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ground: A multi-capillary column ion mobility spectrometer (MCC/
IMS) was developed to provide a method for the noninvasive diag-
nosis of lung diseases. The possibility of measuring the exhaled breath
of mice was evaluated previously. The aim of the present study was
to reveal whether mice affected by airway inflammation can be
identified via MCC/IMS. Methods: Ten mice were sensitized and
challenged with ovalbumin to induce allergic airway inflammation.
The breath and volatile compounds of bronchoalveolar lavage fluid
(BALF) were measured by MCC/IMS. Furthermore, histamine, nitric
oxide, and arachidonic acid were determined as inflammatory markers
in vitro. Results: Six volatile molecules were found in the BALF
headspace at a significantly higher concentration in mice with airway
inflammation compared with healthy animals. The concentration of
substances correlated with the numbers of infiltrating eosinophilic
granulocytes. However, substances showing a significantly different
concentration in the BALF headspace were not found to be different
in exhaled breath. Histamine and nitric oxide were identified by
MCC/IMS in vitro but not in the BALF headspace or exhaled breath.
Conclusion: Airway inflammation in mice is detectable by the anal-
ysis of the BALF headspace via MCC/IMS. Molecules detected in the
BALF headspace of asthmatic mice at a higher concentration than in
healthy animals may originate from oxidative stress induced by
airway inflammation. As already described for humans, we found no
correlation between the biomarker concentration in the BALF and the
breath of mice. We suggest using the model described here to gain
deeper insights into this discrepancy.

allergic airway inflammation; ion mobility spectrometry

ION MOBILITY SPECTROMETRY (IMS) is a sensitive, fast, and
cost-effective method for the detection of gas-phase analytes
that is increasingly used for biological applications (4, 8, 13,
18, 21). It is a powerful tool to reveal comprehensive infor-
mation of a mixture’s compounds, e.g., in exhaled breath (21),
particularly when a multi-capillary column (MCC) is used to
preseparate the sample. However, in contrast to gas-chromato-
graphic mass spectrometry (GC/MS) analysis, direct identifi-
cation of molecules is not possible. Meanwhile, databases have
been built and validated by GC/MS reference measurements to
identify molecules detected by MCC/IMS due to their specific
location in the chromatogram. First studies have already been
performed to measure the breath of patients by this method: for
instance, Westhoff et al. (23) showed the possibility of iden-
tifying patients suffering from lung carcinoma by using the
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MCC/IMS approach. However, substantial information about
the nature of the detected substances is missing due to a lack of
possibilities of carrying out further analysis of molecules in
bronchoalveolar lavage fluid (BALF) and lung tissue. We have,
therefore, adapted this method for the measurement of exhaled
breath of mice, giving the opportunity of performing cellular
and molecular analysis to get further insights into the origin of
a disease-specific molecular pattern in breath (20). In the
present study, we used a mouse model of asthma to identify
substances characteristic for inflammatory responses in the
exhaled breath and BALF of mice. In the literature, studies can
be found showing characteristic markers in exhaled breath of
patients with airway inflammation. Those data were predomi-
nantly derived from experiments analyzing exhaled breath
condensate (EBC). Corradi et al. (7), for instance, showed that
increased concentrations of aldehydes as a marker of lipid
peroxidation in human chronic obstructive pulmonary disease
patients are detectable in EBC and sputum. Other authors have
shown that products from the metabolism of lipid mediators,
such as prostaglandins, may also be detectable in exhaled
breath condensate (3, 17). Brussino et al. (3) revealed that
oxidative stress during allergen challenge is accompanied by
lipid degradation and could be detected in EBC.

However, data on lipid degradation products derived from
asthma patients are heterogeneous; for instance, malondialde-
hyde is increased in the EBC of children with asthma exacer-
bation while the concentration of other aldehydes, such as
nonanal or heptanal, is decreased or unchanged, respectively
(6). Possibilities to further analyze the mechanisms accounting
for this discrepancy are limited in humans, further underlining
the importance of an animal model.

We have already demonstrated that the breath of mice can be
collected and analyzed by MCC/IMS, enabling us to investi-
gate the molecular pattern of breath in models of lung disease
(20). Therefore, the aim of this study was to evaluate both the
exhaled breath of mice and volatile compounds in the BALF
headspace to show whether it is possible to differentiate mice
with and without airway inflammation using MCC/IMS.

