Chapter 3
Tryptophan and Nitric Oxide in Allergy

Kathrin Becker, Giorgio Ciprandi, Johanna Gostner, Heinz Kofler,
and Dietmar Fuchs

Abstract An immune deviation toward Th2-type immunity is involved in the
pathogenesis of allergic asthma and rhinitis. Allergic inflammation is characterized
by upregulation of Th2-type cytokines (the so-called Th2 polarization), whereas
there is a downregulation of Thl-type immune response and related cytokines like
interferon-y (IFN-y). The latter is a strong inducer of enzyme indoleamine
2,3-dioxygenase (IDO), which degrades the essential amino acid tryptophan as part
of an antiproliferative strategy of immunocompetent cells to halt the growth of
infected and malignant cells. Tryptophan metabolism may also play a relevant role
in the pathophysiology of allergic disorders.

In patients with pollen allergy, raised serum tryptophan concentrations were
observed compared to healthy blood donors. Moreover, the higher baseline trypto-
phan concentrations were associated with poor response to specific immunotherapy.
It turned out that the increase of tryptophan concentrations in patients with pollen
allergy only exists outside pollen season, but not in season. Interestingly, there was
only a minor alteration of the kynurenine to tryptophan ratio (Kyn/Trp, an index of
tryptophan breakdown), which is used as an estimate of IDO activity.

The reason for the higher tryptophan concentrations in patients with pollen
allergy outside season remains obscure. With this respect, specific interaction of
nitric oxide (NO.) with IDO could be important, because an enhanced formation of
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NO. has been reported in patients with asthma and allergic rhinitis: exhaled breath
NO. is increased in asthma versus healthy controls, and serum nitrite concentrations
were found to be higher in allergic patients out of pollen season than in season.
Importantly, NO. slows down the expression and activity of the heme enzyme
IDO. So, the higher tryptophan levels could be explained when IDO activity was
suppressed by NO.. As a consequence, inhibitors of inducible NO. synthase (iNOS)
should be reconsidered as candidates for antiallergic therapy out of season that may
decrease the production of NO. and thus abrogate the arrest of IDO.

Keywords Allergy * Atopy * Cross-regulation * Indoleamine 2,3-dioxygenase ®
Interferon-gamma ¢ Kynurenine to tryptophan ratio * Neopterin * Nitric oxide
Th2-type immunity * Tryptophan 2,3-dioxygenase

3.1 Tryptophan

L-Tryptophan is an essential amino acid that is required for protein biosynthesis and
also serves as precursor of several metabolites in humans. Absorbed tryptophan
circulates in its free form or bound to albumin in the peripheral blood stream. Only
in its free form, it can cross the blood-brain barrier. There are three different biosyn-
thetic pathways in which tryptophan is metabolized: (i) the formation of kynurenine
derivates, which represents the major route; (ii) the generation of serotonin, a neu-
rotransmitter and precursor of melatonin (Schroecksnadel et al. 2006; Chen and
Guillemin 2009); and (iii) the biosynthesis of proteins (Fig. 3.1).

To generate kynurenine, tryptophan is oxidized by a cleavage of the indole ring
moiety, which is achieved either by tryptophan 2,3-dioxygenase (TDO), indole-
amine 2,3-dioxygenase 1 (IDO-1), or IDO-2. TDO is primarily expressed in the
liver and is inducible by tryptophan or corticosteroids (Badawy 2013). IDO-1 is
induced by various inflammatory cytokines, with this respect the most prominent
one being interferon-y (IFN-y), and is expressed in numerous cells as macrophages,
microglia, neurons, and astrocytes, but also epithelial cells and fibroblasts (Guillemin
et al. 2007). The recently discovered IDO-2 possesses similar activities to IDO-1
but differs in its expression pattern, substrate specificity, and signaling pathways
(Chen and Guillemin 2009).

IDO-1 plays an essential role within the immune response and could even serve
as a biomarker for the inflammation status in human. It has been discovered that
IDO-1 inhibits immune cell and pathogen proliferation by the depletion of
tryptophan and/or by the production of bioactive catabolites (Samelson-Jones and
Yeh 2006). In addition, tryptophan breakdown products such as kynurenine,
3-hydroxyanthranilic acid, and quinolinic acid may negatively affect neurological
functions, while other metabolites such as kynurenic acid can be neuroprotective
(Heyes et al. 1992; Klein et al. 2013; Sas et al. 2007).

The second metabolic pathway is the generation of the neurotransmitter
5-hydroxytryptamine (serotonin) via the enzyme tryptophan 5-hydroxylase (T5H).
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Fig. 3.1 The three different ways of tryptophan usage. (i) The first one represents the major route
of tryptophan breakdown. The rate-limiting enzymes indoleamine 2,3-dioxygenase (IDO) or tryp-
tophan 2,3-dioxygenase (TDO) convert the essential amino acid tryptophan into kynurenine. This
metabolite is precursor of several metabolites. (if) The second pathway is the conversion via tryp-
tophan 5-hydroxylase (T5H) and followed by decarboxylation to the neurotransmitter serotonin
(5-hydroxytryptamine). Furthermore, tryptophan is required for protein biosynthesis (iii)

In a first step, 5-hydroxytryptophan is formed, which is converted to serotonin under
the influence of 5-hydroxytryptophan decarboxylases that require pyridoxal phos-
phate as a cofactor. In the case of insufficient tryptophan availability, serotonin pro-
duction is diminished, which may cause neuropsychiatric symptoms like depression
or other mood disorders (Widner et al. 2002). The third pathway represents trypto-
phan as a component of proteins.

