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GC-MS-based metabolic profiling reveals metabolic changes
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Abstract Clinical definition and appropriate management
of anaphylaxis is a clinical challenge because there is large
variability in presenting clinical signs and symptoms. Mon-
itoring of the metabolic status of anaphylaxis may be helpful
in understanding its pathophysiological processes and diag-
nosis. The purpose of this study was to conduct GC—-MS
serum metabolic profiling of anaphylaxis animal models
and search for potential biomarkers of anaphylaxis. Thirty-
six guinea pigs were randomly divided into an ovalbumin
group (n=12), a cattle albumin group (n=12), and a control
group (n=12). The IgE level in the serum of the guinea pigs
was evaluated by use of ELISA kits and the major metabolic
changes in serum were detected by gas chromatography—
mass spectrometry. Typical clinical symptoms appeared
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after the animals had been challenged with ovalbumin or
cattle albumin. The IgE levels in serum of both model
groups were significantly higher than those of the control
group. Clustering trend of the three groups based on varia-
bles was observed and nine out of 858 metabolomic features
were found to be significantly different between control
group and model groups. Among the nine features, six
features were tentatively identified as metabolites related
to energy metabolism and signal transduction in anaphylaxis.
In conclusion, GC-MS-based metabolic profiling analysis
might be an effective auxiliary tool for investigation of
anaphylaxis.

Keywords Anaphylaxis - Allergen - ELISA - Gas
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Introduction

Anaphylaxis is an acute multi-organ hypersensitivity reac-
tion that can rapidly progress to a severe life-threatening
reaction. It occurs upon exposure to allergens, for example
food, aeroallergens, venom, drugs, and immunizations. The
incidence of anaphylaxis has been increasing over the past
few decades [1-3]. Recent estimates suggest a lifetime
prevalence of 0.05 % to 2.0 % with food anaphylaxis being
the most common cause [1, 4, 5]. Currently, the clinical
definition of anaphylaxis is controversial, because of the
non-specificity of symptoms and the variability of presenta-
tion. Routine diagnostic methods of anaphylaxis are based
on indirect detection tools using several laboratory markers
[6]. Immunochemical and biochemical mediators released
during anaphylaxis are detected as diagnostic adjuncts, for
example IgE antibodies, histamine, prostaglandin D,, car-
poxypeptidase, CD63, interleukins 4 and 6, C-reactive
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protein (CRP), and tryptase [6—8]. However, these methods
have limitations because of the complexity and diversity of
anaphylaxis. Simultaneous determination of metabolic
change in anaphylaxis might be helpful in understanding
its pathophysiological processes and diagnosis.

Metabolomics is a method of investigating metabolic
pathways and identifying unique biochemical molecules
generated in a living system [9]. It may provide an overview
of the dynamic metabolic status of the organism and yield
new biomarkers which can be a clinic tool for diagnosis of
disease [9]. Metabolic profiling is a complementary approach
for metabolomic investigations [10]. It has been applied in
studies investigating the metabolic response to various dis-
eases, for example pre-eclampsia [11], Huntington’s disease
[12], Parkinson’s disease [13], prostate cancer [14], human
hepatocellular carcinoma[15], diabetes [16], intrauterine
growth restriction (IUGR) [17], but not anaphylaxis.

The most commonly used techniques in metabolomic
analysis are nuclear magnetic resonance (NMR) spectroscopy,
Fourier-transform infrared spectroscopy (FT-IR), and mass
spectrometry (MS) [18]. MS-based metabolomics, including
gas chromatography—mass spectrometry (GC-MS), gas
chromatography—tandem mass spectrometry (GC-MS-MS),
liquid chromatography—mass spectrometry (LC-MS), liquid
chromatography-tandem mass spectrometry (LC—MS-MS),
and capillary electrophoresis—mass spectrometry (CE-MS)
enable highly efficient separation, sensitive quantitative anal-
ysis, and use of MS databases for metabolite identification
[10, 19]. Among these, GC—MS has been widely used in
metabolomics because of its widespread availability, high
resolution, and reproducibility [19].