METHODS

lon mobility spectrometry. MCC/IMS measurement and analysis
was performed as described previously (1820, 22). Briefly, a mul-
ticapillary column (OV-5, 20 cm, 40°C) preseparates the gas phase
analytes by gas chromatography due to specific polarity (Fig. 1). After
preseparation through MCC, the analytes enter the IMS (Fig. 1, no. I)
and are ionized indirectly by proton transfer from reactant ions formed
by a ®*Ni (550 MBq) radiation source (Fig. 1, no. 2). The ions are
conducted into the drift tube (Fig. 1, no. 3) through a periodically
opening ion shutter (300 ws) where they are accelerated in an electric
field (300 V/cm) (Fig. 1, no. 4) drifting against a 100 ml/min stream
of synthetic air at a distance of 12 cm. The drift gas decelerates the
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Fig. 1. Illustration of a multi-capillary column (MCC) ion mobility spectrometer (IMS). An MCC preseparates the gas phase analytes. Subsequently, the analytes
enter the IMS (/) and are ionized indirectly by proton transfer from reactant ions formed by a ®3Ni radiation source (2). The ions are conducted into the drift
tube (3), drifting against a stream of synthetic air (4). The drift gas decelerates the ions due to multiple collisions, depending on the molecular weight, size, and
shape of the ions (5), resulting in a molecule-specific drift time. The ions are detected on a Faraday plate (6), and signals are amplified (7). The intensity measured
at the Faraday plate is a measure for the concentration and enables quantification using a calibration carried out earlier (8).

ions due to multiple collisions, depending on the molecular weight,
size, and shape of the ions (Fig. 1, no. 5), resulting in a molecule-
specific drift time. The ions are detected on a Faraday plate (Fig. 1, no.
6), and signals are amplified (Fig. 1, no. 7). The retention time (RT)
in the MCC and the inverse ion mobility (1/Ko), which depends on
drift time in the IMS, enable the identification of the ions by com-
parison with a database. The intensity measured at the Faraday plate
is a measure for the concentration and enables quantification using a
calibration carried out earlier (Fig. 1, no. 8). The reaction ion peak
(RIP) was normalized to 1 arbitrary unit. All signal intensities de-
tected were related to the RIP. Samples were measured over a time
period of 1,500 s. To guarantee that the system was gas-tight and,
therefore, free from contamination with ambient air, frequent control
measurements with humid synthetic air were performed.

Animals. Female, 5- to 6-wk-old BALB/c mice (Charles River,
Sulzfeld, Germany) were used and acclimated to the animal facility
for 2 wk prior to the experiments. Food and water were provided ad
libitum. Animal experiments were approved by the appropriate gov-
ernmental authority (Landesamt fiir Natur, Umwelt und Verbrauch-
erschutz Nordrhein-Westfalen, Recklinghausen, Germany).

Sensitization and airway challenge. Twenty mice were sensitized
intraperitoneally by injecting 20 pg ovalbumin (OVA; GradeV; Sigma-
Aldrich, St. Louis, MO) emulsified in 2.2 mg aluminum hydroxide
(ImjectAlum, Pierce, Rockford, IL) in a total volume of 200 wl on
days 1 and 14. On days 28 and 38, one group of mice (OVA/OVA,
n = 10) was challenged via the airways by exposure to OVA aerosol
for 30 min. OVA aerosol was generated with a PARI-Boy aerosol
generator from a 1% OVA solution. Control mice (OVA/PBS, n =
10) were treated with PBS aerosol. Thus the same level of stress was
induced in both groups of mice without the induction of airway
inflammation in the control mice. In experiments performed to ana-

lyze BALF headspace OVA/OVA mice were compared with nonsen-
sitized (untreated) mice. This gave us the opportunity to correlate
systemic T-cell response (IL-5) to metabolites detected in the BALF
headspace.

Sampling of breath for MCC/IMS analysis. The breath of the mice
was measured on days 39, 40, and 41 after the onset of the experiment.
For this purpose, mice were anesthetized by intraperitoneal injection
of 65 png/g ketamine (Ratiopharm, Ulm, Germany) and 13 pg/g
xylazine (Bayer, Leverkusen, Germany). After the relaxation of mus-
cles, mice were orotracheally intubated with a 1-mm-diameter endo-
tracheal tube as described elsewhere (2).

