28. Nasal Periceptor Processes

Boris Schilling

There are myriads of odorous molecules that we
perceive and it is remarkable that most of us seem
to have very similar odor impressions that orig-
inate from a specific stimulus and the sense of
smell appears to be robust during much of a life-
time. When perceiving scents, olfactory receptor
(OR) proteins are at work to translate chemical in-
formation into neuronal signals that are decoded
in the olfactory cortex to provide us with an odor
image. Proposed in the middle of the last century
but only substantiated with intriguing laboratory
data during the last decade, there are enzymes ex-
pressed at high levels in the olfactory mucosa, and
they metabolize xenobiotics including odorants
and produce many new chemical species. Exam-
ples demonstrate that such perireceptor events
can alter the receptor-dependent activation pat-
tern in the olfactory neuroepithelium, which has
an impact on the quality and the intensity of odor

Our senses provide us with an internal representation
of the outside world with a straight impact on our
behavior and decision-making processes. While it is
generally appreciated that sight and sound are crucial
for our quality of life, the important role of the sense
of smell is often forgotten and goes far beyond enjoy-
ing a subtle splash of a luxury perfume. The perception
of fragrances is inevitably linked with joy, well-being,
mood, emotions, memories, and both physiological and
psychological reactions are responsible for the power of
the sense of smell. There is a strong personal flavor to
the perception of odors and learning, association, con-
text as well as a genetic predisposition all contribute
to a unique individuality for olfaction that is not ob-
served for other senses, such as vision and audition.
Evidence for a striking variability for the perception
of B-ionone, a floral and woody odorant with a strong
freesia character, was based on a large sensory study
conducted during a flower show in New York City
in 1935 [28.1]. The term specific anosmia describes
the fact that many people are odor blind for specific
molecules. The first thorough investigation was pub-
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stimuli. Results that do not seem to fit a model
or a hypothesis may make sense if perireceptor
events are brought into the equation.

lished in 1967 by Amoore who described anosmia for
the sweat odorant isovaleric acid [28.2]. He expanded
the studies to other odorants and also discovered that
specific anosmia is genetically inherited [28.3,4]. To-
day, it is generally known that even for perfumery
ingredients, specific anosmia exists for instance for
B-ionone, salicylates, musks, and amber odorants. An-
drostenone is an interesting body odor, that is perceived
as unpleasant/urinous/sweaty or pleasant/sweet/floral
or odorless, and it has been shown that a genetic varia-
tion in one human odorant receptor (OR) is responsible
for the difference in odor perception [28.5]. Besides
single-nucleotide polymorphisms, receptor gene copy
number variation is a possible factor for phenotypic
difference in odor perception [28.6]. There is some de-
crease in the performance of the sense of smell during
aging which is generally not dramatic unless the cause
is a neurodegenerative disease, such as Alzheimer and
Parkinson where an impaired sense of smell is one of
the earliest symptoms [28.7]. The decline in the abil-
ity to detect and discriminate odors in aged humans is
not well understood, and latest investigations suggest

605

o
Q
-
=3
o
N
(-]




606 PartD

Odorant Sensing and Physiological Effects

8¢ | a 1ed

that it is multifactorial, and includes reduced neurogen-
esis, altered synaptic organization as well as modified
odor representation in primary olfactory cortices and
beyond [28.8].

Many excellent studies on the sense of smell have
been based on sensory behavioral experiments, psy-
chophysical measurements, and electrophysiological
and anatomical investigations. A review in National Ge-
ographic Magazine in 1986 provides a superb overview
on various aspects of olfaction that were known at the
time and emphasizes that the mechanisms by which
odorous molecules activate neurons that convey re-
spective information to the brain were still to be elu-
cidated [28.9]. An explosion of research in olfaction
followed the discovery of the odorant receptor proteins
in 1991 by Buck and Axel [28.10]. Olfactory recep-
tor genes are the largest gene family in the human
genome with close to 1000 genes that are scattered
across most chromosomes. In humans, the majority of
the receptor genes have been mutated to pseudogenes
leaving us with close to 400 functional genes [28.5, 11—
15]. Interestingly, segregating pseudogenes have been
identified, indicating that different people may have
a slightly different number of pseudogenes on top of
the occurrence of various alleles for each of the func-
tional olfactory receptor genes [28.16]. Investigating
and understanding the olfactory gene expression in ol-
factory sensory neurons, signal transduction, receptor
agonist patterns, axonal projections to glomeruli in the
olfactory bulb and signal processing in the olfactory
cortical areas are fascinating topics that are reviewed
and explained in other chapters in this book. There
is a chemotopic map preserved on the level of olfac-
tory bulb, the first relay station in the brain [28.17,
18]. Information processing beyond the olfactory bulb
toward the olfactory cortical areas is multifaceted and
surprisingly, the activation patterns in the piriform cor-
tex, the next processing center for olfactory information
get much more complex. The same cortical neuron
responds to diverse odorants and it appears that odor-
ants are represented by unique ensembles of active
neurons in the piriform cortex. When moving from sin-
gle odorants to odor mixture, strong suppression and
some minor synergistic effects are observed, demon-
strating that the representation of complex odors in
the piriform cortex is not the integration of individ-
ual activation patterns [28.19]. Previously, Buck et al.
proposed that cortical neurons might be acting as coin-
cidence detectors when receiving inputs that originate
from more than one receptor. More recently, it has been
elegantly demonstrated that neuronal information from
the olfactory bulb is conveyed to multiple cortical cen-
ters where odor representation is differently organized.
While activated neurons in the piriform cortex show no