The purpose of this study was to generate GC-MS serum
metabolic profiles for anaphylaxis animal models and search
for differences between control and model groups by use of
pattern-recognition techniques. This would be helpful in
identifying potential biomarkers for application in clinical
diagnosis and monitoring of anaphylaxis.

Materials and methods
Chemicals

Compounds and reagents were all of analytical grade and
purchased from Sigma, except where stated otherwise. N,O-
bis(Trimethylsilyl)trifluoroacetamide (BSTFA) and 1 %
trimethylchlorosilane (TMCS) were purchased from
Tokyo Chemical Industry (Tokyo, Japan). O-Methoxyamine
hydrochloride and pyridine (silylation-grade) were obtained
from Aladdin Chemistry (Shanghai, China). Acetonitrile
(HPLC-grade) was from Sinopharm Chemic Reagent
(Shanghai, China). Ultrapure water was produced by a
Milli-Q Reagent Water System (Millipore, USA).
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Animals and sensitization

All guinea pigs weighed 300-350 g initially, and received
humane care in compliance with the Guide for the Care and
Use of Laboratory Animals of Hunan Provincial Institute for
Drug Control (HPIDC). On the basis of previous work on
anaphylaxis models [20], guinea pigs were randomly divided
into three groups:

1. control group (n=12): untreated, nonsensitized;

2. ovalbumin group (n=12): guinea pigs sensitized to in-
traperitoneal ovalbumin (0.1 mg mL™"); and

3. cattle albumin group (n=12): guinea pigs sensitized to
intraperitoneal cattle albumin (100 mg mL™).

Animals in the ovalbumin and cattle albumin groups
were sensitized by intraperitoneal injection with the
corresponding allergen on the 1st, 3rd, and 5th days. The
sensitized guinea pigs were then challenged intravenously
with ovalbumin (0.1 mg mL™") or cattle albumin
(100 mg mL™"), respectively, on the 14th day. Blood sam-
ples were collected for analysis by cardiac puncture 1 h after
challenge. The samples were clotted, centrifuged at
12,000 rpm for 10 min, and stored in aliquots at —80 °C.

Assessment of systemic anaphylactic symptoms

The extent of anaphylactic responses induced by ovalbumin
or cattle albumin was evaluated on the basis of the occur-
rence of typical clinical symptoms of anaphylaxis, which
were graded as follows: no symptom, —; nose rubbing and/o
fur erection, +; weakness, dyspnea, coughing, sneezing,
vomiting and/or wheezing, +; convulsion, cyanoses and/or
collapse, ++; death, +++.

Measurement of IgE

IgE levels in guinea pig serum were investigated by use of
ELISA kits (R&D Systems, USA and RapidBio Lab, Cala-
basas, USA). Data were analyzed by analysis of variance
(ANOVA) with SPSS 13.0 software.

Sample treatment for GC-MS

Serum was thawed and vortex-mixed. Each 150-pL aliquot
of the serum sample was deproteinated by addition of 450
pL acetonitrile followed by vortex mixing and centrifuga-
tion (12,000 rpm, 15 min, 4 °C). The supernatant (150 pL)
was then transferred to a GC vial and volatilized to dryness
with nitrogen by use of an SE812 pressured gas-blowing
concentrator (Shuaien Technology, Beijing, China).
Methoxyamine hydrochloride (20 mg mL™", 25 uL) in dry
pyridine was added to the dried sample, followed by vortex
mixing for 5 min and incubation at 40 °C for 90 min.



GC-MS serum metabolic profiling of anaphylaxis animal models

Finally, 25 puL BSTFA with 1 % TMCS was added,
followed by vortex mixing for 5 min and incubation
for 60 min at 70 °C.

GC-MS method

The analytical method was a modified version of the method
published by Sieber [21].Samples were analyzed by GC—
MS with a QP2010 gas chromatograph—mass spectrometer
(Shimadzu, Japan) equipped with a Agilent DB5-MS col-
umn (30 mx0.25 mmx0.1 pum film). Helium was used as
carrier gas at a flow rate of 1 mL min '. Samples (1 pL)
were injected in split mode (1:10); the injector temperature
was 280 °C. The oven temperature was increased from 60 to
85 °C at 3 ° min !, then from 85 to 280 °C at 10 ° min ',
and at 280 °C for 8 min. The total run time was 35.8 min.
The ion-source temperature and interface temperature were
230 and 250 °C, respectively. The detector operated in scan
mode from m/z 60 to 750.

