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ABSTRACT

Metabolomics is the downstream of systems biology and has drawn significant interest for studying
the metabolic networks from cells to organisms. To profile the metabolites in two different cell lines
(A549 and AGS) infected with influenza A virus, gas chromatography coupled with mass spectrometry
(GC/MS)was employed. Some differentiating metabolites in the cell lines were tentatively identified using
reference library, interpreted and visualized by applying principal components analysis (PCA) and cluster
heat map. Consequently, metabolic flux profiling allowed the differentiation of fatty acid biosynthesis and
cholesterol metabolism during viral replication in the cell lines. The change in fatty acid turnover was also
observed. Metabolomics investigation also revealed the different responses between A549 and AGS cell
lines to the virus infection. From the pattern recognition results, AGS cell line might be more susceptible
to influenza A virus. Regarding the fact that AGS is a poorly differentiated gastric adenocarcinoma cell line
whereas A549 is a relatively differentiated lung tumor one, it is speculated that viral replication might

be associated with the cell differentiations.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The recent HIN1 and the H5N1 avian flu virus have caused
significant concerns on human health and life [1-2]. Therefore,
understanding the virus infection at systems-level is of great inter-
est [3]. Metabolomics may provide important information of the
dynamics of influenza A virus and host interaction in mammalian
cell settings because metabolic phenotype would be changed in the
organism when gene’s function is altered [4]. The phenotype for the
site of action, in the metabolic network, of a silent gene could also
be revealed by the “metabolic snapshots” [5].

Gas chromatography coupled with mass spectrometry (GC/MS)
has a long history for global or targeted analysis in metabolomic
studies for the identification and quantification of endogenous
metabolites in Escherichia coli, rodent animal and human biofluids
[6-8]. The analysis of metabolomic profiling data from GC/MS mea-
surements usually relies on mass spectrum reference libraries such
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as the National Institute of Standards and Technology (NIST) for
metabolite identification and tracking. The relative quantification
could reveal the metabolic changes in non-targeted metabolomics
study. The global metabolic profiling from GC/MS analysis has
been demonstrated to be a powerful approach to elucidate the
underlying metabolic mechanisms [9]. For example, the regula-
tory metabolic network was determined using GC/MS to reveal
acute stress and chronic unpredictable mild stress in rats. Metabolic
response to cold temperature (—10°C) for 2 h delineated several
major metabolic pathways including catecholamines, glucocorti-
coids, the tricarboxylic acid (TCA) cycle, tryptophan (nicotinate),
gut microbiota metabolism, and chronic combined stress exhib-
ited biochemical clues to depression-like symptoms validated by
behavior and physiological results [10-11]. GC/MS is only suitable
for the analysis of volatile and thermally stable compounds. Thus,
derivatization is usually required prior to the sample injection for
increasing volatility and/or improving thermal stability. Ethyl chlo-
roformate (ECF) was preferred for the derivatization because it
can simultaneously react with both the amino and the carboxylic
groups rapidly at room temperature in aqueous solution instead
of organic solvent. The derivatization agent has been successfully
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applied to yield volatile derivatives of amino acids and fatty acids.
Therefore, its potential for global analysis of biological samples has
received more and more attention [12-15].

Establishing cell models is of particular importance in under-
standing the metabolic mechanisms of viral replication. A549
cell line, an epithelial cell line derived from lung adenocarci-
noma, has been widely applied in influenza virus strains infection
[16-18]. AGS, a stomach cancer cell line, is a poorly differenti-
ated gastric adenocarcinoma cell line. Epstein-Barr Virus (EBV)
could lead to promote AGS carcinoma invasiveness, which may
establish a link between EBV and the low differentiated or anaplas-
tic status of the carcinomas that carry the virus [19-21]. The
mechanism of viral replication was also investigated to accumu-
late more and more evidence. It should be noted that fatty acid
synthase (FAS) gene product is required for de novo synthesis
of the palmitate fatty acid. FAS was found to be up-regulated
in not only EBV but also hepatitis C virus (HCV)-infected cells
[22-23]. Accompanying the increased FAS expression, choles-
terol synthesis was also enhanced in patients with HCV infection
[24].

Collectively, fatty acid biosynthesis as well as cholesterol
metabolism might serve the important metabolic pathways for
revealing the cell metabolism which could be derailed by viral
infection. In this study, GC/MS was employed for a global analy-
sis of the dynamic courses for influenza A virus infection in A549
and AGS cell lines. Multivariate data analysis was performed for the
separation and visualization of the tested cell sample sets.