discernible spatial order, the representation in the corti-
cal amygdala exhibits spatially stereotyped projections
from olfactory bulb glomeruli which overlap and allow
for the local integration of neuronal signals [28.20]. The
authors propose a model, where the representation of
activated ensembles of neurons in the piriform cortex
is vital for experience and learned olfactory responses,
while the odor representations in the cortical amygdala
are linked to innate behavioral responses.

The activation of olfactory receptors by odorants
at the periphery of the olfactory system is the essen-
tial step toward smell perception. Yet there is evidence
that perireceptor events also contribute to the shape of
the olfactory percept, and this understanding may be
important to compare in vitro results derived from re-
ceptor screenings and in vivo psychophysical studies,
such as the determination of odor detection thresholds,
as well as the assignment of odor descriptors to fra-
grance molecules. It has been speculated for years that
enzymes in the respiratory tract and in particular in
the olfactory epithelium could have an impact on the
perception of odorants. The initial hypothesis that en-
zymatic activities (or their inhibition) are involved in
the nature of the sensation of smell was proposed by
the chemist G.B. Kistiakowsky from Harvard University
more than 60 years ago [28.21]:

On the Theory of Odors: I cannot resist the tempta-
tion to add on more hypothesis on the nature of the
sensation of smell to speculation of others to this
subject. Several characteristic traits of this sense
can be accounted for without infringing on the basic
physical principles if it is attributed to the inhibition
of certain enzymes contained in the olfactory organs

[...]

He proposes that sequences of metabolism, on the one
hand, and inhibition of enzymes on the other contribute
to high impact odors, form the basis of the large collec-
tion of molecules having a smell and determines that the
complexity of odors also results from the inhibition of
various enzymes to different extents. Interestingly, he
also proposes that such enzyme inhibition can change
the quality of smell, a concept that will be revisited later
in this chapter. Around the same time, enzymes were lo-
calized in and around the gustatory and olfactory organs
of the rabbit, including the olfactory mucosa, and it was
suggested that they may be associated in some way with
the mechanisms of smell and taste [28.22].

The first evidence of the in-nose metabolism of
a volatile compound was provided at the 6th Interna-
tional Symposium of Olfaction and Taste [28.23]. The
scientists observed that upon channeling tritium-labeled
octane through a frog’s nose, some of the labeled mate-
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Fig. 28.1 Indication of in-nose oxidative metabolism (af-
ter [28.23])

rial became water soluble, and they speculated that the
chemical got somehow transformed at the olfactory re-
ceptor site (Fig. 28.1). From today’s perspective, it can
be concluded that the nonwater-soluble alkane was oxi-
dized by cytochrome P450 monooxygenases (CYPs) to
produce the water soluble alcohol.

Octane is soluble in the organic solvent (benzene);
however, following exposure to the olfactory tissue of
a frog, some of the tritium-labeled material is solu-
ble in the aqueous phase, indicating in-nose oxidative
metabolism [28.23].

