)H.3” Additionally, it has been suggested>2
that TDO could be inhibited by 3-HK and 3-HAA at con-
centrations (5 HM) close to physiological or pathological
levels. However, the present results suggest that administra-
tion of 3-HK does not influence TDO activity, whereas that
of 3-HAA actually enhances it. KA also enhances TDO pos-
sibly via 3-HAA. Rat liver TDO activity had previously been
shown to be enhanced by the administration of 3-HAA and
also K, XA, picolinic acid, and quinolinic acid,*® though at
doses of 10 (K) or 25 mg/kg (all others). In situations in which
KA (schizophrenia), 3-HK, 3-HAA, or QA (immune acti-
vation) are increased, we could expect a further increase in
the flux of Trp through TDO, resulting in the production of
more immunosuppressive kynurenines. If Trp is additionally
administered, the flux could be even greater to an extent that
pathological immunosuppression could result with negative
health consequences.” We therefore suggest that Trp should

Table 4. Effects of chronic administration of tryptophan and benserazide separately and in combination on concentrations of tryptophan and

kynurenine metabolites in rat liver and serum.

PARAMETER LIVER SERUM

CONTROL BSZ TRP BSZ + TRP CONTROL BSZ TRP BSZ + TRP
Trp 12.3+042 14.0£07 *26.7+£1.9 *20.0 £ 1.7 70+3 *58 +2 *165+9 *96 £ 2%
K 73+£0.8 *11.8+1.0 *11.8+1.5 M24+14 3.3+04 3.7+04 *6.8+£0.5 4.8+0.6*
KA 046+014 0.58+0.03 *1.32+0.28 0.42+0.10* 0.44+£0.16 0.24 £0.07 *1.61+0.32 0.36+0.18"
AA 1.99+£0.62 1.94+050 *4.39+0.11 1.40+0.33" 2.59+0.64 3.87 £0.37 *7.83+1.10 1.71£0.22*
3-HK 55+1.5 *52.6+8.8 *61.7+£9.2 *112.5+54* 88+£0.5 *23.4+1.0 *28.5+3.8 *100.7 £ 5.7
XA 017+£0.08 016+0.02 *1.50+£0.22 *0.47£0.04* 0.56 +£0.07 *0.09+0.02 0.57+0.07 0.58 £ 0.06
3-HAA 243+0.54 251+070 *742+136 3.58+0.66" 0.01+£0.005 0.07 +0.04 *6.79+1.30  *2.38 £1.03"
KOHase 88 + 31 *483 £ 111 *564 + 100 *987 + 114*q 264 + 50 *626 + 69 421 +82 *2120 £ 1997
KAT A 45+0.5 52+0.6 *9.3+1.5 3.2+0.5* 13.2+3.4 6.4+26 *26.0+£7.6 76+4.6
KAT B 6.7+1.4 *0.3+0.07 *2.6+05 *0.4 +0.04* 6.4+0.9 *0.4+0.2 *2.0+0.3 *0.6 +0.08*
Kynase A 34+8 *8+5 39+3 M2+ 3 78+ 34 M7 +£2 116 + 19 *36 £ 5
Kynase B 51.6£6.6 *5.6+£17 *12.0+1.3 *3.0+0.6% 0.13+£0.07 0.30£0.17 *23.4 £6.2 2.36 £ 1.05%
TDO 590+7 *86 £ 10 *44 +4 61+ 3" 48+0.7 6.4+0.9 44+0.3 49+05
Ks 3.0£0.3 *11.6+£1.4* 16.0+£29 241 14" 26+0.1 *5.2+0.2 *8.7+0.7 *18.5+£0.97
TTOX 244+29 *83.1+£85 *59.3+£8.2 *123.3+£104" 3.7+03 *9.0£0.5 5.6+0.7 *19.2+£0.97

Notes: Rats were treated intraperitoneally once daily for 8 days with saline, BSZ (100 mg/kg), Trp (50 mg/kg), or a combination of the latter two agents and
were killed at 2 hours after the Trp injection on the final day. Saline and BSZ were given 1 hour or 15 minutes before Trp. Values in uM or ratio percentages are
mean + SEM for six rats per group. Asterisks on the left denote significant differences from controls, whereas those on the right denote significant differences
between the Trp + BSZ group and the Trp group. J Denotes the differences between the combined group and the BSZ group. Symbols denote significant
differences at P levels of 0.044—-0.001.
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Table 5. Effects of chronic administration of tryptophan and
benserazide separately or in combination on liver kynureninase and
KAT activities.