3.2 Tryptophan and Its Influence on the Immune System

Significant alterations of serum tryptophan concentrations were observed in preg-
nant women (Schrocksnadel et al. 1996). Tryptophan concentrations declined with
the duration of pregnancy and correlated inversely with neopterin concentrations.
Data indicated that IDO activity was involved in the tryptophan metabolism.
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Thereafter, it was found that IDO activation is an important aspect in the
establishment of immunotolerance against the fetus (Munn et al. 1998) and thus that
tryptophan metabolism is strongly involved in immunomodulation (Mellor and
Munn 2004). Great attention was paid to the estimation of tryptophan breakdown as
a biomarker in various immune pathologies such as infections, autoimmune and
neurodegenerative disorders, and allergy (Schroecksnadel et al. 2006; Widner et al.
2000a, b; Raitala et al. 2006; Kositz et al. 2008). In the human immune system, vari-
ous cell types play an important role to protect the integrity of the organism from
invaders. The efficient host defense against pathogens is achieved through the thor-
ough coordination of the innate and adaptive immune system. Once an antigen is
present in the body, it has to be recognized by T cells, which identify the antigen in
cooperation with antigen-presenting cells. The recognition sites include the T-cell
receptor and the major histocompatibility complex. Furthermore, the signal cas-
cades involve several binding proteins such as the protein ligand B7 and the cluster
of differentiation 28 (CD28), which provide co-stimulatory signals to T cells
(Balakrishnan and Adams 1995). The activation of different subsets of T-helper
(Th) cells characterizes different immune responses. T cells can differentiate into a
variety of effector subsets, including the classical Thl- and Th2-type cells, the
recently defined Th17-type cells, the Th9 subset that control the growth and activa-
tion of mast cells, the follicular helper T (Tfh) cells that are responsible for the
B-cell maturation responses (Zhou et al. 2009), and the regulatory T cell (Treg). The
decision for differentiation is mostly driven by cytokines that are expressed in the
microenvironment. Also, the interaction strength between the T-cell antigen recep-
tor and the antigen can influence the direction of differentiation (Zhou et al. 2009).

Signaling by the arylhydrocarbon receptor (AHR) is thought to be involved in
T-cell differentiation. AHR 1is a cytosolic receptor, which translocates into the
nucleus after ligand binding and dimerizes with the AHR nuclear translocator
(ARNT) to act as a transcription factor for various genes including the cytochrome
P450 (CYP) enzymes (Van Voorhis et al. 2013). The AHR is known as a sensor to
the outside environment that modulates the immune system in response to toxins.
However, AHR signaling is activated not only after toxic exposures but also by
endogenous compounds like the tryptophan catabolite kynurenine, which leads to
the activation of several CYP isoenzymes and other metabolizing enzymes such as
glutathione S-transferase Ya (GSTYa) or aldehyde-3-dehydrogenase (ALDH-3)
(Van Voorhis et al. 2013). Via AHR, a toxin can also elicit an inflammatory response
with the induction of Treg, where the IDO pathway and its metabolites are involved
(Van Voorhis et al. 2013).

3.3 Types of Immune Response

Thl-type immune reaction is crucial in the pathogenesis of several inflammatory
disorders like cardiovascular diseases, autoimmune syndromes, malignant tumor
diseases, and neurodegenerative disorders (Asehnoune et al. 2004; Romagnani
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2004; Schroecksnadel et al. 2007). Th1-type cells are characterized by the production
of typical Thl-type cytokines like IFN-y and are involved in the cellular immune
response against pathogens and malignant cells. In the opposite, Th2-type cells pre-
dominate in allergic reactions and asthma (Romagnani 2004), interleukin-4 (IL-4),
interleukin-5, and interleukin-13 representing prominent cytokines released from
Th2-type cells. They mediate antibody responses, especially immunoglobulin E
(IgE) production (Barth et al. 2003), and control helminthes infections (Zhou et al.
2009). Th17-type cells represent another type of T-helper cells, which modulate
immune responses. They are supposed to combine innate and adaptive immunity
(Yu and Gaffen 2008); produce IL-17A, IL-17F, and IL-22; and play important roles
against extracellular bacteria or fungi. Regulatory T cells (Tregs) are involved in the
maintenance of immunological self-tolerance (Hori et al. 2003) and limit potential
collateral tissue damage (Zhou et al. 2009). Tregs are characterized by expression of
forkhead transcription factor box p3 (Foxp3). There are two subgroups of Tregs: the
naturally occurring Tregs (nTreg) and the induced Tregs (iTreg). Both cell types
play a role in the maintenance of self-tolerance and the prevention of
autoimmunity.