Only a few years later, it was demonstrated that
high concentrations of CYPs and other enzymatic
activities are located in the nasal cavity of animal
species [28.25]. One paper was published showing that
the fragrance material heliotropin (piperonal) inhibits
rat nasal CYP activity and the author is putting for-
ward the idea that part of the effectiveness of heliotropin
as a perfumery ingredient may result from prolong-
ing the half-life and residency time of other odorants
in the nasal cavity by inhibiting their enzymatic ox-
idation and degradation [28.26]. An excellent review
by Alan Dahl describes animal studies conducted in

a)
NADPH, O,
Em——— OH + 7 Metabolites

U " 0

b) NADPH, 0, \/\/\)Oj
NN ——
CYP
c) (0] [0)
o~  NADPH,O0, o j)\
r———— * mH

N~ CYP NH,

H
d) 0 0

NADPH, O,

jo et
>0 CYP

the 1980s to investigate whether nasal metabolism in-
fluences the biological fate and toxicity of inhaled
materials as well as to address a potential impact on
olfactory physiology [28.24]. Selected substrates and
metabolites reported in this review and references cited
therein are shown in Fig. 28.2 together with the original
classification of olfactory mucosal enzymes.

It is further postulated that olfactory xenobiotic me-
tabolizing enzymes might have an effect on the charac-
teristic odors of compounds, and the author makes sug-
gestions how to direct research efforts to provide data
on the role of nasal metabolism in olfaction [28.24]. He
lists five specific effects where xenobiotic-metabolizing
enzymes may influence odor perception:

1. Conversion of a nonodorant into one or more
odorants.

2. Conversion of odorants to nonodorants.

3. Transformation of odorants to other odorants
(change in quality).

4. Transformation of lipophilic compounds into more
water-soluble ones (change in physicochemical
properties and elimination).

5. Inhibition of the metabolizing enzymes (may alter
all the previous effects). These possibilities will be
discussed in more detail in this chapter.

Another group of proteins which is prone to play
a role in perireceptor events are the so-called odorant-
binding proteins (OBPs) which are small soluble carrier
proteins with binding activity toward volatile com-
pounds [28.27]. These proteins belong to the family of
lipocalins which are known to transport small ligands
in other body fluids but their role in mammalian ol-
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Fig. 28.2a~h Metabolic reactions catalyzed by olfactory mucosal enzymes (after [28.24]): (a) hydroxylation of
benzo[a]pyrene, (b) hydroxylation of octane, (c) N-demethylation of dimethylanthranilate, (d) O-demethylation of p-
methoxyacetophenone, (e) hydrolysis of amyl acetate, (f) oxidation of acetaldehyde, (g) hydrolysis of styrene oxide,

(h) glucuronidation of 7-hydroxycoumarin (umbelliferone)
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faction is still unclear. Proposed functions include the
transport of the hydrophobic molecules from the nasal
air space across the viscous, hydrophilic mucus layer to
the ciliae of olfactory sensory neurons where receptor
proteins are located, as well as a role as scavengers for
excess odorants and removal of the stimuli. Since the
studies on heterologously expressed olfactory receptor
genes clearly indicated that they function in the absence
of OBPs, their role in vertebrate olfaction is still unan-
swered. More evidence for the function of lipocalins
in chemoreception was found for insects [28.28]. The
first identified insect OBP was the pheromone binding
protein (PBP) of the silk moth Antheraea polyphe-
mus [28.29] shortly before the first mammalian OBP
was described. Later, compelling evidence was pro-
vided that the Drosophila insect pheromone 11-cis vac-
cenyl acetate is requiring a specific OBP for the activa-
tion of pheromone-sensitive neurons [28.30] and it has
been demonstrated that the detection of the Drosophila

pheromone is mediated directly by the OBP upon
a pheromone-induced conformational change [28.31].
Binding of the pheromone converts an inactive ligand
into an activator of pheromone-sensitive neurons, which
is in contrast to the general assumption that olfactory
neurons are activated by volatile odorants as a result
from the direct activation of the membrane-embedded
receptor by the volatile stimulus.

It has been nicely demonstrated that OBP/PBP-
enabled perireceptor events play an essential role in
insect olfaction where a large repertoire of OBP genes
are expressed; however, their role in mammalian olfac-
tion is still not clear. Therefore, the upcoming sections
are dedicated to review the current understanding on
biotransformation reactions that take place in the olfac-
tory mucosa with emphasis on the role of cytochrome
P450 enzymes (CYPs) in nasal metabolism, and the po-
tential impact of xenobiotic-metabolizing biochemical
reactions for olfaction research.