Data analysis

Initial pretreatment of the raw chromatographic data includ-
ed baseline correction, chromatogram alignment, noise re-
duction, and normalization by use of GCMSsolution
software. The metabolite peaks were then tentatively iden-
tified from their retention characteristics and mass fragmen-
tation patterns, by use of the NIST mass spectrum database.
The metabolite peaks were tentatively quantified on the
basis of the corresponding peak intensity.

Data analysis including principal-components analysis
(PCA), analysis of variance (ANOVA), and multivariate
analysis of variance (MANOVA) were performed in a Matlab
environment.

Results

Anaphylactic symptoms emerging in sensitized animals
challenged by ovalbumin or cattle albumin

After challenge with ovalbumin or cattle albumin, the two
model groups expressed typical clinical symptoms of ana-
phylaxis, for example sneezing, rubbing, and death, whereas

the control group had no active systemic anaphylaxis symp-
toms (ASA) (Table 1). Because three guinea pigs died in
each model groups after challenge, only 30 serum samples
were obtained for metabolomic analysis.

IgE levels markedly increased in animals after challenging

Levels of IgE in the serum of challenged guinea pigs were
measured by ELISA. IgE was detected in 23 of the 30
samples (the other seven samples appeared hemolytic and
were removed from the test). After challenge, IgE levels in
the serum of animals in the model groups had increased
approximately fourfold (Table 2).

Metabolomic analysis revealed that nine variables were
different between control and model groups

In the 30 samples, 858 metabolomic features in total were
detected by GC-MS and were used to form a matrix of size
30 (samples)x 858 (variables). No significant difference was
observed among the three groups when 858 variables were
used in MANOVA analysis or PCA analysis. However,
when each variable was considered alone in turn by
ANOVA, comparing either of the model groups with the
control group, significant differences of both comparisons
were observed. Twenty-two variables were found signifi-
cantly different at p<0.05 between the cattle albumin group
and the control group (Table 3) and 19 variables differed
sharply between the ovalbumin and control groups (Table 4).
Among these, nine variables significantly changed in both
model groups compared with the control group. By using
these nine variables in a new MANOVA analysis, signifi-
cant differences appeared between control group and model
groups (Fig. 1a). The clustering between the control group
and the model groups also became clear in PCA when the
matrix was reduced to 30 (samples)*x9 (variables) with only
the selected nine variables kept and the other 849 variables
removed (Fig. 1b).

Function analysis suggested that anaphylaxis might be
linked to energy metabolism and inositol signal transduction

Information about the biological function and pathways of
the selected metabolites was obtained from the Kyoto

Table 1 Results from the active

Animal no.

systemic anaphylaxis (ASA) test Group
—, no symptom; =+, nose rubbing 1
and/or fur erection; +, weakness,

Control -

dyspnea, coughing, sneezing,
vomiting and/or wheezing; ++,
convulsion, cyanosis, and/or

Cattle albumin-induced = ++

Ovalbumin-induced ++

+ i e o e = = A
B T =

collapse; +++, death
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Table 2 IgE levels in serum after challenge

Group Amount of sample IgE level
Control 8 0.06+0.02
Ovalbumin 0.31+0.08%*
Cattle albumin 7 0.28+0.04*

IgE levels are given as mean value +SEM
*p<0.05 compared with control

Encyclopedia of Genes and Genomes (KEGG) database. As
shown in Table 5, among the nine variables significantly
changed in both model groups, six were tentatively
identified as ionic species, namely glucose, fumaric
acid, L-arabitol, n-pentadecanoic acid, (R)-3-hydroxybu-
tyric acid, and myo-inositol. Among these, amounts of
glucose, fumaric acid, and L-arabitol had decreased and
those of the other three metabolites had increased in the
model groups. This result implied that anaphylaxis
might be related to glucose metabolism, lipid metabolism,
and inositol phosphate metabolism.

