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Abstract: L-Tryptophan (L-TRP) is a nutritionally essential amino acid and the kynurenine (KYN) pathway is the major route of
L-TRP catabolism. Besides being synthesized for proteins, L-TRP and its metabolites have critical roles for the functions of nervous
and immune systems. Many researches show that optimal amounts of L-TRP in diets depend on species, developmental stages, environ-
mental factors and health status. We have shown that KYN pathway-related enzyme activities vary among species, tissue and cell types
in physiological conditions. Furthermore, the response of these enzyme activities to systemic and/or central nervous system immune
activation and inflammation depends on species and cell types. Thus, it is very important to choose appropriate animal species and cell
types in which to evaluate the physiologic and pathologic effects of increased KYN pathway metabolism. We believe that understanding
L-TRP metabolism among species and cell types provides a better idea for analysis of human pathological condition.
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Introduction

The kynurenine (KYN) pathway is the major route
of L-tryptophan (L-TRP) catabolism and an ana-
bolic source of nicotinamide-containing nucleotide.'
In extrahepatic tissues, the first enzyme of the KYN
pathway is indoleanime 2,3-dioxygenase-1 (IDO1),
rather than tryptophan 2,3-dioxygenase (TDO).?
This enzyme has a much broader substrate profile for
indoleamine-containing compounds and its expres-
sion is strongly influenced by the state of the immune
system. The IDO1 activity is potently induced by
several proinflammatory cytokines and endotoxin.
In contrast, TDO activity is increased by TRP and
its analogues via actions at a distinct allosteric acti-
vation site.> Substantial increases in the TRP-KYN
pathway metabolites occur in human brain, blood and
systemic tissues during immune activation. Many
animal model studies on the KYN pathway metabo-
lism during immune activation and normal conditions
have used nonhuman primates,*> gerbils,® guinea
pigs,'®!" mice'>'* and rats.’ In the field of neurosci-
ence, the rat is one of the most frequently used animal
species; however, immunologists generally use mice.
It is well known that IDO1 induction in lung follow-
ing immune stimulation by LPS is substantially less
in rats than in mice and other species.!* On the other
hand, in the transient global brain ischemia model,
rats and gerbils have been used widely to investi-
gate the molecular mechanism of selective neuronal
death because of the vascular anatomy in the brain.
Therefore, it is very important to well understand
species difference and select animals for analysis of
human pathological condition. Furthermore, studies
in vitro have shown that not all human cells are capa-
ble of directly synthesizing quinolinic acid (QUIN)
from L-TRP. The activities of kynurenine pathway
enzymes and the production of kynurenine metabo-
lites are depending on cell types.'® IDO1 is the most
important regulatory enzyme for KYN pathway, and
kynurenine 3-monooxygenase (KMO), kynureninase
and 3-hydroxyanthranic acid oxidase are also impor-
tant determinates of whether a cell can make QUIN.
Indeed, stimulation by proinflammatory cytokines
have resulted in large increases of the IDO1 activity
in most cell types, although the accumulated amounts
of QUIN are very different. It has been shown that
blood macrophages and monocyte-derived cells pro-
duced the largest amount of QUIN in accordance

with the highest activities of KMO and kynereninase
compared to other cell types.'¢

L-TRP plays versatile roles in nutrition and physi-
ology, particularly food intake, neurological function
and immunity. Optimal amounts of L-TRP in diets
likely depend on species, developmental stages, envi-
ronmental factors and health status. We studied spe-
cies and cell type differences in IDO1 activity and
kynurenine pathway-related enzymes in response to
systemic immune activation by LPS or IFN-y, and
central nervous system (CNS) inflammation. Here,
we show that KYN pathway enzyme activities and
metabolite concentrations vary with cell types and
species.