28.1 Xenobiotic-Metabolizing Enzymes in the Olfactory Epithelium

Metabolism of xenobiotic molecules is primarily as-
signed to a role of hepatic phase-1 and phase-2 biotrans-
formation enzymes. In phase-1 metabolism, molecules
are made reactive and during phase-2 metabolism sugar
or peptide moieties are added to make water solu-
ble catabolites and allow excretion via urine. How-
ever, there has been strong evidence that xenobiotic
metabolism is taking place outside the liver, and various
reviews have described that biotransformation enzymes
are found in the respiratory tract and in particularly high
concentrations in the olfactory mucosa [28.32,33]. In
order to identify the enzyme families that are involved
in xenobiotic metabolism, gene expression patterns
were compared between human fetal and adult olfac-
tory mucosa and liver specimens, using a combination
of gene array analysis and ribonucleic acid polymerase
chain reaction (RNA-PCR) [28.34]. A series of bio-
transformation enzymes which were identified in the
nasal tissue are shown in Table 28.1. The family of
CYPs is of specific interest, since they are involved
in the phase-1 metabolism of very diverse chemical
species. About one dozen CYP genes are expressed
in the human olfactory mucosa and amongst them,
CYP2A13 has been identified to be specifically ex-
pressed in the human respiratory tract, predominantly in
the olfactory mucosa [28.35], therefore being a primary
candidate to explore and test odorants as substrates or
enzyme inhibitors.

Liver metabolic enzymes are known to be upreg-
ulated as a response to exposure to xenobiotic com-

pounds, including drugs. However, the regulation of
xenobiotic-metabolizing enzymes in the olfactory mu-
cosa has been little explored. There are studies indicat-
ing an enhanced expression of specific genes following

Table 28.1 Metabolic enzymes that are expressed in the
human nasal mucosa

Enzyme References
Aldehyde dehydrogenase (ALDHG6) [28.34,36]
Aldehyde dehydrogenase (ALDH7) [28.34,36]
Carboxyl esterase (CE) [28.37,38]
Cytochrome P450 monooxygenase (CYP1B1) [28.34]
Cytochrome P450 monooxygenase (CYP2A6) [28.32,33]
Cytochrome P450 monooxygenase [28.32,33,35]
(CYP2A13)
Cytochrome P450 monooxygenase (CYP2B6) [28.33]
Cytochrome P450 monooxygenase (CYP2C)  [28.33]
Cytochrome P450 monooxygenase (CYP2E1) [28.34]
Cytochrome P450 monooxygenase (CYP2F1) [28.34]
Cytochrome P450 monooxygenase (CYP2J2) [28.33]
Cytochrome P450 monooxygenase (CYP2S1) [28.39]
Cytochrome P450 monooxygenase (CYP3A)  [28.33]
Cytochrome P450 monooxygenase (CYP4B1) [28.34]
Epoxide hydrolase (EH) [28.36,40]
Flavin-containing monoxygenase (FMO1) [28.34]
Glutathion-S-transferase (GSTP1) [28.34, 36, 40,
41]
Nicotinamide adenine dinucleotide phosphate  [28.32,36]

(NADPH)-cytochrome P450 reductase (POR)

Glucuronyl transferase (UGT2A1) [28.34,36,42]
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treatment with chemicals [28.43] and a recent publi-
cation reports that inducers known to regulate hepatic
gene expression also worked in the rat olfactory mu-

28.2 Cytochrome P450 Enzymes

CYPs are peripheral membrane proteins anchored to
the membrane bilayer of smooth endoplasmic reticu-
lum by their amino-terminal domain. An iron—heme
cofactor is present in the catalytic center where the
oxygen-dependent monooxygenation of suitable sub-
strates takes place. For a full catalytic cycle, two elec-
trons are required which are supplied via an electron-
transfer system from an NADPH-cytochrome P450
reductase (POR) which is also membrane-anchored and
in a close proximity to the CYP. NADPH is the ulti-
mate electron donor, and electrons are channeled via
two flavin cofactors (flavin adenine dinucleotide (FAD),
flavin adenine mononucleotide (FMN)) in POR to the
catalytic center of the CYP. The overall reaction is
shown in Fig. 28.3 and further described, for instance,
in the following reviews [28.45, 46].

A comprehensive overview on classical and par-
ticularly uncommon CYP-catalyzed reactions has been
published by Guengerich [28.47]. This family of en-
zymes shows low substrate specificity and frequently
produces multiple products. The availability of several
crystal structures of human CYPs allows rationalizing
the fate of substrates and the binding site of inhibitors.