Table 3 Variables responsible for the classification of the cattle albu-
min group and the control group

Retention time (min) m/z* p value
11.573 73, 116, 147, 190 0.005
12.095 73, 115, 133, 147, 245 0.028
12.200 73, 131, 147, 174, 205 0.007
12.856 73, 117, 147, 191, 233 0.004
13.267 73, 115, 147, 184, 258 0.03
14.392 66, 73, 103, 117, 147 0.024
14.788 103, 147, 205, 218, 319 0.005
15.183 73, 117, 130, 147, 219 0.048
15.362 63, 77, 124, 155, 247 0.004
15.558 71, 85, 99, 115, 141 0.032
18.204 73, 133, 147, 189, 233 0.046
20.374 73, 103, 147, 217, 307 0.002
20.954 73, 179, 192, 209, 281 0.048
21.007 73, 103, 147, 205, 217 0.017
21.257 73, 117, 129, 147, 160 0.016
21.750 73, 103, 129, 147, 191 0.01
23.665 73, 147, 205, 307, 319 0.000
23.875 73, 117, 129, 145, 299 0.013
25.289 73, 147, 217, 305, 318 0.036
25.666 73, 103, 147, 205, 319 0.000
27.150 73, 315, 330 0.004
29.041 70, 98, 124, 138, 153 0.037

#Typical ion fragmentation for the variables

p values were calculated on the basis of ANOVA (significance at p<
0.05)

@ Springer

Table 4 Variables significantly different between the ovalbumin group
and the control group

Retention time (min) m/z* p value
9.820 69, 73, 147, 159 0.025
10.775 66, 73, 117, 147, 191 0.017
12.095 73, 115, 133, 147, 245 0.044
12.856 73, 117, 147, 191, 233 0.015
14.788 103, 147, 205, 218, 319 0.013
15.183 73, 117, 130, 147, 219 0.045
15.362 63, 77, 124, 155, 247 0.038
15.558 71, 85,99, 115, 141 0.037
16.015 73, 117, 147, 203, 220 0.045
17.651 70, 85, 113, 141, 169 0.015
18.204 73, 133, 147, 233, 245 0.032
21.007 73, 103, 147, 205, 217 0.023
22.600 147, 191, 205, 217, 319 0.030
23.875 73, 117, 129, 145, 299 0.001
24.336 73,129, 191, 217, 265 0.003
25.289 73, 147, 217, 305, 318 0.048
27.832 73,129, 143, 173, 225 0.007
27.989 67,73, 91, 106, 129 0.003
28.903 63, 75, 103, 195, 242 0.028

* Typical ion fragmentation for the variables
p values were calculated on the basis of ANOVA (significance at p<0.05)

Discussion

In this study, anaphylaxis models were successfully estab-
lished in guinea pigs, which expressed typical clinical symp-
toms of anaphylaxis and high IgE level in serum after
challenge with allergen on the 14th day of sensitization.
Serum metabolic profiling was performed by GC-MS anal-
ysis. The GC-MS method was validated by measuring
repeatability, and good repeatability (RSD<10 %) was ob-
served for six tested metabolites tentatively identified in
serum samples. From metabolic profiling, metabolic differ-
ences between the control group and the model groups were
characterized by multivariate pattern-recognition. Variables
with significant differences between the control group and
the model groups were observed (Tables 3 and 4). The
metabolites predominantly responsible for the differences
(»<0.05) might range from amino acids, simple hydroxya-
cids, and fatty acids to sugars, sugar alcohols, and polyols.
In addition, metabolic change of these metabolites can be
putatively interpreted in a functional way.

Glucose is a major source of energy for living organisms.
Fumaric acid is an intermediate in the tricarboxylic acid
cycle (TCA). The lower levels of both in the model groups
might be a result of high energy expenditure in the anaphy-
laxis reaction, which indicates energy metabolism is a
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Fig. 1 Loading plot of the three groups by MANOVA based on p<0.01
(circles, control; crosses, cattle albumin group; squares, ovalbumin group).
(a) Scattering plot of the three groups by MANOVA based on nine selected

significant aspect of anaphylaxis. As we observed, the ana-
phylaxis occurring in the model groups is IgE-dependent; IgE
may induce smooth-muscle contraction and increase vascular
contractility [22]. Anaphylaxis is an acute multisystem syn-
drome. It may affect multiple systems and organs including
the respiratory system, cardiovascular system, and smooth
muscle [22]. These reactions occurring during anaphylaxis
lead to sudden energy expenditure. As a result, there might
be a sharp increase of glucose consumption [23] with accel-
eration of energy metabolism and increased consumption of
intermediate metabolites.