2. Materials and methods
2.1.1. Chemicals

4-Chloro-pL-phenylalanine was purchased from Sigma
(Sigma-Aldrich, USA). Ethyl chloroformate (ECF) was purchased
from Merck (Hohenbrunn, Germany). Pyridine, anhydrous ethanol
and chloroform were analytical grade from Lab-scan (Labscan Asia
Co., Ltd., Bangkok, Thailand). Ultrapure water was prepared from a
Milli-Q system (Millipore, USA).

2.1.2. Cell culture and virus infection

Monolayer cultures of A549 cells (ATCC CCL-185) and AGS
cells (ATCC CRL-1739) were cultured in Dulbecco modified eagle
medium supplemented with 10% FBS, 100 IU of penicillin G/mL
and 100 mL of streptomycin sulfate/mL. Influenza A virus strain
(A/Hong Kong/2108/2003, HK2108), was inoculated onto confluent
monolayers of the A549 or AGS cell line at a multiplicity of infec-
tion of approximately 0.1 in 11 cm culture plates. The infected cells
were harvested at four different time courses (0, 12, 24, and 48 h)
by scraping followed by washing three times with PBS. For each
time point, cells were cultured in quadruplicate with ~1.5 x 106
cells each sample in 10-cm dish.

2.1.3. Sample preparation

The cell pellets were suspended in 200 pL of 100% methanol
(—80°C). After being thawed at room temperature, the suspen-
sions were centrifuged 5 min at 14,000 x g at 4 °C. The supernatant
was retained and stored at —80°C, and a further aliquot (200 L)
of 100% methanol (—80 °C). The above procedure was repeated by
adding the second aliquot of methanol to the pellet. The combined
samples were dried with gentle nitrogen stream. The cell sample
was diluted in 50 p.L of 4-chloro-pL-phenylalanine (0.1 mg mL~! in
water), followed with the addition of 50 p.L of anhydrous ethanol
and 20 pL of pyridine. The sample solution was vortexed for 30s,
added with 50 pL of ECF for derivatization at 20.0+0.5°C, and

sonicated at 40 kHz for 60s. Extraction was then conducted using
100 L of chloroform. The chloroform supernatant was removed
through centrifugation for 5 min at 8000 x g at 4°C. The derivati-
zation and extraction were repeated with 50 pL of ECF and 100 L
of chloroform. The combined chloroform was vortexed with anhy-
drous sodium sulfate and clarified for 5 min at 14,000 x g at 4°C.

2.14. GC/MS analysis

The derivatized extracts were analyzed on Agilent 6890N gas
chromatography coupled with 5975B mass spectrometric detector.
A 1-pL aliquot was injected into HP-5MS capillary column coated
with 3% phenyl methyl siloxane (30 m x 250 pwm i.d., 0.25-pm) in
splitless mode. The injection temperature and the interface tem-
perature were set to 260°C. The temperature of quadrupole and
the ion source temperature was adjusted to 150°C and 230°C,
respectively. Initial GC oven temperature was 100°C for 5min,
increased by 10°Cmin~! to 200°C and then increased to 280°C
at a rate of 4°Cmin~!. Helium was the carrier gas with a flow
rate of 1 mLmin~'. Solvent delay was set for 7 min. The measure-
ments were made with electron impact (EI) ionization (70eV) in
the full scan mode (m/z 50-550). Identification of the compounds
was searched against NIST library.

2.1.5. Data analysis

The GC/MS data in instrument-specific format were converted
to CDF format files. The program XCMS was implemented in R
language for non-linear retention time alignment, automatic inte-
gration and extraction of the peak intensities. The output tables
were imported into MATLAB software R2008a (The MathWorks,
Inc.), where normalization was performed prior to multivariate
data analysis. Principal components analysis (PCA), cluster heat
map and z-score plot were performed in MATLAB programming
environment. Score line plots in OPLS/O2PLS model were per-
formed in SIMCA-P software version 12.0 (Umetrics AB, Umea,
Sweden). The one-way analysis of variance (one-way ANOVA) was
utilized to compare the virus-infected sample sets with those of
control group for up- or down-regulated metabolites. The P-values
and F-values were obtained by OriginPro software version 8.0
(OriginLab, Co., MA).

The overall workflow chart for the GC/MS-based metabolic sig-
nature is illustrated in Fig. 1. Features selected based on the P-value
and fold-change (P <0.001 with fold-change >1.5 was adopted in
four levels comparison) of the resulting tab delimited table gener-
ated from XCMS, then manual integrations of the peak areas were
normalized by the peak area of the internal standard. The P-values
and F-values of one-way ANOVA were recalculated using Bonfer-
roni correction. The raw data was also used for OPLS/O2PLS model
performance in SIMCA-P after normalization to obtain score line
plots. When finishing identification of the metabolites of inter-
est, PCA analysis, heat map display and z-score plot for improving
visualization were also performed.