Pharmacological metabolism research and the role
of CYPs in chemical toxicology have been the area
of strong interest. Various excellent reviews describe
recent developments in metabolism studies and safety
testing, adverse effects of drugs through biotransfor-
mation, and bioactivation of chemicals. Besides iden-
tifying metabolites of active pharmaceutical ingredi-
ents (APIs) and determining the pharmacogenetics and
clearance of drugs, various groups also investigated
the role of CYP polymorphisms in the onset and pro-

cosa and phase-1, phase-2, and transporter genes were
up-regulated [28.44].

gression of cancer and the role of genetic variability
in human CYP genes [28.48-50]. It is remarkable
that nasal cytotoxicity and carcinogenic activities are
originating from systemically distributed organic chem-
icals, confirming the metabolic power of the nasal
mucosa [28.51]. Several publications conclude that
the respiratory tract CYP2A enzymes and particularly
CYPA13 play a role in the metabolic activation of
nasal toxicants [28.52] and are involved in the bioacti-
vation of tobacco-specific nitrosamines [28.35, 53-57].
Genetic polymorphism of Cyp2al3 can be linked to
lung cancer susceptibility [28.58-64] and CYP en-
zymes have been mentioned as potential targets for
chemoprevention of lung cancer by the use of selec-
tive inhibitors (see the following paragraphs). Active
site mutations of CYP2A13 influence the orientation
and results in altered kinetics for metabolite formation
which can be rationalized by docking studies using the
CYP2A13 crystal structure [28.65].

POR CYP
NADPH (FAD,FMN),, (Heme Fe?") RH
- >
H,O
NADP* POR CYP ROH
(FAD,FMN),q (Heme Fe'")

Fig. 28.3 Substrate oxidation by CYP with the concomitant reduc-
tion of oxygen to water. Electron transfer from NADPH is taking
place via two flavin cofactors (FAD, FMN) which are present in
POR. The iron-heme cofactor is the site of chemical oxidation in
CYP

28.3 Exploring the Substrate and Inhibitor Range

of Olfactory P450 Enzymes

CYP members of family 2 are strongly expressed in
nasal tissue, and also known to bind small molecular
weight compounds as substrates and inhibitors, in-
cluding volatile odorants. Studies were conducted with
various commercially available CYP sources; however,
the respiratory tract-specific CYP2A13 was selected

as the primary candidate for further investigations
and produced from Spodoptera frugiperda cell line 9
(Sf9) insect cells together with the reductase partner
POR [28.66,67]. A library of odorant molecules was
used to identify substrates of CYP2A13. For many
molecules, a molecular weight increase [M+16] was
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found indicating a monooxygenation reaction (either
hydroxylation or epoxidation). Furthermore, demethy-
lation of methoxy- and N-methyl groups was ob-
served. A selection of odorants that are metabolized by
CYP2A13 is shown in Fig. 28.4.

Two examples of CYP substrates with available
odor intensity and quality data are shown in Table 28.2.
In the case of methoxyphenylbutanone (Ketanone), the
metabolite is the powerful raspberry ketone, whereas
in the case of dimethylanthranilate, the metabolite has

Fig. 28.4 CYP2A13-catalyzed
oxidation of odorants: (a) demethy-
lation of 2-methoxyacetophenone,

OH (b) allylic hydroxylation of B-ionone,
() demethylation of dimethylanthrani-
late, (d) hydroxylation of coumarin,
(e) oxidation and cyclization of
(R)-(+)-pulegone to menthofuran
and further oxidation to mintlactone,
(f) epoxidation of delta-3-carene

Fig. 28.5 Inhibitors of CYP2A13
o exhibiting IC50 values in the
low wM range: (a) ketone types,
(b) N-heterocycles, (c) macrocyclic
heterocycles, (d) lactones, (e) isoth-
iocyanates, (f) 8-methoxypsoralen,
(g) organoselenium types, (h) benzyl-
morpholine types

a slightly lower threshold and distinct but small differ-
ences in the odor description. Depending on the extent
of nasal metabolism, one is never smelling the sub-
strate alone, but always a combination of the substrate
and the metabolite, which may differ between individ-
uals.

Libraries of diverse chemical classes of small
molecular weight compounds were screened for in-
hibitors of CYP2A13, CYP2A6, and CYP2B6 en-
zymes [28.68-75]. Chemically diverse inhibitors as