Table 5 Tentatively identified metabolites related to anaphylaxis
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metabolite peaks. (b) PCA score plot of the three groups based on nine
selected metabolite peaks. The three groups were obviously separated by
MANOVA and PCA when only nine selected variables were used

In contrast, higher levels of n-pentadecanoic acid and
(R)-3-hydroxybutyric acid were observed in the model
groups. Usually, when blood glucose and adenosine triphos-
phate (ATP) are low, the organism will burn fat to produce
energy. As a result, the fat was degraded to free fatty acids,
for example n-pentadecanoic acid. The fatty acids are then
oxidized by the [3-oxidation pathway to form acetyl CoA,
which leads to the formation of ketone bodies [24]. (R)-3-
Hydroxybutyric acid (beta-hydroxybutyrate) is one of these
ketone bodies, and is an important source of energy for
tissues such as the brain, heart, and skeletal muscle [24, 25].

Metabolite Change, as multiple Pathway Key enzyme
Cattle-albumin/  Ovalbumin/
control control

(R)-3-Hydroxybutyric acid 1.74 2.10 ko00072 Synthesis and degradation 3-Hydroxybutyrate dehydrogenase

of ketone bodies [EC:1.1.1.30]

Fumaric acid —2.78 —4.17 ko00020 Citrate cycle (TCA cycle) Succinate dehydrogenase flavoprotein
subunit [EC:1.3.99.1] succinate
dehydrogenase (ubiquinone)
flavoprotein subunit [EC:1.3.5.1]

Glucose -3.70 —4.7 ko00010 Glycolysis/gluconeogenesis Glucose dehydrogenase (acceptor)

ko00030 Pentose phosphate pathway [EC:1.1.99.10]

myo-Inositol 1.55 1.58 ko00562 Inositol phosphate metabolism  myo-Inositol-1(or 4)-monophosphatase

ko04070 Phosphatidylinositol [EC:3.1.3.25]
signaling system

L-Arabitol -1.67 -1.75 ko00040 Pentose and glucuronate Aldehyde reductase

interconversions [EC:1.1.1.21]

n-Pentadecanoic acid 7.51 10.06 ko00071 Fatty acid metabolism Long-chain acyl-CoA synthetase

[EC:6.2.1.3] lipases

Metabolites were identified by use of NIST commercial compound libraries

w_

means reduced level

The corresponding pathway and enzyme possibly involved in anaphylaxis were obtained from KEGG
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A rapid decrease of glucose and fumaric acid with release
of a large amount of n-pentadecanoic acid and synthesis of a
large amount of (R)-3-hydroxybutyric acid are suggestive of
depletion of cellular energy stores in anaphylaxis. This could
partly explain why irreversible anaphylaxis shock and death
developed so rapidly in model groups after challenge.

myo-Inositol is a carbocyclic polyol which is the struc-
tural basis for several secondary messengers. Phosphorylated
myo-inositol derivatives have essential second messenger
functions in many immunocytes. Antigen/IgE-mediated mast
cell activation can be markedly enhanced by generation of
inositol 1,4,5-trisphosphate (IP3), which also has an important
function in T cell activation [26, 27]. SHIP-1 (Src homology
region 2 domain-containing inositol 5’-phosphatase) negatively
regulates cytokine immunoreceptors and amplifies signaling
pathways in different cell types, including T cells, B cells, mast
cells, basophils, and neutrophils [28, 29]. It has been reported
recently that SHIP-1 is critically involved in the adaptive Th2
immune response to aeroallergens [29]. The increased level of
inositol detected in the model groups indicates inositol is
involved in signal transduction during the allergic response.
The last tentatively identified metabolite, L-arabitol, is a sugar
alcohol metabolite involved in the pentose and glucuronate
interconversions pathway. The detailed mechanism of involve-
ment of L-arabitol in anaphylaxis needs further study.