Species Differences in TRP-KYN
Pathway Metabolism in Physiological

Conditions

In the CNS, several KYN metabolites are neuroac-
tive and may play potential roles in inflammatory
neurological diseases.'”?* As shown in Figure 1,
L-KYN is converted to anthranilic acid (AA), 3-hy-
droxykynurenine (3-HK), and other metabolites in
the systemic tissues. Furthermore, 3-HK is metabo-
lized to 3-hydroxyanthranilic acid (3-HAA), which is
a bioprecursor of QUIN. Our group measured serum
and cerebrospinal fluid (CSF) L-KYN and AA con-
centrations in different animal species.?! The concen-
trations of serum L-K'YN in rabbits were 4 to 17 times
higher than that those in the other species studied.
CSF L-KYN concentrations were also the highest in
rabbits. There were no large species differences in the
ratio of L-K'YN concentrations CSF/serum. Compared
with L-KYN, serum AA concentrations in rabbits
were only slightly higher than those in the other
species. AA concentrations in CSF were the highest in
rats and lowest in rabbits. Consequently, the ratio of
AA/KYN in rat CSF was 198-fold higher than that in
rabbit CSF. In addition, the AA ratio in CSF/serum in
humans and rats were extremely high compared with
those of rabbits and guinea pigs. Thus, it is likely that
KYN pathway metabolism in the CNS varies with
species, although the cause of this difference remains
to be determined. Previous studies have suggested
that L-KYN, AA, and 3-HK, at least in rat brain, are
derived from the periphery;* however, it is possible
that these species differences depend on the blood-
brain permeability and/or transport capacity into the
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Figure 1. Schematic overview of the kynurenine (KYN) pathway.
L-Tryptophan (L-TRP) is the extracellular fluid is transported into cells
by a high-affinity tryptophan transporter. The first rate-limiting enzyme
indoleanime 2,3-dioxygenase 1 (IDO1) catalyses the initial enzymatic
step in the KYN pathway leading to the synthesis of a number of KYN
metabolites. IDO1 is induced by several proinflammatory cytokines;
therefore, KYN metabolism is increased during many inflammatory con-
ditions. By contrast, glucocorticoid hormones increase transcription of
tryptophan 2,3-dioxygenase (TDO) and peripheral degradation of L-TRP
via the KYN pathway. The biological function and induction mechanism
of IDO2 are still unclear and controversial. IDO1 is an important regu-
latory enzyme in the production of L-KYN in a broad spectrum of cell
types. Low activity of kynurenine 3-monooxygenase (KMO) in some cells
restricts the capacity to synthesize QUIN from L-TRP.

Abbreviations: KAT |, Il, I, Kynurenine aminotransferase; KA, kynurenic
acid; AA, anthranilic acid; 3-HK, 3-hydroxykynurenine; XA, xanthurenic
acid; 3-HAA, 3-hydroxyanthranilic acid; 3-HAO, 3-hydroxyanthranic acid
oxidase; NAD*, nicotinamide adenine dinucleotide*.

brain cells for certain KYN pathway metabolites. Our
results suggested that blood-brain barrier permeability
of KYN metabolites’ levels in rats and humans were
higher than those of mice, gerbils, and rabbits. The
principal bioprecursor of 3-HAA was shown to be AA
rather than 3-HK in rat brain;** however, it is specu-
lated that L-K'YN is mainly metabolized to 3-HAA
through 3-HK in the brain except in some species. We
also determined tissue KYN pathway enzymes, IDO1,
TDO, KMO, and kynureninase in rabbits, rats, gerbils,
and mice (Table 1).?! The activities of these enzymes
vary among species and tissues. Lung IDO1 activity
in rabbits was 146-516 times higher than the activ-
ity in other species, and rabbit liver KMO activities
were lower by one order of magnitude compared to

those of others. Furthermore, brain KMO activities
were 12.3-23.2 times higher in gerbil than those on
other species. We also showed that brain KMO activi-
ties in gerbils were much higher than other species,?
although the physiological significance of this differ-
ence in gerbil brain is still unclear. KMO is predomi-
nantly a mitochondrial enzyme, whereas the other
enzymes of the KYN pathway are predominantly
located in cytosol extracts of the brain. It is possible
that different subcellular as well as cellular localiza-
tion of these enzymes or substrates is involved in the
regulation of KYN pathway metabolism in the brain.
Thus, both studies suggested that the different activi-
ties of KYN pathway enzymes, IDO1, kynureninase,
and KMO, which convert L-TRP to L-KYN, L-KYN
to AA, and 3-HK to 3-HAA, resulted in these spe-
cies differences. In summary, KYN pathway enzyme
activities and metabolite concentrations vary by spe-
cies in normal conditions.