Table 28.2 Odor thresholds and qualities of selected substrate—metabolite pairs

Substrate
o OTH: 0.05ng/1

/@/\)‘\ Odor description: raspberry, floral, green
~o

0 OTH: 0.59ng/1
()\)LO/

N/

H

Odor description: floral, neroli, sweet, warm

Metabolite

o  OTH: 0.005ng/1

/@/\)‘\ Odor description: raspberry, fruity, sweet
HO
(0]
0/

OTH: 0.12ng/1
Odor description: floral, orange blossom,
neroli, mandarin

OTH: Odor detection threshold in ng/1 air, determined using an olfactometer
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well as various substrates were identified, further con-
firming that the respiratory tract-expressed enzymes
CYP2A13 and 2A6 are able to catalyze detoxification
as well as metabolic activation reactions of environmen-
tal molecules and are also subject to inhibition by xeno-
biotic compounds. Selected examples of CYP2A13
inhibitors having half minimal inhibitory concentration
(IC50) values in the low micromolar range are shown
in Fig. 28.5. Different small molecular weight inhibitors
have recently been evaluated for their selectivity toward
human CYP2A enzymes [28.76-78]. Odors are gener-
ally blends of a series of volatile molecules which acti-
vate ORs. However, all of them can also be substrates
or inhibitors of metabolic enzymes. Odorants which are
also CYP inhibitors will reduce the metabolism of other
odorants, which can impact the intensity or the quality
of odors.

The earliest demonstration of nasal bioactivation
took place using insecticides and herbicides. The her-

bicide 2,6-dichlorobenzonitrile (DCBN) was known
to cause tissue-specific toxicity at very low doses in
the olfactory mucosa of rodents. Amongst all tested
heterologously expressed CYP variants, the 2A sub-
family showed strong activity toward DCBN [28.79].
It has recently been shown that the bioactivation of
DCBN is also catalyzed by human nasal mucosa mi-
crosomes [28.80]. The study was run in parallel using
wild type or Cyp2a5-null mice (with CYP2AS being
the mouse ortholog of human nasal CYPs 2A13/2A6)
demonstrating strong olfactory tissue-specific and
CYP-dependent bioactivation of systemically applied
DCBN. Metabolites were identified in nasal-wash fluid
and these results are particularly interesting, since
they demonstrate that products that originate from
metabolism in the olfactory sustentacular cells are se-
creted into the nasal mucus, where metabolites could
act as ligands of olfactory receptor proteins, either as
agonists or antagonists.

28.4 Evidence for the Role of Biotransformation Enzymes in Olfaction

from Animal Studies

It is generally assumed that odorant identity is rep-
resented in the chemotopic map by the glomerular
activation pattern (see also Chap. 27). Touhara et al. re-
ported that there are differences between OR-derived
glomerular activation in the olfactory bulb (OB) and re-
sponse patterns derived from in vitro assays [28.81]. For
instance, only modest or no responses were observed
for a mouse olfactory receptor protein (mOR-EG) in
olfactory glomeruli following exposure of the animal’s
olfactory system to vanillin, although this odorant was
shown to be a potent agonist of mOR-EG in isolated
olfactory sensory neurons, as well as in the human
embryonic kidney cell line 293 (HEK293) express-
ing mOR-EG. Most interestingly, it was reported that
the nasal olfactory mucus influences the responsive-
ness to some but not all odorants indicating that some
metabolic enzymes appear to be present in the mucus
that is surrounding the ciliae where the olfactory re-
ceptor proteins are embedded. Later, the same group
demonstrated that the enzymatic conversion of odor-
ants in the nasal mucus affects both the olfactory
glomerular activation patterns and odor perception in
mice [28.82]. It was presented that mucus-secreted en-
zymes oxidized aldehydes to the corresponding acids
and hydrolyzed esters; and that selected inhibitors re-
duced the metabolism of the odorants. The effect of
metabolism taking place at the periphery was shown to
influence the pattern of glomerular responses in the ol-
factory bulb as monitored by calcium imaging. The final

study aimed to demonstrate that the enzymatic conver-
sion of odorants in the mucus effects perception. Mice
trained to recognize the ester acetyl isoeugenol showed
a clear deficit to recognize the target odorant when
treated with a carboxylesterase inhibitor, while they be-
haved no different to the control group when exploring
odorants that were not metabolized [28.82]. This study
elucidated for the first time that modulated peripheral
metabolism in the olfactory epithelium is manifested in
the first relay station in the brain, and is influencing the
perception and behavior of the animal.

