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Abstract The anti-malarial drug artesunate possesses
anti-inflammatory and anti-oxidative actions in experi-
mental asthma, comparable to corticosteroid. We hypoth-
esized that artesunate may modulate disease-relevant
metabolic alterations in allergic asthma. To explore meta-
bolic profile changes induced by artesunate in allergic
airway inflammation, we analysed bronchoalveolar lavage
fluid (BALF) and serum from naive and ovalbumin-
induced asthma mice treated with artesunate, using both
gas and liquid chromatography-mass spectrometry meta-
bolomics. Pharmacokinetics analyses of serum and lung
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tissues revealed that artesunate is rapidly converted into the
active metabolite dihydroartemisinin. Artesunate effec-
tively suppressed BALF total and differential counts, and
repressed BALF Th2 cytokines, IL-17, IL-12(p40), MCP-1
and G-CSF levels. Artesunate had no effects on both BALF
and serum metabolome in naive mice. Artesunate promoted
restoration of BALF sterols (cholesterol, cholic acid and
cortol), phosphatidylcholines and carbohydrates (arabi-
nose, mannose and galactose) and of serum 18-oxocortisol,
galactose, glucose and glucouronic acid in asthma. Ar-
tesunate prevented OV A-induced increases in pro-inflam-
matory metabolites from arginine—proline metabolic
pathway, particularly BALF levels of urea and alanine and
serum levels of urea, proline, valine and homoserine.
Multiple statistical correlation analyses revealed associa-
tion between altered BALF and serum metabolites and
inflammatory cytokines. Dexamethasone failed to reduce
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urea level and caused widespread changes in metabolites
irrelevant to asthma development. Here we report the first
metabolome profile of artesunate treatment in experimental
asthma. Artesunate restored specific metabolic perturba-
tions in airway inflammation, which correlated well with its
anti-inflammatory actions. Our metabolomics findings
further strengthen the therapeutic value of using artesunate
to treat allergic asthma.

Keywords Metabolome - Artemisinins - Mass
spectrometry - Allergic asthma - Corticosteroid

1 Introduction

Artesunate is a semi-synthetic analogue of the anti-malarial
agents known as artemisinins. By the addition of a hemi-
succinate group, artesunate is more water-soluble with
greater bioavailability and better pharmacological profile
(Newton et al. 2000). Apart from its effective anti-malarial
actions, artesunate has promising anti-inflammatory
potential in animal models of rheumatoid arthritis (Mir-
shafiey et al. 2006; Li et al. 2013), systemic lupus ery-
thematosus (Jin et al. 2009) and bacteria-induced sepsis (Li
et al. 2010; Jiang et al. 2011). Recently, studies have
demonstrated broad anti-inflammatory and anti-oxidative
properties of artesunate in experimental allergic asthma
(Cheng et al. 2011; Ho et al. 2012). In addition, artesunate
could prevent IgE-mediated mast cell degranulation in
experimental anaphylaxis models (Cheng et al. 2013). A
comprehensive report of the broad pharmacological effects
of artemisinins and artesunate has been summarized in our
recent review (Ho et al. 2014a).

Metabolomics refers to the global investigation of
metabolites in biological systems (comparing normal to
disease) (Xu et al. 2014), and has been applied to allergic
asthma to profile metabolic changes and identify disease
biomarkers (Lara et al. 2008; Ho et al. 2013, 2014b; Saude
et al. 2009, 2011; Mattarucchi et al. 2012; Jung et al. 2013).
We have recently uncovered novel disease-relevant meta-
bolic changes in the bronchoalveolar lavage fluid (BALF)
from experimental mouse asthma, which involved major
losses of sugars with resultant increases in energy metab-
olites and reductions of sterols (Ho et al. 2013, 2014b). In
the earlier study, dexamethasone reversed most metabolic
alterations in allergic airway inflammation, but also
induced considerable changes in other metabolites irrele-
vant to asthma pathogenesis. In the present study, we
investigated if artesunate can afford similar protective
metabolic changes in experimental allergic asthma.

Our kinetic study in mice revealed rapid conversion of
artesunate to the active metabolite dihydroartemisinin
(DHA), and that DHA was detectable in lung tissues. We

reported the first metabolome profile of experimental
asthma treated with artesunate. Artesunate restored specific
metabolic perturbations in airway inflammation, which
correlated well with its anti-inflammatory actions. Meta-
bolomics data provide further evidence to support the
therapeutic value of artesunate for asthma.

2 Materials and methods
Additional methods are available in the online supplement.
2.1 Animals

Female BALB/c mice, 6-8 weeks old (Canning Vale,
Western Australia, Australia), were sensitized and chal-
lenged with ovalbumin (OO) to develop experimental
asthma as described (Cheng et al. 2011; Ho et al. 2012).
Artesunate (30 mg/kg) was dissolved in 5 % DMSO, given
intraperitoneally (i.p.) to naive (N/Arts) and OVA-chal-
lenged mice (OO/Arts) an hour prior to each aerosol
challenge. Vehicle controls (OO/DMSO) received the same
regime of 5 % DMSO (i.p.). Animal experiments were
performed according to the Institutional guidelines for
Animal Care and Use Committee of the National Univer-
sity of Singapore.