During the Thl-type immune reaction, the most prominent immune inductor
IFN-y is secreted by activated T lymphocytes and natural killer (NK) cells to initiate
antimicrobial and antitumoral defense mechanisms (Romagnani 2006). Thereby,
IFN-y induces various biochemical pathways such as the activation of GTP-
cyclohydrolase I (GTP-CH1) and IDO. This includes also the high output of reac-
tive oxygen species (ROS) by human macrophages or monocytes (Nathan et al.
1983) and the induction of the inducible nitric oxide synthase (iNOS) and of several
other immune effector pathways (Widner et al. 2000a; Werner et al. 1991).

The activation of GTP-CH1 by IFN-y leads to the production of the pteridine
derivatives neopterin and 5,6,7,8-tetrahydrobiopterin (BH,). BH, is the essential
cofactor for several monooxygenases including iNOS and is formed in various cells
of several species upon exposure to proinflammatory stimuli. Upon stimulation,
these cells produce NO. in a high rate. However, the production of BH, involves
6-pyruvoyltetrahydropterin (PTPS), an enzyme, which is of low activity in human
and primate macrophages and dendritic cells. As a result of this biochemical pecu-
liarity, human and primate monocyte-derived cells produce high amounts of neop-
terin at the expense of BH,. In the absence of sufficient amounts of BH,, also the
proper function of enzyme iNOS and in this way NO. output are diminished (Werner
et al. 1990; Andrew and Mayer 1999). In contrast, human fibroblasts or endothelial
cells preferentially produce BH,, and thus, also NO. is formed.

Neopterin is a stable biomarker of immune activation, which can be easily deter-
mined in body fluids like blood, urine, and cerebrospinal fluid (CSF) (Fuchs et al.
1992; Murr et al. 2002). Because of the common immunostimulatory background,
neopterin production and tryptophan breakdown are not only induced in parallel
in vitro (Weiss et al. 1999) but also in patients (Schroecksnadel et al. 2006). Several
in vivo studies confirm the association between altered neopterin concentrations and
tryptophan breakdown rates, as detected in serum samples of patients with infectious
diseases, like HIV, gynecological cancer, malignant tumors, cardiovascular disease,
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neurodegenerative disorders, or diseases associated with normal aging processes
(Schroecksnadel et al. 2005a, 2006; Fuchs et al. 1988, 1990, 1991, 2009; De Rosa
et al. 2011; Pedersen et al. 2011; Wirleitner et al. 2003). Both pathways turned out
to represent robust and strongly predictive immune activation biomarkers.

Neopterin concentrations can be measured with commercially available
ELISA. Usually, tryptophan and kynurenine concentrations are measured with
high-performance liquid chromatography (HPLC), and IDO activity can be esti-
mated by the ratio of kynurenine to tryptophan (Kyn/Trp) concentrations.

In vitro, high neopterin output by activated human monocyte-derived macro-
phages has been shown to be associated with a strong release of hydrogen peroxide
(H,0,) (Nathan 1986). In line with this observation, higher neopterin concentrations
in, e.g., patients with coronary artery disease were found to concur with low con-
centrations of serum antioxidants (Murr et al. 2009). This fact implies that neopterin
concentrations can also serve as sensitive indirect marker of oxidative stress during
immune activation (Murr et al. 1999).

3.3.1 Allergy

In the past few years, the incidence of allergy and asthma has increased drastically.
Allergy and asthma are among the most common chronic diseases in the world.
Currently, more than 130 million people are affected by asthma and the numbers are
steadily growing. Interestingly, in developing countries, there is a lower prevalence
of allergic diseases. Environmental factors, for example, more indoor allergens, pol-
lution, changes in diet, or breastfeeding, could be the reason for these increasing
atopic diseases. However, there are still little relations and evidences, which demon-
strate definitive risk factors. A link between lifestyle, habits, and the development
of allergy might exist, but the connection is still heavily discussed (Fuchs 2012).
However, childhood infections seem to have a protective effect for the development
of atopy and allergic diseases in the later life. A higher allergic sensitization occurs
often in newborn, but less in children from large families and those who attend daily
day care (Strachan 1989; Kriamer et al. 1999; Yazdanbakhsh et al. 2002). These
results suggest that a frequent contact with infections could have protective effects
on the children (Strachan 1989).

The main explanatory theories for the increase of atopic diseases are altered
hygienic conditions (Strachan 1989) and human nutrition. Nowadays, there exist
improved sanitation and living conditions, vaccinations, and antimicrobial therapies,
and most people have less contact to microbes. Immune stimulations by microbes
are considered to be necessary to hinder the consolidation of the atopic responder
type, as was concluded from the hygiene hypothesis (Liu and Murphy 2003).
Furthermore, human nutrition has considerably changed. Food preservation and ster-
ilization reduces the microbial exposure, and pasteurization has replaced drying and
fermentation (Fuchs 2012; Yazdanbakhsh et al. 2002; Isolauri et al. 2004). The food
preservatives have become more and more popular because of the globalization, as
food is shipped and offered all over the world and needs to be conserved over a long
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time. Many of the commonly used preservatives are antioxidative substances, which
can inhibit the oxidation of the food components (Gostner et al. 2014).