A study in rats further investigated the role of xeno-
biotic-metabolizing enzymes in the olfactory mucosa
including activities of enzymes that are not secreted into
the mucus [28.83]. The two CYP substrates coumarin
and quinoline, as well as the carboxylesterase sub-
strate isoamyl acetate were investigated. CYPs pro-
duced hydroxylated metabolites, while esterase activity
resulted in isoamyl alcohol and acetic acid. Electro-
olfactogram (EOG) recordings on the olfactory epithe-
lium allowed to determine the activation of olfactory
sensory neurons by either substrates or metabolites.
When identified metabolites were tested separately in
control experiments, the EOG responses were generally
lower and weaker amplitudes were recorded, indicat-
ing that metabolites are less efficient agonists. In order
to determine the functional role of olfactory metabolic
enzymes, EOG studies were run in the presence of
CYP- or carboxyl esterase-specific inhibitors which in-
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hibit the enzymes as demonstrated in in vitro assays.
Interestingly, in all cases the recorded EOG signal in-
creased when using specific inhibitors, while in controls
where the substrate and the inhibitor were not tar-

28.5 Human Sensory Studies

While studies with human beings must be less invasive
than the above described studies, several investigations
have demonstrated that the respiratory tract-specific
metabolism of volatiles is fast and can influence odor
perception. The human olfactory mucosa has a very
high metabolic activity, and in particular, CYP2A13
acts to oxidize a broad range of substrates and is itself
subject to inhibition by small molecular weight com-
pounds.

Two approaches allowed to monitor in vivo for-
mation of metabolites [28.84]. In one case, a mass
spectrometer was used to analyze exhaled air in real-
time. Saturated headspace of the odorant 2-methoxy-
acetophenone was inhaled, and the breath exhaled into
a glass funnel that was connected to a quadrupole mass
spectrometer equipped with an atmospheric pressure
chemical ionization (APCI) ion source. Exhaled breath
was monitored over several minutes, and the metabo-
lite 2-hydroxyacetophone was already detectable in the
first exhalation cycle [28.67]. A second approach en-
abled better quantification of metabolites, and exhaled
breath was captured on a resin, followed by thermal
desorption and analysis by gas chromatography-mass
spectrometry (GC-MS), where metabolite formation
was monitored, for example, for the CYP substrate
2-methoxyacetophenone, or the carboxylesterase sub-
strate styrallyl acetate [28.84] as shown in Fig. 28.6.

Intensity rating is more challenging for panelists
than detecting a change in olfactive character. While
the former was successfully done for fragrance ac-
cords [28.69] the latter demonstration was important
to provide evidence that mucosal biotransformation
of odorants can impact the olfactory percept. Dur-
ing the substrate screening for CYP2A13 (see above)
a metabolite was identified by GC-sniff analysis that
had a strong, characteristic raspberry odor, while the

a) b)
(0] (0] JOI\
oL —C OO
0~ OH
Fig. 28.6a,b Two different odorants were inhaled and ex-
haled breath was analyzed by real-time mass spectrometer

analysis (a), or by trapping on a resin followed by thermal
desorption and analysis by GC-MS (a,b)

geting the same enzymatic activity, no effects were
observed [28.83]. This study revealed that peripheral
olfactory responses are modulated by enzymes that are
located in sustentacular cells.

substrate is commonly described as woody, fruity with
raspberry aspects. The hydroxylated metabolite was
isolated, its structure elucidated, and a reference mate-
rial synthesized to confirm the characteristic raspberry
smell of this molecule (Fig. 28.7). In order to determine
if indeed that substrate is woody, fruity, raspberry, or
if the raspberry note originates from the formation of
the metabolite, a volatile odorless inhibitor was selected
and used in a sensory experiment. A miniaturized ol-
factometer was used where the substrate was present
in one channel, and the inhibitor in a second one, and
a panelist could smell the odorous substrate, the odor-
less inhibitor, or a combination of the two by switching
the pressure control valves. The majority of panelists
reported that the raspberry note was reduced or com-
pletely eliminated when smelling the inhibitor together
with the odor stimulus [28.67,69]. During the study,
some panelists reported that they could only identify
a woody smell, while a few individuals described that
odor as fruity/raspberry but without any woody facets;
a possible explanation is that these panelists are hypo-
or hyper-metabolizers of the substrate. This one sensory
demonstration further supports the role of biotransfor-
mation enzymes as a perireceptor event that contributes
to odor perception.

