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/Abstract

Indoleamine 2,3-Dioxygenase (IDO) catalyzes the oxidative degradation of the essential amino acid L-tryptophan at the
initial and rate-limiting step of the kynurenine pathway. Although IDO via L-tryptophan depletion may suppress the growth
of various pathogens, its immunomodulatory features and the cascade kynurenine pathway catabolites may contribute, by
reducing immune responses of T cells, to the development of immunodeficiency observed in diseases such as HIV, autoim-
mune disorders and cancer. This study has focused on the IDO activity change in mice and discovered a linear relationship
between the mouse brain IDO activity increase and the logarithmic function of mouse age in the early development of the
healthy mice up to 8 weeks. This relationship may reflect the increase in infectious pathogen inhibition capability as well
as immunologic tolerance through the early development of mice. This finding enhances our understanding of the IDO
function in the mouse brain and may facilitate the mouse model selection for IDO research and related drug development.
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Introduction

The essential amino acid L-tryptophan (TRP) plays a criti-
cal role as a constituent of human proteins and serves as the
original substrate for two biosynthetic pathways: the seroto-
nin pathway, which has mood regulating capabilities and the
kynurenine pathway, which is the major route for the catab-
olism of TRP in mammals [1]. At the first and rate-limiting
step in the kynurenine pathway, indoleamine 2,3-dioxygenase
(IDO) and tryptophan-2,3-dioxygenase (TDO) initiate the ox-
idation of the TRP [1-3]. While TDO is predominantly located
in liver, IDO is widely expressed in extrahepatic tissues includ-
ing brain and is stimulated by pro-inflammatory cytokines
among which interferon-y is one of the most potent inducers
[4,5]. Since it is localized in both the peripheral organs and
brain, and regulated by cytokines, IDO may be a link between
the immune system and TRP metabolism in the brain [6].

The local cellular TRP depletion via IDO may be a part of
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the cytostatic and antiproliferative activity, and may inhibit
the growth of various infectious pathogens as an immune de-
fense mechanism. On the other hand, IDO and the kynure-
nine pathway metabolites may suppress T cell responses and
mediate immune tolerance, which play crucial roles in various
physiological and pathological processes of diseases including
infectious diseases, organ transplantation, neuropathology, in-
flammatory and autoimmune disorders and cancer [1,7,8]. The
increased levels of IDO, the kynurenine pathway metabolites
and the resulting TRP deprivation upon immune stimulation
in IDO-expressing cells can contribute to the development of
immunodeficiency and hypervulnerability due to a decreased
response of stimulated T cells [1,7,9]. The therapeutic strate-
gies were taken into account for the immunodeficiency effect,
and different treatment options and related kynurenergic drug
development were attempted [7,10]. With the increasing im-
portance of IDO in the kynurenine pathway of TRP depletion
and its clinical relevance, the present study evaluated the IDO
activity in the brain of healthy mice with different ages. Since
abundant neurobiology data are available in mice [4], it is ben-
eficial to elucidate the IDO activity change pattern in order to
assist the selection of appropriate age groups of mice and to
understand the disparity between different age groups.
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Materials and Methods

Mice

B6D2F1 mice were used in this study and the animal protocol
was approved by Childrens Hospital Los Angeles Institutional
Animal Care and Use Committee (IACUC). The mice were
housed in polypropylene cages under controlled environment
at 20°C with 12 hours lights each day. The mice were allowed
free access to food and tap water in groups of five.