Subsequently, the tube was connected to a three-way bypass. This
enabled airflow through a pneumotachometer of a plethysmographic
box (type 871, Hugo Sachs Electronics, March-Hugstetten, Germany)
for control of the sample flow to the MCC/IMS sample loop. Thus
only exhaled breath was introduced into the MCC/IMS for analysis.
The mice breathed synthetic air during the sample collection.
Pressure change during exhalation was identified by the pneumota-
chometer, thereby activating a valve enabling the collection of
exhaled breath by a peristaltic pump. Eleven milliliters of exhaled
breath were collected on the sample loop of the MCC/IMS before
applying the sample to the MCC column. To ensure the gas-
tightness of the system, we performed control measurements in
which we contaminated ambient air with isofluran, a molecule that
can be sensitively detected by IMS (20). These control measure-
ments showed that during measuring the mice breathed air not
contaminated by ambient air (data not shown).

Measurement of volatile metabolites in the BALF headspace, his-
tamine, and nitric oxide samples through MCC/IMS. To reveal
whether there are differences between mice with and without airway
inflammation detectable by MCC/IMS, the BALF of five healthy
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(untreated) mice and six mice with airway inflammation (OVA/OVA)
was prepared. BALF (500 wl) was put into a new glass bottle with 100
ml volume, heated to 37°C, and incubated for 30 min. Histamine,
arachidonic acid, and nitric oxide were measured without previous
incubation in a similar bottle. NO was analyzed by IMS without
preseparation through MCC.

An airflow of 30 ml/min synthetic air was conducted through the
glass bottle for 60 s to apply the different samples to the sample loop
of the IMS.

Measurement of volatile metabolites in the BALF headspace by
solid phase microextraction-GC/MS. A 20 ml glass bottle containing
500 wl BALF was closed by a seal with a septum. A solid phase
microextraction (SPME) fiber (PDMS 100 pm) was exposed for over
30 min to the BALF headspace. The adsorbed analytes were desorbed
thermally in the injector of an MSD GC/MS System at 250°C splitless
for 1 min (MSD, Agilent Technologies 6890N GC/ 5973 mass-
selective detector; Gerste, Miihlheim, Germany).

The initial oven temperature of 35°C was maintained for 2 min,
increased by 7°C/min to 250°C, and held for 27 min. A HP-5MS
capillary column (60 m, 0.25 mm inner diameter, 0.25 pm film
thickness; WiCom, Heppenheim, Germany) was used for the com-
pound separation with helium as the carrier gas at a constant flow-rate
of 1.0 ml/min. Electron ionization mode was used with 70 eV and the
ions were registered in a mass range of m/z 33—450 u.

Analysis of allergic phenotype of sensitized and challenged mice.
On day 43 after experimental onset, the mice were killed and BALF
was prepared. Furthermore, spleen cells were collected for cell cul-
ture. Restimulation of splenic cell culture with ovalbumin was per-
formed and the BALF cells were analyzed as described earlier (14,
15). IL-5 concentration in cultures of spleen cells was measured
with a BD OptEIA mouse IL-5 kit, and immunglobulin E concen-
tration in the BALF was detected by using a BD OptEIA mouse
IgE kit according to the manufacturer’s instructions. The ELISA
plate reader Dynatech MR5000 (Dynex Technologies, Berlin,
Germany) was used.

BREATH ANALYSIS IN MICE

Statistical analysis. Data from the mouse model were checked for
normal distribution and subsequently analyzed by the unpaired #-test.
Graph Pad Prism Software (Version 5) was used for the analysis. To
adjust for multiple comparisons Bonferroni correction was performed.
Therefore, statistical significant differences were assumed for the 70
analytes detected in the BALF headspace at P < 0.0007 and for the
53 analytes detected in the breath at P < 0.0009.

RESULTS

Analysis of volatile metabolites in the BALF headspace. The
BALF headspace from untreated animals and from sensitized
and challenged animals was analyzed by MCC/IMS. A total of
70 different signals were identified in the mice of either group.
Twenty-three signals showed a difference in intensity between
mice with and without airway inflammation. Some of these
signals were identified as the aldehydes: hexanal, heptanal,
octanal (monomer and dimer), nonanal (monomer and dimer),
and decanal; the alcohols: 1-hexanol, 1-heptanol, 2-ethyl-1-
hexanol (monomer and dimer); and the ketone 2-octanon.
Others could not be identified by searching the ISAS database
(all signals showing differences in the signal intensity are
shown in Fig. 4 and Table 1).