When designing and synthesizing novel odorants,
fragrance chemists are building olfactophore models in
analogy to pharmacophores, and the question is to what
extent metabolism in the olfactory neuroepithelium
needs to be considered in such studies to strengthen
the model. The above example demonstrates that one
needs to know the hydroxylated ketone metabolite to
correlate the structure with other odorants that are
described as having a raspberry odor. An interesting
case is the search for novel green and fruity odorants,

_ >
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Fig. 28.7 The ketone substrate is olfactively described as
woody and raspberry, while the hydroxylated metabolite
has a pure raspberry note

CYP2A13
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Fig. 28.8a—-d Green smelling metabolites of undeca-
triene, which are produced by CYP2EI. Olfactory de-
scriptions: (a) green, floral, metallic, (b) undecatriene-like,
fatty, green, metallic, (c) green, pineapple, (d) fatty, oily,
green, undecatriene-like, pineapple, fruity, metallic

starting from the signature hydrocarbon odorant 1,3,5-
undecatriene which is found in galbanum oil. Series

28.6 Discussion

At first glance, one may assume that deciphering the
olfactive code is mastered when determining the molec-
ular receptive range of the repertoire of roughly 380
different olfactory receptor proteins that convert the
chemical information of odorants into neuronal signals
and chemotopic maps in the olfactory bulb. However,
recent results clearly demonstrate that the sense of smell
is more complex than anticipated and is going to stay
a fascinating area of research for many years to come.
Latest studies demonstrate that the transformation and
coding of neuronal activation patterns in the olfactory
cortex is multifaceted and it has been proposed that
different cortical areas are involved in learned versus
innate behavioral responses providing another scien-
tific approach to investigate emotional components of
odor perception [28.20]. Olfactory receptor research
has gained much interest in the last two decades, be-
cause of their discovery in 1991 and generally because
of all the advancements in G-protein coupled receptor
(GPCR) research, such as functional, heterologous ex-
pression and the growing number of crystal structures
that are available for modeling and rationalizing ago-
nist and antagonist interactions in the ligand binding
domain of receptor proteins.

The fact that xenobiotic-metabolizing enzymes oc-
cur in high concentrations in the olfactory mucosa
made scientists speculate on their role in olfaction since
the middle of the last century. Recent animal studies
demonstrated that inhibiting specific enzymatic activ-
ities in the olfactory mucosa changes the olfactory
receptor response, the activation pattern in the olfactory
bulb and even animal behavior [28.82]. Together with
other data reported in this chapter, one can conclude
that indeed, the in-nose biotransformation of odorants
can modify the quantity (intensity) and the quality of

of molecules were synthesized over the years and an
olfactophore model was developed that worked well
for most molecules, but not for undecatriene that lacks
a hydrogen-bonding function, which is present in other
prototypic fruity, galbanum-type odorants, and it was
speculated that enzymatic oxidation could take place
prior to receptor interaction [28.85]. Several CYPs were
tested with undecatriene as substrates, and in particular
CYP2EI which is expressed in the human olfactory mu-
cosa produces multiple metabolites, that are described
as having a fruity, green, and galbanum smell [28.67,
86] (Fig. 28.8). While the identified metabolites fit the
galbanum olfactophore model much better, there is no
experimental evidence to date that 1,3,5-undecatriene
does not have those odor characteristics.

odor stimuli. Since we are normally exposed to com-
plex scents, such biochemistry has little impact on our
perception of odors; however, when correlating olfac-
tory receptor response patterns with the hedonics of an
odorant this perireceptor event may well play a role and
should not be neglected, and ideally one could include
a metabolic interface that is mimicking the biotrans-
formation events. When using receptor screening data
to predict novel odorants for the fragrance industry,
a solid understanding of the structure—activity and the
structure—odor relationship is critical, and future activ-
ities in cheminformatics and computer modeling will
help further valorize the growing number of datasets.

The destiny of xenobiotics that reach the olfac-
tory epithelium can be manifold: receptor agonists and
antagonists, enzyme substrates and inhibitors, OBP-
ligands, precursors of bioactive compounds and al-
losteric modulators of receptors, enzymes, and other
targets in the signal transduction cascade, such as the
ion channels that are exposed to the mucus. The CYP2
family, and in particular the CYP2A subfamily of en-
zymes shows strong activity toward volatile organic
molecules, and does not only oxidize odorants, but is
also involved in the activation of nasal toxicants and
carcinogens, and those enzymes have been proposed as
pharmaceutical targets. There is evidence that olfactory
biotransformation enzyme concentrations are regulated
on the gene transcription level by chemicals acting as
inducers of gene expression. This indicates a chance for
plasticity and fast adaptation to the environment which
impacts the metabolic capacity of this tissue. It is inter-
esting to mention that the olfactory neuroepithelium is
constantly regenerating and, in a way, it is remarkable
that our sense of smell does not change much as a func-
tion of time.
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As it invariably happens in scientific research, when
answering one question, two more questions arise. Our
current understanding on the code of smell advanced
significantly over the last two decades and there is still
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