IDO activity measurement

Mice were sacrificed at ages ranging from 1 to 8 weeks. The en-
tire brain was collected from each mouse and immediately ho-
mogenized in 400 pl of ice cold 0.14 M KCl, 20 mM phosphate
buffer, pH 7.0 as described [4]. The homogenates were then
centrifuged at 14,0008 for 30 min at 4°C and IDO activity was
measured similarly as stated [4,11]. In brief, the supernatant
(100 pl) was added to 400 pl of the reaction mixture (400 uM
L-tryptophan, 20 mM ascorbic acid neutralized with NaOH, 10
uM methylene blue, and 200 pg/ml catalase in 50 mM potas-
sium phosphate buffer, pH 6.5). After 60 min incubation with
agitation at 37°C, the reaction was stopped with the addition
of 100 pl of 30% trichloroacetic acid followed by 30 min incu-
bation at 50°C for the conversion of N-formylkynurenine to
L-kynurenine.

After centrifugation at 13,000g for 10 min at 4°C, the superna-
tant (125 pl) was transferred and mixed with 125 pl of 2% (w/v)
p-dimethylaminobenzaldehyde in acetic acid in a 96-well mi-
croplate. The IDO activity was obtained by measuring the reac-
tion mixture at 450 nm using a SPECTRAmax 250 microplate
reader (Molecular Devices) with L-kynurenine as the standard.

Protein concentration determination

The protein concentration in the supernatant of each brain ex-
traction was determined by Biuret method with bovine serum
albumin as a reference standard.

Results and Discussion
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Figure 1. IDO activity in pmol/h/mg protein with the mouse age approximate-
ly between 1 and 8 weeks. A rapid increase was observed up to 15 days followed
by a sharp drop between 15 and 20 days.

As shown in Figure. 1, while its rapid increase was seen from
5 days to 15 days, IDO activity (pmol/h/mg protein) dropped
sharply between 15 and 20 days followed by a gradual increase
between 20 and 55 days. On the other hand, before 15 days and
after 20 days, the protein concentrations of the supernatants
(mg/ml) increased gradually in proportion to mouse age while
it exhibited a jump between 15 to 20 days, as indicated in Fig-
ure. 2. This rapid protein concentration increase was consid-
ered related to non-IDO specific proteins and caused the sharp
decrease in IDO activity seen in Figure. 1. In conjunction with
the results of IDO activities, it was suggested that the IDO
activity unit of pmol/h/mg protein might not be suitable due
to the presence of suspected non-IDO specific proteins. The
concentrations of these non-IDO specific proteins were con-
sidered no relevance to IDO activity during the mouse brain
development.
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Figure 2. Protein concentration in mg/ml as a function of mouse age. While
there was no significant change in protein concentration before 15 days and
after 20 days, a sharp increase was seen between 15 and 20 days, which is con-
sidered a non-IDO specific protein contribution.

Alternately IDO activity in the unit of pmol/h/ml of the super-
natant was evaluated as exhibited in Figure. 3a and 3b. While
Figure. 3a presented the results of IDO activities on a direct
scale of mouse age, Figure. 3b showed the results as the loga-
rithmic function of mouse age. It was demonstrated that a lin-
ear relationship exists in IDO activity vs. the logarithmic func-
tion of mouse age up to 8 weeks. Since each mouse brain was
homogenized with 400 ul of the buffer, the unit of IDO activity
in pmol/h/ml of supernatant approximately corresponds to the
IDO activity in the entire mouse brain from a single mouse
without protein concentration correction. Although this non-
corrected IDO activity is subject to a certain sample prepara-
tion variation with an increased volume of the homogenates
due to an increased size of the mouse brain with age increase,
it is still considered a more reliable unit measure for assessing
IDO activity in this study. Future studies may achieve more
accurate volumes of the homogenates to correct for the vari-
ability associated with the size of the mouse brain.

A study by Moroni, et al. [12] has indicated a rapid increase of
kynurenic acid, one of the kynurenine pathway metabolites, in
the rat brains for the first 60 days, followed by a slower increase
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afterwards between 2 and 18 months. Although the exact re-
lationship was unknown between IDO and kynurenic acid, a
downstream metabolite of kynurenine pathway, it was indi-
cated that the IDO activities obtained by Moroni et al. showed
a similar trend as this study up to approximately 2 months. It
was consistent with the catalytic role of IDO to the kynurenine
pathway metabolites including kynurenic acid.
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Figure. 3. (a) IDO activity change in pmol/h/ml with an increase of mouse
age. A sharp increase was exhibited during the initial 15 days, followed by a
slower upward trend. (b) Linear relationship between IDO activity in pmol/h/
ml and the logarithmic function of mouse age was established up to 8 weeks
in this study.