Recently, major attention is payed to the role of the human innate immune sys-
tem as it was shown to be strongly activated during allergic responses. Antigen-
presenting cells can absorb the allergen and initiate the signal transduction for T-cell
development within the Th2-type immune response direction. Th2-type cell activa-
tion leads to IL-4, IL-5, and IL-13 cytokine expression. These cytokines can interact
with their receptors to stimulate allergen-specific IgE production. Furthermore, this
cytokine production leads to the accumulation of a high number of eosinophils and
mast cells and boosts inflammation in the body (Holt et al. 1999). Immune cells start
to produce large amounts of cytokines, chemotactic factors, or free radicals, which
leads in the end to enhanced vascular permeability and persistent inflammation
(Ciprandi et al. 2011a). High amounts of IgE circulate in the blood and bind to the
high affinity IgE receptor (FceRI) of mast cells or basophiles to activate histamine
release, which is the main inductor of an allergic disease (Brown et al. 2008). At this
time point, the sensitization to a specific allergen is stored. If this antigen is present
at another time, it can bind to the IgE of mast cells and activate several cascades like
vasodilation, mucous secretion, and nerve stimulation of muscle contraction
(Zaknun et al. 2012). However, not every Th2-type response is characterized by IgE
production.

It has been argued that a decreased exposure to pathogens in early childhood may
result in an insufficient stimulation of Thl-type cells, which leads to a diminished
capability to counterbalance the expansion of Th2-type cells and thus results in a
predisposition to allergy (Yazdanbakhsh et al. 2002). High IgE levels may indicate
atopy, which underlies allergic diseases as asthma, rhinoconjunctivitis, and eczema.
It is well accepted that Thl- and Th2-type cytokines cross-regulate each other
(Romagnani 2004). Allergic inflammation is characterized by the upregulation of
Th2-type cytokines and downregulation of Thl-type cytokines such as IFN-y. Von
Bubnoff and Bieber described the IDO pathway as one of the central pathways in
allergy development. IDO activity not only is crucial during pregnancy, chronic
inflammation, tumorigenesis, and infections but also influences the inflammatory
state of atopy or allergy (von Bubnoff and Bieber 2012).

An in vitro study in human peripheral blood mononuclear cells (PBMC) further
confirmed this observation that typical Th2-type cytokines, IL-4 and IL-10, can
counteract IFN-y- and Thl-mediated pathways, when the effects of the different
cytokines on neopterin formation and tryptophan breakdown were compared (Weiss
et al. 1999). After IL-4 or IL-10 exposure, a lower stimulatory effect of IFN-y was
observed, which resulted in a diminished tryptophan breakdown rate and lower
neopterin levels, whereas Thl-type cytokine IL-12 had the opposite effect of co-
stimulating both biochemical pathways. Thus, exposure of PBMC to Th2-type cyto-
kines was reflected by higher tryptophan concentrations in culture supernatants,
because the breakdown of the amino acid was suppressed.

Allergic rhinitis is associated with the dysfunction of T-cell responses, where the
antigen induces mast cell activation by allergen-specific IgE. Severe allergic rhinitis
has a huge impact on the health-related quality of life and/or work, which can result
in a significant individual burden. Furthermore, allergic rhinitis and asthma are
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often comorbid diseases. Frequent treatments with aspirin, anti-inflammatory
agents, or antibiotics can inhibit Thl-type immune response and strengthen the
development of Th2-type responses and cause allergic symptoms in the case of a
concomitant phenomenon (Kuo et al. 2013). The activated cells release large
amounts of proinflammatory cytokines, which induce inflammatory cell enhance-
ment. It may lead to a persistent inflammation of the nasal mucosa, which is the
main relevant pathophysiological feature in allergic rhinitis (Ciprandi et al. 2011a).
Interestingly, treatment of PBMC with aspirin or salicylic acid had a similar effect
on neopterin production and tryptophan breakdown as compared with Th2-type
cytokines, where both were suppressed (Schroecksnadel et al. 2005b).

These results are in line with the hypothesis that allergy results from a shift of
Th1- toward Th2-type immunity. Inhibition of IFN-y and as a result also of IDO
decreases the Th1-type immune response.

Besides typical nasal symptoms like itching, sneezing, rhinorrhea, or obstruction
(Bousquet et al. 2008), many allergic rhinitis patients exhibit also nonnasal symp-
toms as behavioral changes like tiredness, somnolence, depression, apathy, and
impaired attention, which can reduce the quality of life (Juniper and Guyatt 1991;
Ciprandi et al. 2011b). This fact supports the hypothesis that the tryptophan path-
way and as a result also serotonin production play an important role in allergy.