TREATMENT KYNURENINASE KYNURENINE

GROUP AMINOTRANSFERASE
Control 7.46 +0.28 112+0.03
Benserazide *6.12+0.42 *0.44 £0.02
Tryptophan 7.40+0.39 0.97 £ 0.09
Benserazide + *5.56 £ 0.73* *0.32 £ 0.01*q
tryptophan

Notes: Treatment details are as in Table 3. Values are mean + SEM for five
rats per group. Enzyme activities are expressed in nmol of product formed/
min per mg of protein. The asterisk on the left denotes a significant difference
from controls. Symbols on the right denote significant differences between
the BSZ + Trp group and the Trp (*) or BSZ (f]) group. Symbols denote
significance levels (P) of 0.037-0.001.

not be used in immune conditions. In schizophrenia, clinical
trials have demonstrated®# that Trp does not improve core
symptoms of schizophrenia even though it ameliorates aggres-
sive symptoms and improves memory function. By contrast,
a low-Trp diet improves scores on certain tests of brain func-
tion and also psychotic symptoms.* As [KA] is elevated in
schizophrenia, further stimulation of KAT A by exogenous
Trp can only perpetuate the glutamatergic hypoactivity state
of this illness. However, the elevation of 3-HK and 3-HAA
by KA could have positive consequences in conditions requir-
ing immunosuppression.

The kynureninase inhibitors BSZ and CBD exert unex-
pected effects on the KP, notably stimulation of TDO activ-
ity. In alcoholism, we proposed the use of a combination of
BSZ and Trp as an alcohol aversion therapy, but with poten-
tial effects on NMDA receptor function to combat the hyper-
excitability state of acute alcohol withdrawal.!! Inhibition of
KAT A in addition to that of kynureninase offers potential
opportunities for BSZ and CBD, especially the former. KAT
inhibition is a desirable goal in the treatment of schizophre-
nia.*? and the potential benefit from BSZ has not been ade-
quately explored. Two clinical trials of BSZ alone*® or jointly
with Trp** gave negative results, but the decrease in [KA]
by BSZ reported in Table 3 warrants exploration in humans.
Data presented here support the suggestion in the preceding
paper’? that a suitable Trp dose for Trp loading to assess the
KP in humans in the absence of TDO activation should be
<50 mg/kg, closer to the 2 g traditional dose, but based on
body weight, namely, 30 mg/kg.

Although most of the data in the present study were
obtainedinliver and therefore apply to the hepatic KP including
among others the first and most rate-limiting enzyme TDO,
data in serum must reflect total body KP activity, including
any likely contribution of indoleamine 2,3-dioxygenase (IDO)
and subsequent enzymes distributed in different organs and
tissues. Whereas most studies have investigated the effects of
IDO induction on K metabolites, as far as we could ascertain,
very little has been done to assess the potential effects of these

metabolites on IDO activity. It is possible that K metabolites
exert immunomodulatory effects, resulting in changes in IDO
activity. For example, KA administration to mice exerts anti-
inflammatory effects and lowers the levels of proinflamma-
tory cytokines in splenocytes,* which is likely to decrease
IDO activity. However, such a potential decrease is unlikely
to influence plasma or tissue Trp levels because such levels
are not influenced by pharmacological inhibition of activity
of IDO* or its gene deletion.*” Whether administration of
other immunomodulatory K metabolites, such as 3-HK,
3-HAA, or QA, can influence IDO remains to be assessed in

future studies.
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