Traditionally the unit in pmol/h/mg protein was utilized in or-
der to correct for the assay errors from sample preparations
[6,12]. This study, however, suggests the use of the unit in
pmol/h/ml of the supernatant instead of pmol/h/mg protein
due to a suspected rapid increase of non-IDO related proteins
along the development of the mouse brain around 15-20 days.
This phenomenon may be significant in study designs when a
mouse with a steady level of an enzyme such as IDO is needed
at an early age development and a specific period like 15-20
days may be avoided with regard to the total protein present.
On the other hand, when IDO activity in pmol/h/ml of the su-
pernatant is employed, a linear relationship between the activ-

ity and the logarithmic function of the mouse age is established
and can be used as a guide for the IDO activity estimation at
the early mouse development up to 8 weeks. This relationship
may also reflect the enhancement of the infectious pathogen
inhibition and immunologic tolerance through the early devel-
opment of mice.

Further studies consisting of more data points may be needed
to provide statistically significant predictions and evaluations
of this IDO trend as well as those for mice aging beyond a pe-
riod of 8 weeks. Immunological techniques such as western
blot and Enzyme-Linked Immunosorbent Assay (ELISA) may
be used to confirm IDO content change with the mouse age,
which indirectly demonstrate the presence of non-IDO spe-
cific proteins.

It has been found that dysregulation of the tryptophan-kynure-
nine metabolism pathways may contribute to the pathogenesis
of age-associated neuroendocrine disorders (AAND)(hyper-
tension, obesity, dyslipidemia, diabetes type 2, menopause, late
onset depression, vascular cognitive impairment, impairment
of immune defense, and some forms of cancer, e.g., breast and
prostate) [13,14]. The shift of tryptophan metabolism from ser-
otonin synthesis to formation of kynurenines may be triggered
by activation of IDO. Decreased serotonin production might
lead to mental depression while the development of AAND is
associated with increased formation of kynurenines via their
apoptotic, neurotoxic, and pro-oxidative effects, and upregula-
tion of inducible nitric oxide synthase, phospholipase A2, ara-
chidonic acid, prostaglandin, 5-lipoxygenase, and leukotriene
cascade[13]. It has been demonstrated that the leukotriene
pathway may contribute to the pathogenesis of neonatal bac-
terial meningitis by regulating E. coli K1 invasion of human
BMEC and penetration into the brain [15,16]. Therefore, the
IDO-related tryptophan-kynurenine metabolism pathways
might be the convergent point for both pathogenesis and ther-
apeutics of various AAND conditions.

Conclusions

This study demonstrated a linear relationship between the
brain IDO activity increase and the logarithmic function of
mouse age in the early development of mice up to 8 weeks. It
suggested that the IDO activity unit of pmol/h/ml, represent-
ing IDO activity in the entire brain from a single mouse, be uti-
lized instead of the traditional unit of pmol/h/mg protein due
to the possible presence of non-IDO specific proteins which
might have exhibited a rapid and non-linear increase during
early mouse development. Collectively these data indicate that
IDO activation is associated with the brain development of
mice. Changes in IDO expression induced by microbial and
non-microbial factors may contribute to both pathogenesis
and therapeutics of age-associated CNS inflammations.

Acknowledgements

Special appreciation and thanks are given to Ms. Chun-Hua Wu
for her assistance and discussion during this study. This project
was financially supported by Public Health Service grant R21-
NS083967 (S.H.H.) and NSFC grant 81370740 (S.H.H.).