For instance, two of them, namely nonanal and decanal,
were identified in the BALF headspace, as shown in Fig. 2.
Nonanal and decanal showed a higher concentration in the
BALF headspace of OVA/OVA than in healthy mice. The
latter had at least a 10 times lower concentration.

Additionally, the BALF headspace was examined by
GC/MS through SPME. We identified higher concentrations of
octanal, 2-octenal, nonanal, and 2-nonenal in mice with airway
inflammation than in healthy mice (Fig. 3). The metabolites
octanal and nonanal were also identified by MCC/IMS. How-

Table 1. Correlation analysis between the signal intensities identified by ion mobility spectrometer and parameters of

allergic inflammation

Correlation Between Signal Intensity and:

Eosinophilis IgE concentration IL-5 concentration

Spearman r P value Spearman r P value Spearman r P value
P_0570-049 0.8899 0.0005 0.578 0.0656 0.7065 0.0182
P_0572-023 0.9358 0.0001 0.6514 0.0336 0.7523 0.0098
P_0611-047 0.6789 0.0251 0.5046 0.1142 0.6147 0.0478
P_0634-010 hexanal 0.4863 0.1294 0.3303 0.3132 0.6514 0.0336
P_0650-013 1-hexanole 0.7432 0.0112 0.3119 0.3415 0.578 0.0656
P_0652-018 0.6055 0.0519 0.3762 0.2483 0.6055 0.0519
P_0652-040 0.6239 0.044 0.4312 0.1826 0.5964 0.0562
P_0660-026 2-octanone 0.6881 0.0226 0.5597 0.0761 0.6881 0.0226
P_0668-013 heptanal 0.5964 0.0562 0.3762 0.2483 0.789 0.0055
P_0687-023 1-heptanole 0.6422 0.0368 0.422 0.1928 0.7523 0.0098
P_0688-092 0.7615 0.0086 0.5505 0.0818 0.8257 0.0027
P_0696-033 2-ethyl-1-hexanole 0.6881 0.0226 0.4954 0.1217 0.7707 0.0074
P_0701-025 octanal 0.6331 0.0402 0.5046 0.1142 0.7982 0.0047
P_0720-049 0.6881 0.0226 0.4954 0.1217 0.7523 0.0098
P_0725-023 0.5138 0.1072 0.3119 0.3415 0.6422 0.0368
P_0727-223 0.6422 0.0368 0.578 0.0656 0.789 0.0055
P_0734-055 nonanal 0.6514 0.0336 0.5138 0.1072 0.8349 0.0022
P_0741-025 0.5597 0.0761 0.1927 0.5765 0.6606 0.0306
P_0762-129 decanal 0.6514 0.0336 0.3945 0.225 0.6514 0.0336
P_0775-055 0.5872 0.0609 0.2202 0.5208 0.6789 0.0251
P_0892-026 octanal dimer 0.6422 0.0368 0.5872 0.0609 0.8257 0.0027
P_0892-039 2-ethyl-1-hexanole dimer 0.6514 0.0336 0.5964 0.0562 0.7432 0.0112
P_0949-056 nonanal dimer 0.6698 0.0277 0.5872 0.0609 0.8165 0.0033

A correlation analysis between the signal intensities and eosinophilic granulocyte counts, IgE concentration of bronchoalveolar lavage fluid as well as IL-5
concentration of splenic-cell-culture was performed. Left column shows 1/Ko value and retention time of each signal.
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ever, 2-octenal and trans-2-nonenal were not available in the
MCC/IMS database and, therefore, could not be identified by
this method.

Specific metabolites showing a different concentration be-
tween the two groups are summarized in Fig. 4. Interestingly,
all compounds were found in a higher concentration in the
BALF headspace of mice with established airway inflamma-
tion than in that of healthy mice, yet some of them, namely
2-ethyl-1-hexanol, nonanal, heptanal, 1-heptanol, unidentified
signal “P_0720-049,” and octanal reached statistical signifi-
cance (P < 0.0007). For the remaining substances not shown
in Fig. 4, no differences between the analyzed groups were
found.