Allergen-specific immunotherapy (AIT) is widely used to treat asthma and aller-
gic rhinitis and to modify the disease development. AIT is typically used, when
medication or environmental changes cannot control asthma or allergic rhinitis
symptoms. There are two ways of desensitization procedures, the subcutaneous
immunotherapy (SCIT), where the allergens are injected subcutaneous to the
patients, also known as “allergy shots.” In contrast, the sublingual immunotherapy
(SLIT) provides the allergen as drops to the sublingual area for local absorption.
The outcome of both treatments seems to be equal (Saporta 2012), although some
studies claimed that SCIT might have better results (Mungan et al. 1999). SCIT is a
well-established method, which has been used for many decades, and furthermore,
it is well tolerated (Saporta 2012). SLIT is also a very old method, which is not well
established in the USA, but in Europe it is still a commonly used treatment. SLIT
seems to be a safer method for treatment of children (André et al. 2000).

3.4 Tryptophan in Allergy

Induction of IFN-y leads to the activation of downstream biochemical pathways like
tryptophan breakdown by IDO. IDO activity is drastically enhanced during the pro-
inflammatory Thl-type immune response and contributes to the pathogen defense
by deprivation of the essential amino acid tryptophan. Furthermore, ROS and reac-
tive nitrogen species (RNS) are produced in high amounts, and these are commonly
known to interference with target cells or pathogens by oxidation and/or nitration of
vital cellular structures. For the balance of immune responses, Thl and Th2
responses can cross-regulate each other (Romagnani 2004, 2006). This can be
achieved by the activation of redox-sensitive signaling cascades, where oxidative
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conditions support Thl-type development, while excess of antioxidant compounds
“antioxidant stress” can lead to a shift toward allergic Th2-type immune responses
(Murr et al. 2005; Poljsak and Milisav 2012). IDO is widely accepted for its role in
infection, pregnancy, autoimmunity, and neoplasia, but also the control of allergic
inflammation was attributed to the enzyme (von Bubnoff and Bieber 2012).

Higher serum tryptophan concentrations were observed in adult patients with pol-
len allergy compared to healthy blood donors (Kositz et al. 2008). In this study, 44
patients with allergic rhinitis were examined before and after SCIT and compared to
38 healthy controls. In atopics, higher tryptophan levels in comparison to healthy
blood donors were noted, but there were no differences in kynurenine concentrations.
Also Kyn/Trp was only slightly, but not significantly, lower in atopics, and serum
neopterin levels tended to be at the upper limit of the normal levels. Interestingly,
higher levels of tryptophan were preferentially observed in nonresponders to
SCIT. Thus, tryptophan concentrations could help to predict the outcome of SCIT.

A further study confirmed the higher tryptophan levels in patients with pollen
allergy, but this observation was made only off pollen season but not in pollen sea-
son (Ciprandi et al. 2010). Notably, also the higher tryptophan levels observed in the
first study (Kositz et al. 2008) were measured in patients before they received desen-
sitization therapy and were thus off pollen season. Patients with pollen allergy seem
to have a distinct IDO activity pattern with higher tryptophan levels due to a less
breakdown out of season. However, tryptophan levels decline closer to normal val-
ues in spring; when under allergen exposure, tryptophan breakdown becomes initi-
ated. In regard to this observation, the higher tryptophan levels during winter could
represent a consequence of the chronic Th2-type immune response in summer due
to counter-regulation.

However, any possible (primary or additional) role of TDO activation should not
be disregarded.

Another substrate of IDO, serotonin, was found to be higher in patients with pol-
len allergy compared to outside of pollen season (Ciprandi et al. 201 1b). Interestingly,
low serotonin levels in allergic rhinitis patients in season upon pollen allergen expo-
sure were strongly related with behavioral impairment, as was assessed by quality
of life questionnaires, and thus, serotonin can serve as a biomarker of behavioral
symptoms during allergic response (Ciprandi et al. 2011b). As in other clinical
inflammatory conditions, tryptophan availability is strongly involved in the patho-
genesis of mood disorders and depression (Widner et al. 2002). Abnormal trypto-
phan concentrations may be involved in the development of neuropsychiatric
symptoms, while serotonin production is decreased (Widner et al. 2000a) or may be
also above normal.

3.4.1 Nitric Oxide: Nitrite

The reason for the higher tryptophan concentrations in patients outside of pollen
season still remains obscure. Specific interactions of NO. with IDO could be very
important in this circumstance (Ciprandi and Fuchs 2013). There are several reports
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in the literature that exhaled breath from patients with allergic rhinitis or asthma
contained higher NO. levels compared to healthy controls (Stewart and Katial
2012). Likewise, serum nitrite concentrations were found to be higher in allergic
rhinitis patients compared to healthy controls, and again, this was apparent off pol-
len season rather than during pollen season (Ciprandi et al. 2011a).