JScholar Publishers

J Pedia Cong Disord 2014 | Vol 1: 101


http://www.jscholaronline.org/

References

1) King NJ, Thomas SR (2007 Molecules in focus: indoleamine 2,3-dioxyge-
nase. Int ] Biochem Cell Biol 39:2167-1272.

2) Takikawa O (2005)Biochemical and medical aspects of the indoleamine
2,3-dioxygenase-initiated L-tryptophan metabolism. Biochem Biophys Res
Commun 338:12-19.

3) Thomas SR, Stocker R (1999) Redox reactions related to indoleamine 2,3-di-
oxygenase and tryptophan metabolism along the kynurenine pathway. Redox
Rep 4:199-220.

4) Lestage J, Verrier D, Palin K, Dantzer R (2002) The enzyme indoleamine
2,3-dioxygenase is induced in the mouse brain in response to peripheral ad-
ministration of lipopolysaccharide and superantigen.Brain Behav Immun
16:596-601.

5) Dale WE, Dang Y, Brown OR (2000)Tryptophan metabolism through the
kynurenine pathway in rat brain and liver slices. Free Radic Biol Med 29: 191-
198.

6) Moreau M, Lestage ], Verrier D, Mormede C, Kelley KW, et al. (2005) Ba-
cille Calmette-Guérin inoculation induces chronic activation of peripheral and
brain indoleamine 2,3-dioxygenase in mice. ] Infect Dis 192: 537-544.

7) Schwarcz R (2004) The Kynurenine Pathway of Tryptophan Degradation as
a Drug Target. Current Opinion in Pharmacology 4: 12-17.

8) Frumento G, Rotondo R, Tonetti M, Damonte G, Benatti U, et al. (2002)
Tryptophan-derived catabolites are responsible for inhibition of T and natural
killer cell proliferation induced by indoleamine 2,3-dioxygenase. ] Exp Med
196: 459-468.

9) Obojes K, Andres O, Kim KS, Daubener W, Schneider-Schaulies J (2005)
Indoleamine 2,3-dioxygenase mediates cell type-specific anti-measles virus
activity of gamma interferon. J Virol 79: 7768-7776.

10) Schrocksnadel K, Wirleitner B, Winkler C, Fuchs D (2006) Monitoring
tryptophan metabolism in chronic immune activation. Clin Chim Acta 364:
82-90.

11) Littlejohn TK, Takikawa O, Skylas D, Jamie JF, Walker M]J, et al.(2000) Ex-
pression and purification of recombinant human indoleamine 2, 3-dioxyge-
nase. Protein Expr Purif 19: 22-29.

12) Moroni E, Russi P, Carld V, Lombardi G (1988) Kynurenic acid is present
in the rat brain and its content increases during development and aging pro-
cesses. Neurosci Lett 94: 145-150.

13) Oxenkrug GF (2010) Metabolic syndrome, age-associated neuroendocrine
disorders, and dysregulation of tryptophan-kynurenine metabolism. Ann N'Y
Acad Sci 1199: 1-14.

14) Mangge H, Summers KL, Meinitzer A, Zelzer S, Almer G, et al. (2014 Obe-
sity-related dysregulation of the Tryptophan-Kynurenine metabolism: Role
of age and parameters of the metabolic syndrome. Obesity (Silver Spring) 22:
195-201.

15) Zhu L, Maruvada R, Sapirstein A, Malik KU, Peters-Golden M, et al.
(2010) Arachidonic acid metabolism regulates Escherichia coli penetration of
the blood-brain barrier. Infect Immun 78: 4302-4310.

16) Maruvada R, Zhu L, Pearce D, Sapirstein A, Kim KS (2011) Host cytosolic
phospholipase A,a contributes to group B Streptococcus penetration of the
blood-brain barrier. Infect Immun 79: 4088-4093.