Species Heterogeneity in Response
to Brain Injury and Systemic Immune

Activation

In certain conditions, the accumulation of neuro-
toxins within the brain has been implicated in neuronal
injury and death. QUIN is a neurotoxic metabolite of
the TRP-KYN pathway that activates N-methyl-D-
aspartate (NMDA) receptors, which increases neuronal
activity,andelevatesintracellularcalciumconcentrations.
In humans, large and sustained increases in brain paren-
chyma and CSF QUIN levels occur during immune
activation induced by microglia infections, autoim-
mune processes, and trauma.?’ During brain-localized
inflammation, such as following cerebral ischemic
ijury, QUIN accumulations are attributable to accel-
erated QUIN synthesis within brain tissue** and local
increases in the activities of IDO1, kynureninase, KMO,
and, in some circumstances, 3-HAO.*>"# On the other
hand, during systemic immune activation, increases in
brain QUIN concentrations involve both de novo syn-
thesis in the brain and QUIN entry as a result of ele-
vated blood levels.?* Our group demonstrated QUIN
responses to systemic immune activation (intrapersonal
injections of LPS) and CNS inflammation (secondary
to cerebral ischemic injury) in rats, gerbils and mice,
showing species differences in KYN pathway enzymes
activities and production of QUIN (Table 2).”?* LPS
administration to gerbils (1 mg/kg, i.p.) significantly
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Table 1. Activities of tissue kynurenine pathway enzymes in rabbit, rat, gerbil, and mouse.

Tissue Species IDO1/TDO* KMO Kynureninase
pmol/h/mg protein pmol/h/mg protein pmol/h/mg protein
Liver Rabbit 1810 + 410* 201 +57 1610 + 290
Rat 4770 £ 940* 6280 + 1420 1550 + 1400
Gerbil 711 £119* 10600 + 400 1780 + 190
Mouse 1120 + 20* 8740 £ 720 6100 + 430
Lung Rabbit 43400 + 2900 69.9+12.2 131 £ 37
Rat 84.9+26.0 185+ 48 81.1+15.3
Gerbil 296 + 140 175+ 9 92.0+ 3.1
Mouse 114 £ 50 451 + 89 69.0+11.8
Brain Rabbit 19.0+10.0 17.5+3.9 9.34 £2.83
Rat 7.21+1.77 124 £ 21 11.4+£18
Gerbil 27.9+5.6 215+ 53 6.50 + 1.87
Mouse 17.9+0.9 9.26+1.25 3.80+0.67

Note: Values presented are means + SEM (n = 3 per group).?'

increased QUIN levels in the brain, serum, lung,
liver, and spleen. The magnitude of the increase was
identical in several brain regions. In contrast, LPS
administration to rats at either 1 or 50 mg/kg had no
significant effect on QUIN concentrations in brain,
plasma, lung, liver, or spleen. In gerbils, LPS increased
IDO1 activity 30-fold in the lung and resulted in a
modest 3.3-fold increase in IDO1 activity in the brain.

Table 2. Effects of systemic LPS administration on lung
and brain IDO1 activity and hepatic TDO activity in gerbils,
Sprague-Dawley rats and C57BL/6 J mice.

Saline Enzyme activity
LPS
1 mg/kg 50 mg/kg
Lung IDO1 (nmol/g/h)
Gerbil  78+13 2,303 + 340* -
Rat 5.9+ 3.0 15.0 + 3.2* 6.9+£3.0

Mouse 178.5+33.4 3161.2+501.9*% -
Brain IDO1 (nmol/g/h)

Gerbil 2.1+£0.5 6.95+1.1* -

Rat <0.1 <0.1 <0.1

Mouse 12.2+1.7 36.9 +3.2*# -
TDO (umol/g/h)
Gerbil 0.96 + 0.08 0.71+£0.7 -
Rat 22+0.2 27+03 2.2+0.1
Mouse 2.4+0.1 1.6 £ 0.2%# -

Notes: LPS was administered by intraperitoneal injection (i.p.), and
samples were collected 24 h later. Control animals received saline
vehicle. Data are mean + SEM values. *Significant differences from
respective control by one-way ANOVA and Dunnett’s t test® or Scheffe’s
F post-hoc test.?> *Mice were administered 10 pug LPS in 200 ulL saline
by i.p. injection. Estimated dose of LPS is much lower than 1 mg/kg
(approximately 0.4 to 0.5 mg/kg).