These observations seem to provide a link between tryptophan breakdown and
the formation of NO., which has been demonstrated earlier to inhibit the expression
and function of IDO (Thomas et al. 1994) (Fig. 3.2). Thus, when NO. formation is
increased, an inhibition of IDO becomes more likely, and as a consequence, trypto-
phan concentration would increase (Ciprandi et al. 2010). The increase of trypto-
phan in atopics out of season can be explained by a suppression of IDO activity
through the enhanced availability of NO. (Gostner et al. 2014). Importantly, no
inhibitory activity on GTP-CH]1, the key enzyme for neopterin production, is known
for NO..This would agree with the independent development of tryptophan and
neopterin concentration in patients with allergic rhinitis, e.g., mast cells can pro-
duce IFN-y and stimulate the production of neopterin in monocyte-derived macro-
phages or dendritic cells, while NO. formation starts in endothelial cells and IDO
activity becomes arrested by the presence of NO. (Ciprandi and Fuchs 2013).

iNOS inhibitors have already been considered as candidates for an antiallergic
therapy (Hesslinger et al. 2009) without considering their influence on IDO. iNOS

N GTP

IFN-Y GTP-GCH-1
7,8- Dihydroneopterin triphosphat

PTPS

in human macrophages other cell types:

and dendritic cells

Neopterin Biopterin (BH,)
2 Cofactor foriNOS

No BH; > O, = NO production

Inhibition of IDO

Fig. 3.2 Interferon-y (IFN-y) expression leads to the induction of GTP-cyclohydrolase I
(GTP-CH1), which produces out of guanosine triphosphate (GTP) 7,8-dihydroneopterin triphos-
phate. In human macrophages and dendritic cells, the enzyme 6-pyruvoyltetrahydropterin (PTPS)
is lacking, and neopterin is produced. In all other cell types PTPS forms 5,6,7,8-tetrahydrobiopterin
(BHy). BH, serves as a cofactor for inducible nitric oxide synthase (iNOS) to produce nitric oxide
(NO.). High levels of NO. can inhibit IDO activation and as a result inhibit tryptophan breakdown.
If BH, is not available, iNOS produces superoxide (O,.”) instead of NO..
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inhibitors may abrogate the IDO arrest, by diminishing NO. production. Still,
treatment with iNOS inhibitors should be more effective outside of pollen season,
than during season (Ciprandi and Fuchs 2013). IDO and iNOS are both induced by
IFN-y. iNOS inhibitors block NO. production and thereby can promote IDO activ-
ity. However, the interference of NO. and IDO could be cell specific. In stimulated
monocyte-derived cells, ROS are concomitantly produced with NO. and give rise to
the cell-toxic peroxynitrite (ONOQO"), whereas in other cells, because of the absence
of superoxide anion (O,.”), NO. is not oxidized and exerts its inhibitory effect on
IDO. This can be explained with an excess of antioxidants, which can stabilize the
iNOS cofactor BH, to guarantee high NO. production. Furthermore, other NOS
enzymes that are not induced by IFN-y can continue to produce NO. and inhibit IDO.

3.4.2 Nitric Oxide and Tryptophan Metabolism

NO. is a classical messenger for several biological processes, which include vasodi-
latation (Allen et al. 2009), neurotransmission (Bult et al. 1990; Garthwaite 2008),
macrophage-mediated cytotoxicity (Marletta et al. 1988), gastrointestinal smooth
muscle relaxation (Bult et al. 1990), and bronchodilation (Lindeman et al. 1995).
NO. synthases produce NO. by the oxidation of L-arginine and formation of the by-
product, L-citrulline (McNeill and Channon 2012). There are three isoforms of
NOS: (1) neuronal NO. synthase (nNOS) is involved in the regulation of autonomic
functions in cardiovascular diseases; (2) iNOS has effects on vascular functions
under conditions of sepsis and is a potent mediator of inflammation; (3) endothelial
NO. synthase (eNOS) acts in vascular diseases such as atherosclerosis, hyperten-
sion, and ischaemia-reperfusion. All of them can be responsible for abnormalities in
endothelial functions. nNOS and eNOS are both calcium dependent, while iNOS
works calcium independently (Moncada 1999). Furthermore, the first two NOS iso-
forms are constitutively expressed, while iNOS seems to be active only during
immune responses (Tsutsui et al. 2009).

NO. synthesis is commonly not only cell specific, but also the environment in
which the cells, organs, or the whole organisms that are experienced at the time of
the production site is important for the activity of the three different NOS (Villanueva
and Giulivi 2010). Several cross talks have been described for NO. and IDO. For
example, tryptophan and the tryptophan-kynurenine pathway metabolite
3-hydroxyanthranilic acid can inhibit iNOS at the expression and catalytic level
(Samelson-Jones and Yeh 2006). Furthermore, during the immune response, NO. is
an important regulator of the enzyme IDO. NO. inhibits IDO by preventing both the
expression and the activity of IDO, by binding to the catalytic domain
(Samelson-Jones and Yeh 2006). In turn, IDO inhibition then leads to higher
tryptophan levels.