3. Results and discussion

GC/MS analysis of endogenous metabolites such as fatty acids
and cholesterol in the cellular samples was conducted with the ECF
derivatization. The typical total ion chromatograms of cell samples
of A549 and AGS are shown in Fig. 2. The majority of individual fea-
tures detected were presented in cell samples. As summarized in
Table 1, about 15% of all features detected in the four sample sets of
A549 or AGS cell lines showed significant changes in their relative
signal intensities (defined as a P<0.001). It should be noted that
for the data with P <0.001, only 13.0% fold-change >1.5 was found
in A549 cell line, while up to 90.2% fold-change >1.5 was observed
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Fig. 1. Schematic diagram of the GC/MS metabolomics analytical platform. Three typical peaks of cholesta-3,5-diene generated in EI-MS were shown using XCMS program.
The bar plot denotes accumulative eigenvalues in a PCA model.

in AGS cell line, suggesting that influenza A virus might pose more large number of features from GC/MS analysis. After the integra-
clear influence on AGS than A549 cells during the viral replication. tions of peak areas, identification of the metabolites which met our
A given molecule may be represented by several different features, criteria (P-value < 0.001 with fold-change >1.5) was conducted by
such as the fragment ions in EI-MS analysis. Thus, we obtained a searching against NIST library. F-values were also calculated for
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Fig. 2. Typical GC/MS chromatograms from the analysis of A549 and AGS cell lines.
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Table 1
Characterization of the global metabolomic data from the GC/MS analysis.

No. of features in A549? No. of features in AGS

Total observations 841 340
Observations with P < 0.001 146(17.4%)° 51(15.0%)
Observations with P <0.001 and fold change >1.5 19(13.0%)° 46(90.2%)

@ Defined as an m/z-retention time pair for which a peak has been found in at least 1 group of samples in the data set; P values compare one uninfected group and 3 infected
groups’ integrated intensities.

b Percentage is obtained with the comparison to the “total observations”.

¢ Percentage is obtained with the comparison to the “observations with P <0.001".

Table 2
Statistical significant metabolites detected by GC/MS from A549 and AGS data sets.

Peak no. in A549 Peak no. in AGS RT (min) Metabolites Match percent? (%) P value in A549 (F value)® Pvalue in AGS (F value)
1 15.48 C14:0 98 3.11E-06 (35.30)
2 1 16.82 C16:1 929 1.82E-09 (132.71) 1.24E-13 (673.30)
3 2 17.09 C15:0 98 1.74E-04 (15.93) 2.85E-06 (35.90)
4 3 17.99 C16:1 98 1.81E-04 (15.81) 2.49E-06 (36.79)
5 18.38 Octadecenal 95 9.66E—-08 (66.36)
6 4 19.52 C18:1 929 4.60E—-05 (20.98) 4.67E-08 (75.47)
7 5 19.91 C18:1 99 7.97E-04 (11.39) 2.12E-05 (24.46)
8 6 20.54 C18:1 99 1.76E—-06 (39.24) 2.14E-08 (86.54)
7 20.95 C18:1 929 3.19E-05 (22.57)
9 8 22.05 C20:4 94 8.54E-06 (29.17) 3.03E-13 (579.53)
10 9 23.07 C20:4 95 1.49E-04 (16.46) 4.04E-10(171.74)
11 26.33 C20:4 93 2.56E-07 (55.76)
12 10 32.62 Cholesta-3,5-diene 96 6.92E-09 (105.34) 5.30E-04 (12.50)

2 Match percentage was obtained against NIST searching library for identification.
b pvalues and F values were generated from one-way ANOVA using Origin software (version 8.0).

Fig. 3. PCA grouping results of A549 (a) and the contribution of each metabolite for PC1 (b-1) and PC2 (b-2).
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reference and the larger F-value, the difference in grouped sam-
ple sets is more significant. The statistical significant compounds
as the differentiating metabolites are summarized in Table 2. The
data showed that most match percentages in NIST library were
more than 95% and the significant differences in metabolic lev-
els between the cell sample sets were calculated using four-level
comparison.