Interestingly, concentration (signal intensity) of many of
these volatile compounds correlated with the number of eosin-
ophils in the BALF and the amount of IL-5 produced by the

BREATH ANALYSIS IN MICE

lymphocytes of the spleen after restimulation with OVA. In
contrast, no significant correlation between IgE concentration
and signal intensity was found (Table 1).

Analysis of volatile metabolites in the exhaled breath of
mice. To study whether differences found in the BALF head-
space between mice with and without airway inflammation are
also reflected by the molecular pattern of breath, we subjected
sensitized and challenged mice to breath analysis by MCC/
IMS.

A total of 53 different signals were identified in the breath of
mice. Seven of these substances had already been identified in the
BALF headspace: for instance, nonanal (Fig. 5A) was found in a
similar amount as in the BALF headspace of healthy mice.
However, in contrast to the results from the BALF analysis, in
exhaled breath, no difference between the amount of nonanal in
OVA/PBS and OVA/OVA mice was found. Similarly with deca-
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nal, no significant difference in signal intensity was found be-
tween the two different groups treated (Fig. 5B).

Figure 6 shows a comparison of all signals that were de-
tected in the BALF headspace, as well as in the breath of mice.
This comparison revealed that several signals show a higher
concentration in the BALF headspace than in the breath of
mice, with the exception of decanal, which behaves oppositely.
Although several substances were found in the breath as well
as in the BALF headspace, statistical differences in concentra-
tion were only found in the BALF headspace.

Measurement of substances characteristic for airway in-
flammation by MCC/IMS. To find out whether substances
already known to be involved in allergic airway inflammation

are detectable by MCC/IMS, we determined histamine, nitric
oxide, and the prostaglandin precursor arachidonic acid by
MCC/IMS.

A dilution series of histamine was measured in vitro by
MCC/IMS. Histamine is detectable with a lower detection limit
of 150 mM with dose dependently increasing signal intensity,
as shown in Fig. 7A.

Furthermore, nitric oxide is detectable by MCC/IMS, as
shown in Fig. 7B. Both signals detected at 0.5073 Vs/cm? and
0.5490 Vs/cm? can be observed after applying NO in a con-
centration of 200 ppb to the IMS.

In contrast, arachidonic acid was not observed, at least in the
tested concentration of 100 mM.

BALF EB  BALF EB BALF EB BALF EB BALF EB  BALF EB BALF EB
0.127 \ I i T 1 I 1T I [ | F | R
0.107
2 o : Fig. 6. Comparison of signal intensities de-
‘: 0.08 o X \ tected in headspace of BALF and exhaled
= < " breath. The BALF headspace of 5 healthy
5 0.067 ¢ * ! and 6 OVA/OVA mice was compared. For
k=l o 0 x sampling of the exhaled breath, 10 OVA/
= 0.04- b 1, » OVA and 10 OVA/PBS mice were mea-
5 b >§< = ¥ sured. Mice with airway inflammation are
@ . oo bx : o, , displayed on the left and those without air-
. s of * T ik ® o way inflammation on the right of each group
° * o ..l‘. ” X y 00— .
- x o o e " . o il ,p?[ v’gﬂ 5 8 comparison.
. 1/Ko 0,572 1/Ko 0,652 1/Ko 0,696 1/Ko 0,701 1/Ko 0,734 1/Ko 0,762 1/Ko 0,775
RT 023 RT 040 RT 033 RT 025 RT 055 RT 129 RT 055
2-ethyl- octanal nonanal decanal
1-hexanole

EB: exhaled breath
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Fig. 7. Histamine and NO measurement by
MCC/IMS. The headspace of a solution of
histamine at a concentration between 0.0389
M and 0.321 M was measured without pre-
vious incubation in a glass bottle with 100
ml volume (A). NO was analyzed by IMS
without preseparation through MCC at a
concentration of 200 ppb (B). Baseline mea-
surement is shown in black and nitric oxide
sample in gray.
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DISCUSSION

The aim of this study was to investigate whether it is
possible to detect volatile molecules indicating airway inflam-
mation by means of MCC/IMS in vitro and in vivo. In vivo
measurements were performed in a mouse model of asthma.