In summary, this is the first report of comprehensive meta-
bolic profiling analysis in anaphylaxis. Samples from a control
group and model groups were successfully classified by GC—
MS-based metabolomics analysis, and nine variables accounting
for the classification were observed. Among the nine variables,
glucose, fumaric acid, L-arabitol, (R)-3-hydroxybutyric acid,
and myo-inositol closely associate anaphylactic reaction with
the mechanisms of energy metabolism and signal transduction.
These results suggest that GC—-MS-based metabolic profiling
analysis might be an effective tool for investigating metabolic
regulation of anaphylaxis, and anaphylaxis could be diagnosed
at the level of a small molecule in serum.

Acknowledgments The authors acknowledge financial support by
the Special Projects Research and Innovation Conditions in Hunan
Province (no: 2010TT2025) and the Major Projects Plan of Science
and Technology in Changsha (no: K0904032-11).

Conflict of interest The authors declare that there are no conflicts of
interest

References

1. Decker WW, Campbell RL, Manivannan V, Luke A, St Sauver JL,
Weaver A, Bellolio MF, Bergstralh EJ, Stead LG, Li JT (2008) The
etiology and incidence of anaphylaxis in Rochester, Minnesota: a
report from the Rochester Epidemiology Project. J Allergy Clin
Immunol 122:1161-1165

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Simons FE, Sampson HA (2008) Anaphylaxis epidemic: fact or

fiction? J Allergy Clin Immunol 122:1166-1168

. Yocum MW, Butterfield JH, Klein JS, Volcheck GW, Schroeder DR,

Silverstein MD (1999) Epidemiology of anaphylaxis in Olmsted Coun-
ty: a population-based study. J Allergy Clin Immunol 104:452-456

. Silva IL, Mehr SS, Tey D, Tang ML (2008) Paediatric anaphylaxis:

a 5 year retrospective review. Allergy 63:1071-1076

. Lieberman P, Camargo CA Jr, Bohlke K, Jick H, Miller RL,

Sheikh A, Simons FE (2006) Epidemiology of anaphylaxis: find-
ings of the American College of Allergy, Asthma and Immunology
Epidemiology of Anaphylaxis Working Group. Ann Allergy Asth-
ma Immunol 97:596-602

. Bjornsson HM, Graffeo CS (2010) Improving diagnostic accuracy of

anaphylaxis in the acute care setting. West J Emerg Med 11:456-461

. Kemp SF, Lockey RF (2002) Anaphylaxis: a review of causes and

mechanisms. J Allergy Clin Immunol 110:341-348

. Ono E, Taniguchi M, Mita H, Fukutomi Y, Higashi N, Miyazaki E,

Kumamoto T, Akiyama K (2009) Increased production of cys-
teinyl leukotrienes and prostaglandin D2 during human anaphy-
laxis. Clin Exp Allergy 39:72-80

. Watkins SM, German JB (2002) Metabolomics and biochemical

profiling in drug discovery and development. Curr Opin Mol Ther
4:224-228

Dettmer K, Aronov PA, Hammock BD (2007) Mass spectrometry-
based metabolomics. Mass Spectrom Rev 26:51-78

Kenny LC, Dunn WB, Ellis DI, Myers J, Baker PN, Consortium G,
Kell DB (2005) Novel biomarkers for pre-eclampsia detected using
metabolomics and machine learning. Metabolomics 1:227-234
Underwood BR, Broadhurst D, Dunn WB, Ellis DI, Michell AW,
Vacher C, Mosedale DE, Kell DB, Barker RA, Grainger DJ,
Rubinsztein DC (2006) Huntington disease patients and transgenic mice
have similar pro-catabolic serum metabolite profiles. Brain 129:877-886
Michell AW, Mosedale D, Grainger DJ, Barker RA (2008) Metab-
olomic analysis of urine and serum in Parkinson’s disease. Metab-
olomics 4:191-201

Thysell E, Surowiec I, Homberg E, Crnalic S, Widmark A, Johansson
Al, Stattin P, Bergh A, Moritz T, Antti H, Wikstrom P (2010) Metab-
olomic characterization of human prostate cancer bone metastases
reveals increased levels of cholesterol. PLoS One 5:¢14175