LPS administration also increased IDOI1 activity
18-fold in mice lung and resulted in slightly increased
activity in the brain. On the other hand, lung IDO1
activity in control rats was less than 10-fold lower
than control gerbils and showed only a modest sev-
eral fold increase after low-dose LPS administration.
Thus, the low capacity of rats to accumulate QUIN
in response to immune activation is explained by their
minimal IDO1 responsiveness in the brain and lung.
We also showed that in gerbils, 10 minutes (min) of
bilateral carotid artery occlusion resulted in substan-
tial increases in QUIN levels in the hippocampus,
with smaller increases in striatum, cerebral cortex,
thalamus, and brainstem. Hippocampal QUIN con-
centrations in post-ischemic gerbils were 65-fold
higher than control animal. In gerbils, there were also
significant increases in hippocampal IDO1 activity
by 16.2-fold. Conversely, transient cerebral ischemia
in the rat had no significant effect on QUIN levels
in any brain region and IDO1 activity was likewise
unchanged. Their presenting data clearly shows that
in gerbils, immune activation induced by ischemic
brain injury or systemic administration of LPS rep-
licates key features of the increases in QUIN levels
in human brain and systemic tissues in response to
inflammation. Although their results do not exclude
the possibility that there are stimuli or strains of rats
that can increase brain and systemic tissue IDOI
activity and QUIN levels, it appears that the rat does
not replicate human responses to immune activation.
These data emphasize the importance of choosing
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an appropriate animal species in which to evaluate
the physiologic and neuropathologic effects of an
increased KYN pathway metabolism.

Different KYN Pathway Enzymes
Activities in Various Human Cell
Types

As shown in previous sections, substantial increases
in the TRP-KNY pathway metabolites, L-KYN and
the neurotoxin QUIN, occur in human brain, blood
and systemic tissues during immune activation.
Studies in vitro have shown that not all human cells
are capable of synthesizing QUIN form L-TRP. To
further investigate the mechanisms that limit L-KYN
and QUIN production, we demonstrated the activities
of KYN pathway enzymes and the ability of different
human cells to convert pathway intermediates into
QUIN (Tables 3 and 4).'® Stimulation with interferon
vy (IFN-y) substantially increased IDO1 activity and
L-KYN production in primary peripheral blood mac-
rophages and fetal brains (astrocytes and neurons), as
well as cell lines derived from macrophage/monocytes
(THP-1), astrocytomas (U3736MG), B-lymphocytes
(WIL-NS), liver (SK-HEP1) and lungs (MRC-9).
LPS also increased L-K'YN accumulation in all these
cells, but in the case of U373MG, SK-HEP1, WIN-NS
and MRC-9 cells, the magnitude of this increase was
substantially less than in blood macrophages and
THP-1 cells. TNF-o-produced smaller increases in

L-KYN production compared to IFN-y stimulation
in these cells. QUIN was detected in blood mac-
rophages, THP-1 cells and SK-HEP1 cells, but was
not detected in U373MG, WIL-NS and MRC-9 cells
in response to LPS, IFN-y or TNF-o. The mount
of QUIN formed relative to the amount of L-KYN
was the highest in blood macrophages compared
with THP-1 and SK-HEKI cells. IFN-y stimulation
resulted in large increases in the activity of IDO1 in
all cell types examined, although the magnitude of
the response in blood macrophages was the smallest
in the both relative and absolute terms. KMO was
detected only in unstimulated blood macrophages,
THP-1 and SK-HEKI1 cells. No KMO activity was
detected in human fetal brain cultures, U373MG,
WIL-NS or MRC-9 cells. IFN-y stimulation produced
a small increase in KMO activity in THP-1 cells only.
Kynureninase lead to increased activities in all cell
types except human fetal brain cultures and WIL-NS
cells. IFN-y slightly increased kynureninase activi-
ties in MRC-9 and SK-HEP1 cells. 3-HAO activity
was detected in all cell types except U373MG cells,
but was unchanged by IFN-y stimulation. In addi-
tion, species heterogeneity might be manifested at
the level of the cells that are the sources of QUIN
in brain inflammation. Our group demonstrated the
abilities of brain microglia, astrocytes, and peripheral
monocytes to produce QUIN.? Gerbil brain microglia
and peritoneal monocytes spontaneously produced

Table 3. Effects of LPS, IFN-y and TNF-o. on L-KYN and QUIN production in different cell types.