As described above, BH, is required for a proper function of NO. synthesis.
However, in human macrophages, there is a lack of PTPS to produce BH,, and
instead, neopterin accumulates. When BH, levels become deficient, the oxygenase
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domain of NOS enzymes produces O,.” instead of NO.. The produced O,.” can
promote further reactions to form other ROS/RNS such as ONOO™ or H,0,, which
can disturb the redox balance and in the end lead to cellular injury and inflamma-
tion. Toxic ROS products like H,O,, O,., or ONOO™ can suppress the growth of
target cells and pathogens (Schroecksnadel et al. 2010; Wink et al. 2011) but also
lead to the dysfunction of protective cellular antioxidant mechanisms in inflamed
tissue, which can result in a high oxidative stress milieu (Hesslinger et al. 2009;
Bowler and Crapo 2002). In turn, a high degree of oxidative stress can activate sig-
naling cascades such as mitogen-activated protein kinase (MAPK), transcription
factor nuclear factor-kB (NF-kB), and activator protein (AP) pathways and initiate
the expression of proinflammatory cytokines such as tumor necrosis factor-o (TNF-
a) and IL-1, chemokines, and adhesion molecules (Aggarwal 2004).

The increased ROS production can further limit BH, availability through the
oxidation of the oxidation-sensitive molecule BH, itself (Lindeman et al. 1995).
Oxidative stress is probably involved in a wide range of clinical pathologies like
cardiovascular or neurodegenerative disorders (Halliwell 1996, 2006). To counter-
act ROS effects, different strategies have evolved. For example, some small mole-
cules function as antioxidants or enzymes, which can neutralize ROS, like catalase,
glutathione peroxidase (EC 1.11.1.9), and superoxide dismutase (Sies 1997,
Halliwell 1999). Antioxidants may be synthesized in the body or can be obtained
from the diet. An intake of dietary antioxidants can counteract oxidation processes
by scavenging ROS and other redox-sensitive molecules and therefore protect
against cellular damage (Schroecksnadel et al. 2007; Jenny et al. 2011). However, if
antioxidants are present in a normal milieu without inflammation, an excess can
shift the Th1-type immune response to Th2-type immunity, which can promote or
accelerate allergic reactions when an allergen is met (Zaknun et al. 2012).

3.5 Food Antioxidants and Tryptophan Metabolism

In the last decades, antioxidant exposure and uptake have extremely increased. Food
and beverages are supplemented with vitamins such as A, C, or E, and this is done
because of the conviction that this should be healthy. However, it is still unclear
whether supplemented antioxidant vitamins and other compounds have a benefit
comparable to that of their natural counterparts. Moreover, meta-analyses demon-
strated that supplemented antioxidant vitamins like vitamin A, C, and E may even
increase mortality rather than reduce it (Bjelakovic et al. 2007); especially, vitamins
E and A and B-carotene seem to exert also adverse effects.

Today, when antioxidants are supplemented to almost every food or beverage, it is
not easy to avoid overexposure. Thereby, extra vitamins are usually advertised. This
is not the case for food preservatives and colorants. These are usually declared only
as fine print. Food preservatives like sodium sulfite or benzoate but also colorants like
curcumin or betalain are widely known for their antioxidant activity (Zaknun et al.
2012). However, a well-functioning human organism does not need extra antioxidant
supplementation; the content in the normal Western diet is sufficient.
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An excess of food preservatives or antioxidants may increase allergy risks. They
can suppress Thl-type immune responses and cytokine expression, and conse-
quently, due to the cross-regulation of Thl- and Th2-type immune responses, Th2-
type cytokines are upregulated, and the development of asthma and allergic diseases
might be favored (Murr et al. 2005). If an allergen is presented, Th2-type cytokines
are produced in a high concentration, and this condition can strengthen the Th2-type
immune response. Under antioxidant-loaded conditions, allergic response already
initially becomes stronger when an allergen is met, than in conditions with normal
antioxidant levels (Zaknun et al. 2012).

It is well documented that antioxidants can stabilize BH, and promote NO. pro-
duction, which leads in the end to the inhibition of IDO and an increase of trypto-
phan and higher serotonin levels. In parallel, high serotonin levels could even
precipitate the serotonin syndrome, which is a life-threatening disease, character-
ized by a clinical triad of mental-status changes, autonomic hyperactivity, and neu-
romuscular abnormalities. It is known to be induced either by adverse drug reaction;
from therapeutic drug use, intentional self-poisoning, or inadvertent interaction
between drugs; or by an excess of antioxidants (Boyer and Shannon 2005).

Physical exercise is the most convenient way to escape from reductive caused by
excess intake of antioxidative compounds. Sports help not only in burning fat; it
especially oxidizes the even stronger antioxidants like vitamins, spices, and food
preservatives. This interaction may help to understand the findings that supplemen-
tation with antioxidant vitamins was found to slow down the antioxidant defense
response induced by physical exercise and sports (Ristow et al. 2009; Peternelj and
Coombes 2011). Thus, moderate sports and physical exercise can be recommended
to combat allergic responses.