Chen T, Xie G, Wang X, Fan J, Qiu Y, Zheng X, Qi X, Cao Y, Su
M, Wang X, Xu LX, Yen Y, Liu P, Jia W (2011) Serum and urine
metabolite profiling reveals potential biomarkers of human hepa-
tocellular carcinoma. Mol Cell Proteomics 10(M110):004945
Yang J, MacDougall ML, McDowell MT, Xi L, Wei R, Zavadoski
Wi, Molloy MP, Baker JD, Kuhn M, Cabrera O, Treadway JL (2011)
Polyomic profiling reveals significant hepatic metabolic alterations in
glucagon-receptor (GCGR) knockout mice: implications on anti-
glucagon therapies for diabetes. BMC Genomics 12:281

Favretto D, Cosmi E, Ragazzi E, Visentin S, Tucci M, Fais P,
Cecchetto G, Zanardo V, Viel G, Ferrara SD (2012) Cord blood
metabolomic profiling in intrauterine growth restriction. Anal
Bioanal Chem 402:1109-1121

Dunn WB, Ellis DI (2005) metabolomics: current analytical plat-
forms and methodologies. TrAC Trend Anal Chem 4:285-294
Wu Z, Huang Z, Lehmann R, Zhao C, Xu G (2009) The applica-
tion of chromatography — mass spectrometry: methods to metabo-
nomics. Chromatographia Supplement 69:S23—-S32

Canning BJ (2003) Modeling asthma and COPD in animals: a
pointless exercise? Curr Opin Pharmacol 3:244-250

Sieber M, Hoffmann D, Adler M, Vaidya VS, Clement M, Bonventre
JV, Zidek N, Rached E, Amberg A, Callanan JJ, Dekant W, Mally A
(2009) Comparative analysis of novel noninvasive renal biomarkers
and metabonomic changes in a rat model of gentamicin nephrotox-
icity. Toxicol Sci 109:336-349

Kemp SF, Lockey RF (2011) Pathophysiology and organ damage in
anaphylaxis. In: Castells MC (ed) Anaphylaxis and hypersensitivity



GC-MS serum metabolic profiling of anaphylaxis animal models

23.

24.

25.

26.

reactions. Springer SciencetBusiness Media, LLC, New York, pp
33-46

Muszbek L, Csaba B (1973) Changes of blood glucose during
anaphylaxis in pertussis sensitized rats. Experientia 29:1411-1412
Reginald H, Garrett CM (2006) Biochemistry, 3rd edn. Cole Pub-
lishing, Kentucky

Janardhan A, Chen J, Crawford PA (2011) Altered systemic ketone
body metabolism in advanced heart failure. Tex Heart Inst J 38:533—-538
Huang YH, Sauer K (2010) Lipid signaling in T-cell development
and function. Cold Spring Harb Perspect Biol 2:a002428

27.

28.

29.

Kuehn HS, Beaven MA, Ma HT, Kim MS, Metcalfe DD, Gilfillan AM
(2008) Synergistic activation of phospholipases Cgamma and Cbeta: a
novel mechanism for PI3K-independent enhancement of FcepsilonRI-
induced mast cell mediator release. Cell Signal 20:625-636

Leung WH, Tarasenko T, Bolland S (2009) Differential roles for
the inositol phosphatase SHIP in the regulation of macrophages
and lymphocytes. Immunol Res 43:243-251

Roongapinun S, Oh SY, Wu F, Panthong A, Zheng T, Zhu Z
(2010) Role of SHIP-1 in the adaptive immune responses to
aeroallergen in the airway. PLoS One 5:e14174

@ Springer



	GC–MS-based metabolic profiling reveals metabolic changes in anaphylaxis animal models
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Animals and sensitization
	Assessment of systemic anaphylactic symptoms
	Measurement of IgE
	Sample treatment for GC–MS
	GC–MS method
	Data analysis

	Results
	Anaphylactic symptoms emerging in sensitized animals challenged by ovalbumin or cattle albumin
	IgE levels markedly increased in animals after challenging
	Metabolomic analysis revealed that nine variables were different between control and model groups
	Function analysis suggested that anaphylaxis might be linked to energy metabolism and inositol signal transduction

	Discussion
	References