Cell origin L-KYN (uM) QUIN (nM)

Control LPS IFN-y TNF-o. Control LPS IFN-y TNF-o
Blood 1.1+£0.1 15+ 1% 20 £1* 40+0.6* 215+25 4450x90* 4620+94* 405x74*
macrophages
THP-1 0.2+041 26+ 2% 41 + 4% 03+£0.1* 61 261 + 35* 333 £ 8* 8+2
(monocyte)
U363MG 03+£01 21+0.3" 43+1* 0.8+£0.1* <0.2 <0.2 <0.2 <0.2
(astrocytoma)
SK-HEP1 03+£01 06+0.1* 38+ 1* 06+£0.1* <0.2 102 523 + 22* 0.7£0.3*
(liver)
WIL-NS <0.05 04+01* 08%£0.1* 0.1£0.1* <0.2 <0.2 <0.2 <0.2
(B-lymphocyte)
MRC-9 <0.05 05+£01* 41£1* 06+£0.1* <0.2 <0.2 <0.2 <0.2
(lung)

Notes: Cells were incubated with or without (control) LPS (1 pg/mL), IFN-y (100 unit/mL) or TNF-a (100 unit/mL). L-KYN (uM) and QUIN (nM) concentrations
after 48 h incubation are expressed as means + SEM from at least five incubation wells per time. Baseline L-KYN levels in the serum added to the
incubation media (approx. 0.05 uM) have been subtracted. The minimum detectable concentrations were: QUIN < 0.2 nmol/L, L-KYN < 0.05 uM. For
statistical comparisons, non-detected metabolites were set at the minimum detectable values. *Significant differences from respective control by one-way

ANOVA and Mann-Whitney test.®
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enhanced amounts when stimulated with LPS. Gerbil
astrocytes also produced enhanced amount of L-KYN
and QUIN when stimulated with LPS, although the
amounts were less than those made by microglia and
peritoneal monocytes. No QUIN was detected in cul-
tures of rat brain microglia, astrocytes, and peritoneal
monocytes even when stimulated with LPS and/or
IFN-y. A small amount of L-K'YN was detected from
LPS- and IFN-y-stimulated astrocytes.’

IFN-y
1353 + 376
1200 + 20
432+ 11
<0.01
1060 + 88
1.1+0.1
300 + 20

3-HAO

pmol/h/mg protein
Control

1333 + 376

1600 + 60
37.5+4.1

<0.01

1180 + 120
1.2+0.1

300+ 20

A New Enzyme in the Kynurenine
Pathway; Indoleamine 2,3-
Dioxygenase-2

As shown in previous sections, it has been believed
that the first and rate-limiting step in the KYN path-
way is performed by either of two enzymes, TDO or
IDO1, depending on the tissue and cell type. Recently,
a gene with homology to IDO1 was reported®® and
then subsequently demonstrated to be an enzyme with
the ability to catabolize tryptophan.?’?° The enzyme
has been referred to as indoleamine 2,3-dioxyge-
nase-like protein, indoleamine 2,3-dioxygenase-2 or
proto-indoleamine 2,3-dioxygenase (INDOLI, IDO2,
protoIDO) on the basis of its structural similarity to
IDO1 and its enzymatic activity. In mice, the IDO2
protein is predominantly expressed in the kidney fol-
lowed by epididymis, testis, liver and brain.””*° On
the other hand, the IDOI1 protein is expressed in vari-
ous organs, like the brain, lung, placenta, epididymis
and kidney under normal physiological conditions.
Although both IDO proteins are expressed in the
epididymis, IDO1 protein is located to the princi-
pal and apical cells of the mouse caput epididymis
whereas the IDO2 immunoreactivity is in the tail of the
spermatozoa.”’” Murine IDOI protein is also located
primarily in the renal vasculature of the kidney.?” In
contrast, IDO2 is located to the kidney tubules. The
different patterns of expression suggest that there is
no functional redundant amongst the these enzymes
in the epididymis and kidney,”*° but the role of each
enzyme remains to be defined. In addition, expression
of the proteins in response to stimuli differs. IDOI
is induced systemically dependent or independent on
the presence of IFN-y* while IDO2 mRNA expres-
sion is unchanged or down-regulated.”” The Km for
L-TRP of the human IDO2 protein was approximately
500-1,000 times higher than that of the mammalian
IDO1 enzyme.*! Furthermore, IDO activity of human