We were able to measure histamine and nitric oxide by
MCC/IMS in vitro. However, these molecules were neither
detected in the BALF headspace nor in the exhaled breath of
mice. Regarding histamine, the reason for this might be a
concentration of 150 mM that is needed to detect this molecule
via MCC/IMS. It is unlikely that this high concentration is
reached under physiological conditions in vivo. Nitric oxide is
known to react rapidly with oxygen to produce nitrogen diox-
ide (NO,) and with water to produce nitrite. Thus the sampling
procedure in mice might take too long to detect the intact
molecule. However, since the sampling procedure in human
breath would be faster, NO might be measureable by MCC/
IMS in this case. In contrast, prostaglandins were generally not
detectable either in vitro or in vivo. One explanation for this
observation could be their high molecular weight and high
boiling point leading to long retention time on the MCC. This
is one limitation of IMS, that large molecules cannot be
detected by this technique. For instance, it is impossible to
measure proteins by IMS as recently demonstrated for EBC
collection with successive proteome analysis (1). This limita-
tion may be overcome in the future by modifying the experi-
mental setup. For instance, electro-spray ionization may be
used instead of B-radiation to enable the detection of proteins.

In contrast to those relatively large molecules that were not
detectable via MCC/IMS in the murine lung, more than 60
small, volatile compounds were measured in the BALF head-
space of mice of both groups. Even more interesting was the
fact that 23 of these molecules were detected in the BALF
headspace of mice with airway inflammation at a higher
concentration than in the BALF headspace of healthy mice,
with six of the detected differences reaching statistical signif-
icance (P < 0.0007). The majority of molecules detected were
simple aliphatic aldehydes likely to be degradation products of
lipids. Brussino et al. (30) showed that allergen challenge of
patients with asthma is accompanied by oxidative stress. The
reactive oxygen species produced by activated macrophages,
mast cells, and eosinophils (5, 16) attack cell membrane lipids
releasing oxidized alkanes. In our experiments, these volatile
degradation products were detected by MCC/IMS in the BALF
headspace as well as in the breath of mice. Nonanal, for
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example, was found, which has already been described as
being generated during lipid peroxidation in models of ozone
exposure (24). Moreover, we observed that the concentration
of volatile substances, e.g., nonanal and decanal, correlated
well with parameters of allergic diseases such as the counts of
eosinophilic granulocytes and production of IL-5. Therefore, it
is likely that these substances were derived from inflammatory
processes accompanied by oxidative stress, for instance, the
generation of nitric oxide or oxygen radicals. Yet the actual
biological origin of these molecules is still speculative. How-
ever, the fact that we identified these molecules as part of the
inflammatory process in bronchial asthma opens the opportu-
nity to study their mechanistic significance in asthma, i.e., by
the use of gene-deficient mice that are more and more avail-
able. For instance, mice deficient for inducible NO synthase, a
deficiency known to result in an alleviated allergic airway
inflammation, may be used in the established model to evaluate
its influence on the concentration of volatile compounds in the
BALF headspace (12).

However, one important question still remains, namely why
inflammation could be detected in the BALF headspace but not
in the exhaled breath. Even substances identified in the BALF
headspace as specific markers for airway inflammation were
not increased in the exhaled breath of OVA/OVA mice. A
possible explanation for this might be that due to mucus
deposition in the airways of OVA/OVA mice, the release of
volatile compounds from inflamed compartments of the lung
into the airstream is reduced. By performing lavage, mucus is
washed from the airways and concomitantly volatile com-
pounds were released. A similar discrepancy was found in
human disease when adenosine triphosphate (ATP) concentra-
tion was determined in either the EBC or BALF of persons
with asthma. On the one hand, Idzko et al. (11) showed that
ATP in the BALF of persons with asthma is increased after
segmental allergen challenge. Lazar et al. (9), on the other
hand, found no significant difference in ATP concentration by
comparing the EBC of healthy patients and patients with
asthma. Other authors have also described that there is no
correlation between biomarker concentration determined in the
BALF and EBC from humans (10). Noninvasive approaches
for the evaluation of lung disease status are more and more in
the focus of modern diagnostics. It will thus be important to
reveal the origin of the discrepancy observed between bio-
marker concentration in breath and BALF. Since the mouse
model reflects the absent correlation between the biomarker
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concentration in BALF and breath observed, we suggest the
use of this model for further investigations in humans.
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