Unfortunately, in the current generation, every negative effect of food is first
denominated by the public as an allergy. However, food allergy is often not an
allergy in its sense. In its strict sense, food allergy is an adverse reaction to the food
itself, and the classical immune mechanism is specific, for it being indicated by the
presence of IgE antibodies is typical. The diagnosis will be taken after a case his-
tory, the demonstration of IgE sensitization by a skin-prick test on an in vitro test,
and will be confirmed by a positive oral provocation (Wiithrich 2009). By contrast,
food intolerance is considered as a “nonimmune”-mediated adverse reaction to the
food. There are enzymatic (e.g., lactose intolerance, lactase deficiency), pharmaco-
logical (reactions against biogenic amines, histamine intolerance), or undefined
food intolerances (against food additives). Interestingly, under such conditions,
huge amounts of H, are produced and exhaled, H, under certain circumstances
being a strong antioxidative compound. Still, it has to be kept in mind that not every
sign of sickness after food intake has to be an allergy.

Recently, performed studies reported an association between fast-food consump-
tion and the prevalence of asthma, rhinoconjunctivitis, and eczema in children and
adolescents (Ellwood et al. 2013). In addition, antioxidants or additives may disturb
the endogenous appetite and satiation regulatory circuits. On the one hand, antioxi-
dants may suppress tryptophan breakdown by IDO (Jenny et al. 2011) and thus
increase the availability of tryptophan for serotonin production and as a conse-
quence contribute to mood improvement. Tryptophan metabolic changes may also
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contribute to the weight gain after a calorie-restricted diet (Berger et al. 2013), when
under starvation conditions tryptophan levels decline, which increases carbohydrate
craving as a substitute for brain serotonin (Wurtman and Wurtman 1995) followed
by weight gain. This sequence of events can explain the often observed yo-yo effect,
also known as weight cycling when people rapidly gain weight after a diet.

Also, the histamine content of beverages and food has to be taken in consider-
ation. As mentioned above, histamine is known to trigger acute symptoms like acute
rhinitis, bronchoconstriction, diarrhea, or cutaneous wheal. It has a strong activity
on endothelium and bronchial or smooth muscle cells and modulates also chronic
inflammatory events (Jutel et al. 2002). Histamine is important in the early and late
phase response to soluble antigens. It increases the vascular permeability and is
involved in the recruitment, adherence, and activation of inflammatory cells
(Andersson et al. 1994). Histamine content is increased in preserved food and thus
could play an important role in the precipitation of allergic symptoms, if too high
histamine uptake can trigger allergy development. Moreover in vitro, an inhibitory
effect of histamine on neopterin formation in myelomonocytic cells has been
described (Gruber et al. 2000).

Also air pollution can be responsible for increasing allergy appearance. An
important compound is carbon monoxide (CO), which accumulates in the blood or
is inhaled during cigarette smoke. CO can downregulate Th1-type immune responses
via inhibition of IFN-y and inhibition of IDO activity and thus activate Th2-type
immunity (Naito et al. 2012). An excess of antioxidants can explain the connection
of obesity, smoking or pollution, and their association with the increase of allergies
(Hosick and Stec 2012), when CO, a gas with well-known antioxidant properties,
exerts its effect to counteract Th1-type immune activation. As another consequence,
tryptophan availability will increase, when IDO is suppressed. In turn, the higher
tryptophan and thus serotonin availability may enhance mood and thus support
addiction to tobacco smoking.

3.6 Conclusion

Significant alterations of tryptophan metabolism have been described in patients
suffering from allergy. Allergy development is characterized by Th2-type immune
activation that is related to Th2-type cytokine expression like IL-4, IL-5, and IL-10
by Th2-type cells. The immoderate increase of allergies in the past decades posed
the question of the underlying trigger. Various approaches were taken into consider-
ation, like the hygiene hypothesis or the pollution of the air. Still the aspect of anti-
oxidants and allergy development has to be investigated in more detail. The
enormous presence of antioxidants as food additives, preservatives, or colorants is
indispensable in our lifestyle. Antioxidants can inhibit Th1-type immune response
and thus can result in an insufficient clearance of infectious pathogens. The inhibi-
tion can be mediated by downregulation of IFN-y and/or by the inhibition of IDO
leading to higher tryptophan levels. The radical scavenging property of antioxidants
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can stabilize BH,, the cofactor for iNOS, and thus promote high NO. output. The
high NO. level inhibits IDO activity by binding to the catalytic domain. For the
allergy diagnosis, high levels of NO. and tryptophan can be good biomarkers that
may be of value for the judgment of treatment response. The excess of antioxidants
can represent the missing link between the constant growing number of allergy and
obesity patients. The downregulation of Th1-type immune response and expression
of Th2-type cytokines can be attributed to the inhibiting nature of anti-inflammatory
agents like antioxidants. The impression is emerging that in otherwise healthy peo-
ple, stress due to overwhelming exposure to antioxidants is more relevant than oxi-
dative stress, which is critical in clinical conditions related with Th1-type immunity
and excess IFN-y and thus ROS production. A right balance between cellular pro-
duced ROS and antioxidant uptake via nutrition is essential to support human health.
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