992 + 104
12+0.2

<0.05
0.5+0.39

3.9+£0.25

<0.05
2.1+0.39

IFN-y

6+0.1

Kynureninase
pmol/h/mg protein
Control

949 + 133

11+0.2

<0.05

3.0+0.25

0.6+£0.1
<0.05

IFN-y
2625 + 200
574 + 27*
<01

<0.1

69+ 14
<01

<01

pmol/h/mg protein

Control
3100 + 376

KMO
363+ 6
0.1

<01
85+ 17
<01
<01

7537 + 864*
(420 + 2) x 10%*
(260.5 + 2.2) x 10°*
(369 + 4.6) x 10
(311 £ 5.2) x 10%*
580 + 90

(343 + 4.6) x 10

IFN-y

pmol/h/mg protein

Control
651+ 134
260 + 80
0.1
170+ 20
170+ 20
150 + 20
120 + 20

IDO1

Notes: Cells were incubated with or without (control) 100 unit/mL IFN-g. Values are expressed as means £ SEM from six incubation wells per time. For statistical comparisons, non-detected

metabolites were set at the minimum detectable values. * Significant differences from respective control by one-way ANOVA and Mann-Whitney test.

Table 4. Effects of IFN-y on KYN pathway enzyme activities in different cell types.

Blood macrophages
THP-1 (monocyte)
Human fetal brain
(astrocytes and neurons)
U363MG (astrocytoma)
SK-HEP1 (liver)

WIL-NS (B-lymphocyte)
MRC-9 (lung)

Cell origin
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DCs expressing both IDO1 and IDO?2 is inhibited
by IDOI1-specific siRNA.* These studies indicate
that IDO?2 is functionally inactive with regard to the
TRP metabolism and suggest that IDO2 might be a
pseudo-gene for IDO1. However, the biological role
of IDO?2 is still controversial. We found that deple-
tion of TRP and formation of KYN is detectable at
physiological levels of TRP when mouse and human
IDO2 enzymes are expressed and assayed in mamma-
lian cells*’*® (Saito K, September, 2012). IDO2-like
enzymes from lower vertebrates also show significant
enzymatic activity when transfected into mammalian
cells.” These findings might suggest that post-trans-
lational modifications of the protein are required for
optimal activity. In additional, there is a possibility
that different cofactors or conditions may be neces-
sary for measuring IDO2 activity in vitro assay. The
lack of an appropriate in vitro assay is a problem for
biochemical characterization of IDO2.

Conclusions

We conclude that the KYN pathway enzyme activities
and metabolite concentrations in serum and CSF vary
with species in normal and pathologic conditions.
In addition, immune activation in gerbils, induced
by ischemic brain injury or systemic administra-
tion of LPS, replicates the increases in QUIN lev-
els in human brain and systemic tissues in response
to inflammation. In contrast to gerbils, neither LPS
administration nor ischemic brain injury in rats had
any significant effects on QUIN concentrations.
Although different stimuli or strains of rats can
increase brain and systemic tissue IDO1 activity and
QUIN levels, it appears that the rat does not repli-
cate human responses to immune activation. Taken
together, these findings emphasize the importance
of choosing an appropriate animal species in which
to evaluate the physiological and pathophysiologi-
cal effects of increased KYN pathway metabolism.
Furthermore, L-KYN accumulated in several cell
types; however, production of QUIN from L-TRP is
accelerated in specific cell types, eg, macrophages,
monocytes, microglia and hepatic cells. KYN path-
way of TRP metabolism is involved in a lot of bio-
logical processes, including the immune system.
We believe that further findings on TRP metabolism
and its enzyme regulation in organisms under both
physiologic and pathophysiologic conditions might

provoke the implementation of novel therapeutic
strategies by targeting the KYN pathway.
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