3.1.1. Grouping and comparing viral infection in A549 and AGS
cell lines

PCA was performed for the separation of various experimental
groups using the differentiating metabolites after the metabolites
of interest were highlighted. For the grouping virus infection in
A549 cell line, PC1 accounts for 67.23% of the total variation and PC2
for 19.32% (Fig. 3). On the other hand, PC1 accounts for 62.75% of the
total variation and PC2 for 27.88% in AGS cell line (Fig. 4). It is well-
known that PCs are ordered by their contribution to the variance of
the data set resulting in the first PC explains more of the variance
in the data set than the second one. The accumulative eigenval-
ues of PCA were computed as 86.55% and 90.63% for A549 and AGS
cell lines, respectively. In general, the first two PCs could indicate
the highly efficient separation among grouped samples when accu-
mulative eigenvalues are up to 90%. Therefore, discrimination in
AGS cell line seemed to be more susceptible to viral replication in
comparison to A549 cells although the two models adopted the
differentiating metabolites only. Based on the PCA model, the con-
tribution of each metabolite was exhibited in PC1 and PC2. Among
the differentiating metabolites, interestingly, 8 negative contribu-

tions to PC1 in A549 cell line indicated that 66.7% metabolites was
decreased by virus infection whereas 33.3% metabolites enhanced
exposed by virus (4 positive contributions to PC1). Notably, 90.0%
metabolites were up-regulated by viral infection in AGS cell line
whereas only 1 metabolite (10.0%) was down-regulated. The results
suggested that fatty acid profiling disturbed by the same virus
could have different signature metabolic shifts in different cell
types. For PC2, the contribution of each metabolite showed the
individual variation of the cell samples, for example, those at 12h
post-infection versus the control (0 h) in PCA pattern recognition.
The trajectories in both cell lines were depicted in not only
PCA model but also the score line plots. The score line plots in
OPLS/O2PLS model were established using the raw data after the
internal standard in both cell lines was normalized to be the same
intensity. When the dataset contains numerical identities, they
were selected and plotted on either axis. The score plot displayed
confidence intervals corresponding to the 2 or 3 sigma limits,
i.e., 2 or 3 standard deviations of the vector were displayed by
default. In Figs. S1 and S2, clearer separation were obtained for
the time-dependent AGS cell line than that of A549 cell line, which
is consisting with the global characterization of the profiling data
(Table 1) and the PCA analysis results using the differentiating
metabolites. To improve the visualization, these profiles were dis-
played as cluster heat maps (Figs. S3 and S4) and z-score plots
(Figs. S5 and S6). The heat map represented the unsupervised hier-
archical clustering of the data grouped by sample type (columns),
which also enabled visualization of the up- or down-regulation of
each metabolite. It should be noted that the fold change of cell
lines in heat map was observed (-2 to 2 in A549 versus —3 to 3

Fig. 4. PCA grouping results of AGS (a) and the contribution of each metabolite for PC1 (b-1) and PC2 (b-2).
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in AGS). More importantly, only 48 h group was separated from the
samples but the distribution of other samples could not be eas-
ily recognized in A549 experiment. In contrast, discrimination of
four groups in AGS was much clearer. It should be noted that, how-
ever, the trees for clusters showed grouping metabolites as well
as samples. By taking the trees for the metabolites, both of the cell
lines are divided into two clusters. The z-score plots reflected robust
metabolic alterations in different time courses during virus infec-
tion (z-score range: —20 to 10 in A549; z-score range: —40 to 80
in AGS). Notably, fatty acid C16:1 at RT 16.82 min was increased
in concentration markedly whereas another fatty acid C20:4 at RT
22.05min was pronouncedly decreased in concentration of AGS
cells exposed by influenza A virus. In summary, the results implied
that the virus infection posed more influence on AGS, although less
peaks were detected by GC/MS in AGS than A549 cell experiment
(Table 1 and Fig. 2).

For the further understanding of difference between A549 and
AGS cell lines infected by influenza A virus, the statistical box
plots were calculated based on the criteria: the shared differen-
tiating metabolites in both cell lines and the same regulations
induced by virus in PC1 of PCA model. The opposite contributions
to PC1 clearly reflected the different fluctuations in concentration.
Therefore, seven metabolites were highlighted as the box plots
(Fig. 5). Interestingly, the significant changes of these metabolites
(virus-infected cells at 12, 24 and 48 h versus non-infected cells,
respectively) exhibited different change tendencies between A549
and AGS cell lines. From the dynamic metabolic shifts of influenza
Avirus and host interaction in cultured mammalian cells, the sam-
ple of 12 h was an important time point to show some metabolites

C16: 1RT 16.82 min

turnover, such as C15:0 at RT 17.09 min, C16:1 at RT 17.99 min in
A549 cell line, which could also be observed in the trajectories of
PCA pattern recognitions. Additionally, the C16:1 at RT 16.82 min,
C20:4 at RT 22.05 min and cholesta-3,5-diene at RT 32.62 min were
shown distinct alterations by virus exposure between the two cell
lines, which was consistent with the observations of z-score plots.