. A
Submit your manuscript to a JScholar journal
and benefit from:

Convenient online submission

Rigorous peer review

Immediate publication on acceptance
Open access: articles freely available online
High visibility within the field

Better discount for your subsequent articles

- -4 -a _a .a _a

Submit your manuscript at
http://www.jscholaronline.org/submit-manuscript.php

& J

JScholar Publishers

J Pedia Cong Disord 2014 | Vol 1: 101


http://www.jscholaronline.org/
http://www.ncbi.nlm.nih.gov/pubmed/10731095
http://www.ncbi.nlm.nih.gov/pubmed/10731095
http://www.ncbi.nlm.nih.gov/pubmed/10731095
http://www.ncbi.nlm.nih.gov/pubmed/12401474
http://www.ncbi.nlm.nih.gov/pubmed/12401474
http://www.ncbi.nlm.nih.gov/pubmed/12401474
http://www.ncbi.nlm.nih.gov/pubmed/12401474
http://www.ncbi.nlm.nih.gov/pubmed/10980407
http://www.ncbi.nlm.nih.gov/pubmed/10980407
http://www.ncbi.nlm.nih.gov/pubmed/10980407
http://www.ncbi.nlm.nih.gov/pubmed/15995970
http://www.ncbi.nlm.nih.gov/pubmed/15995970
http://www.ncbi.nlm.nih.gov/pubmed/15995970
http://www.sciencedirect.com/science/article/pii/S1471489203002029
http://www.sciencedirect.com/science/article/pii/S1471489203002029
http://www.ncbi.nlm.nih.gov/pubmed/12186838
http://www.ncbi.nlm.nih.gov/pubmed/12186838
http://www.ncbi.nlm.nih.gov/pubmed/12186838
http://www.ncbi.nlm.nih.gov/pubmed/12186838
http://www.ncbi.nlm.nih.gov/pubmed/15919929
http://www.ncbi.nlm.nih.gov/pubmed/15919929
http://www.ncbi.nlm.nih.gov/pubmed/15919929
http://www.ncbi.nlm.nih.gov/pubmed/16139256
http://www.ncbi.nlm.nih.gov/pubmed/16139256
http://www.ncbi.nlm.nih.gov/pubmed/16139256
http://www.ncbi.nlm.nih.gov/pubmed/10833386
http://www.ncbi.nlm.nih.gov/pubmed/10833386
http://www.ncbi.nlm.nih.gov/pubmed/10833386
http://www.ncbi.nlm.nih.gov/pubmed/2468114
http://www.ncbi.nlm.nih.gov/pubmed/2468114
http://www.ncbi.nlm.nih.gov/pubmed/2468114
http://www.ncbi.nlm.nih.gov/pubmed/20633104
http://www.ncbi.nlm.nih.gov/pubmed/20633104
http://www.ncbi.nlm.nih.gov/pubmed/20633104
http://www.ncbi.nlm.nih.gov/pubmed/23625535
http://www.ncbi.nlm.nih.gov/pubmed/23625535
http://www.ncbi.nlm.nih.gov/pubmed/23625535
http://www.ncbi.nlm.nih.gov/pubmed/23625535
http://www.ncbi.nlm.nih.gov/pubmed/20696828
http://www.ncbi.nlm.nih.gov/pubmed/20696828
http://www.ncbi.nlm.nih.gov/pubmed/20696828
http://www.ncbi.nlm.nih.gov/pubmed/21825068
http://www.ncbi.nlm.nih.gov/pubmed/21825068
http://www.ncbi.nlm.nih.gov/pubmed/21825068
http://www.jscholaronline.org/submit-manuscript.php
http://www.jscholaronline.org/submit-manuscript.php
http://www.ncbi.nlm.nih.gov/pubmed/17320464
http://www.ncbi.nlm.nih.gov/pubmed/17320464
http://www.ncbi.nlm.nih.gov/pubmed/16176799
http://www.ncbi.nlm.nih.gov/pubmed/16176799
http://www.ncbi.nlm.nih.gov/pubmed/16176799