3.2. Fatty acid biosynthesis and cholesterol metabolism as the
targets

The obtained results from GC/MS measurement demonstrated
12 and 10 differentiating metabolites in A549 and AGS, respec-
tively, indicating that influenza A virus altered fatty acid biosynthe-
sis and cholesterol metabolism in the cell lines. Cholesta-3,5-diene
and fatty acids were measured as the statistically significant
metabolite candidate in both cell lines. Cholesterol is a combina-
tion of a sterol and a lipid to build block for the cell membranes.
It has been reported that fatty acid biosynthesis is an impor-
tant metabolic pathway in virus infection. Infection with human
cytomegalovirus (HCMV) notably increased the flux through the
tricarboxylic acid cycle and its efflux to the fatty acid biosynthesis
pathway using liquid chromatography coupled with tandem mass
spectrometry [25]. Cholesta-3,5-diene, which can be considered as
an extremely non-polar dehydration product of cholesterol, has
been recognized in animal tissues, resulted from non-enzymatic
formation of cholesterol [26]. Similarly, the infection of mouse L
cells by encephalomyocarditis virus modified membrane perme-
ability and the alteration of permeability to translation inhibitors
was observed after the infection of different mammalian cell lines
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Fig. 5. Box plots of the time-dependent metabolic changes of virus-infection in A549 (a) and AGS (b). The peak intensities of cell sample sets after infection (12, 24 and 48 h)
were used for calculations compared to the start (0 h) and each P-value was filled on the box plot with metabolite name and its retention time in GC/MS chromatogram.
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with different viruses such as vesicular stomatitis virus and Sem-
liki Forest virus, two lipid-enveloped RNA-containing viruses [27].
More recently, RNA viruses were found to selectively exploit spe-
cific elements of the host to form specialized organelles where
cellular phosphoinositide lipids played a key role in viral replica-
tion [28]. The alteration of fatty acids and dehydration product of
cholesterol demonstrated that fatty acid biosynthesis and choles-
terol metabolism could be induced by virus infection in A549 and
AGS cell lines, which were associated with intracellular metabolic
perturbation and cell membrane permeability.

Only one cell type in the Gy stage of the cell cycle was used
for the previous investigation [25], we adopted and compared two
kinds of cell lines: A549 and AGS. A549 is a relatively differenti-
ated tumor cell line, featuring the phenotype of alveolar type Il
cells by its surfactant-producing ability, whereas AGS adenocar-
cinoma cells might represent an undifferentiated form of gastric
epithelia [29]. Surprisingly, the highly efficient pattern recognition
techniques for either raw data or the differentiating metabolites
determined that AGS cell line might be more susceptible to viral
replication than A549. It was reported previously that the poorly
differentiated cells generally showed an enhanced sensitivity to
H-1 virus attack compared to well-differentiated cells [30]. The
enhanced sensitivity of the poorly differentiated cells versus the
well-differentiated gastric cancer cells might be partly related to
the enhanced capacity of poorly differentiated cells for NS1 pro-
tein production and accumulation. Thus, our results indicated that
the metabolic signature shifts in the cells infected with influenza
A virus might be associated with differentiated stages of the
cells. Furthermore, we found that cholesta-3,5-diene as the dif-
ferentiating metabolite in A549 cell line, which surprisingly, was
more distinct in its trajectory during the infection between the
virus and host engaging in a dynamic duet when compared to
AGS. Thereby we speculated that viral replication revealed from
metabolic phenotyping and associated with differentiation of the
cells might be, at least partially, due to fatty acid biosynthe-
sis. This speculation was basically consistent with the metabolic
signature in a model of adipocyte differentiation [31]. The specu-
lation, however, should be exploited further with the relationship
between the kinetic metabolic snapshots, such as fatty acid profil-
ing, and differentiation of other cells (e.g. 3T3-L1 cell line) infected
by virus.

4. Conclusions

Metabolic profiling revealed viral replication in A549 and
AGS cell lines altered fatty acid biosynthesis and cholesterol
metabolism, suggesting that virus would rely on the metabolic
network of their cellular hosts to provide energy and that viral
infection would modify cellular architecture and physiology,
such as cell membrane permeability. The different responses to
influenza A virus replication were highlighted with the efficient
pattern recognition methods. Regarding the differentiation of the
two cell lines, the results indicated that metabolic shifts were
more significantly affected in the relatively lower differentiated
cell line.
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