2.2 BALF and serum collection and analysis

Mice were anesthetized 24 h after the last aerosol chal-
lenge and cardiac puncture and BAL were performed
(Cheng et al. 2011). Blood was collected 5 min post-
anaesthesia and incubated at room temperature for 1 h
prior centrifugation for serum collection. Total and dif-
ferential cell counts were determined from BALF collected
as described previously (Cheng et al. 2011). BALF and
serum supernatants were frozen at —80 °C prior further
analysis. Cell count data and BALF metabolomic data of
experimental asthma (OQO), saline controls (OS) and naive
mice (N) were presented in an earlier study with the pub-
lisher’s consent for usage of raw data for further analysis
(Ho et al. 2013).

2.3 Artesunate pharmacokinetics

Artesunate (30 mg/kg) was given i.p. to naive mice (n = 6
per time point) and anesthetized prior to collection of blood
and lung tissues at various time points. Serum (50 pl) or
lyophilized lung tissue (2 mg) was mixed with 200 pl of
methanol containing 5 pg/ml of FMOC-glycine (Sigma-
Aldrich, St. Louis, MO, USA) as internal standard. LC/MS
was employed to measure concentrations of artesunate and
DHA in serum and lung tissues. LC/MS analysis was
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performed using an Agilent 1100 HPLC system (Santa
Clara, CA, USA) connected to LCQ FLEET Ion-Trap Mass
detector with Atmospheric Pressure Chemical Ionization
(APCI+) (Thermo Scientific, Waltham, MA, USA). The
column used was Inertsil ODS-3 (3 um, 3.0 x 150 mm) at
room temperature, with a mobile phase of HPLC grade
methanol and 0.1 % formic acid (80:20) at a flow rate of
0.4 ml/min. Artesunate and DHA concentrations were
calculated based on seven-point dilution range of spiked
artesunate and DHA pure standards (10-1,000 ng/ml) in
pooled naive mice sera or lung tissues.

2.4 BALF cytokine analysis

Cytokines were assayed using a murine Luminex bead-
based suspension array system (Bio-Rad, CA, USA) and
analysed using a Bio-Plex Array Reader (Bio-Rad)
according to manufacturer’s instructions.

2.5 Metabolomics sample pretreatment

Aliquots of BALF (400 pl) were concentrated using a
freeze-dryer (Labconco Corporation, Kansas City, USA) at
—85 °C and reconstituted using 200 pl ice-cold methanol
spiked with 10 pg/ml FMOC-glycine as internal standard.
The solution was vortexed (3 min) and ultrasonically
extracted (15 min, 4 °C). After two centrifugations (16,000
ref x 10 min, 4 °C), the supernatant were divided into two
portions: 70 pl for LC-MS analysis directly and the other
70 wl for GC-MS analysis.

2.6 GC/MS analysis

GC/MS derivatization was based on the method previ-
ously described (Xu et al. 2009). Briefly, 1.0 pl deriva-
tized supernatant was injected splitlessly with an Agilent
7683 Series autosampler into an Agilent 6890 GC system
equipped with a HP-SMSI column. The inlet temperature
was set at 250 °C. Helium was used as the carrier gas at a
constant flow rate of 1.0 ml/min. The column temperature
was initially maintained at 70 °C for 1 min, and then
increased to 250 °C at a rate of 10 °C/min and further
increased at 25 °C/min to 300 °C where it remained for
5 min. The column effluent was introduced into the ion
source of an Agilent Mass selective detector. The transfer
line temperature was set at 280 °C and the ion source
temperature at 230 °C. The mass spectrometer was
operated in electron impact mode (70 eV). Data acquisi-
tion was performed in full scan mode from m/z 50-550
with a scan time of 0.5 s. Compounds were identified by
comparison of mass spectra and retention time with those
of reference standards, and those available in libraries
(NIST 5).
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2.7 LC/MS analysis

LC-MS analysis was performed on an Agilent 1200 HPLC
system equipped with 6410 QQQ mass detector. Pre-trea-
ted BALF supernatant (5 pl) was injected into the HPLC
system and managed by a MassHunter workstation. The
column used for the separation was an Agilent rapid res-
olution HT zorbax SB-C18 (2.1 x 50 mm, 1.8 pm) (Agi-
lent Technologies, Santa Clara, CA). The oven temperature
was set at 50 °C. The gradient elution involved a mobile
phase consisting of (A) 0.1 % formic acid in water and
(B) 0.1 % formic acid in methanol. The initial condition
was set at 5 % of B. The following solvent gradient was
applied: from 95 % A and 5 % B to 10 % A and 90 % B
within 10 min, hold for 10 min and then to 100 % B within
5 min and hold for 10 min. Flow rate was set at 0.2 ml/min
and 5 pl of samples were injected. The ESI-MS were
acquired in positive and negative ion mode, respectively.
The ion spray voltage was set at 3,000 V. The heated
capillary temperature was maintained at 350 °C. The dry-
ing gas and nebulizer nitrogen gas flow rates were 10 I/min
and psi, respectively. For full scan mode analysis spectra
were stored from m/z 100 to 1,000. Compounds showing
significant differences between groups were searched in the
Human Metabolome Database (HMDB, www.hmdb.ca)
using mass-to-charge ratio (m/z) and identified by either
MS/MS fragmentation patterns from HMDB, METLIN or
reference standards.

2.8 Data pre-processing

Each chromatogram obtained from GC/MS and LC/MS
analysis was processed for baseline correction and area
calculation using MZmine 2.0 software package (Pluskal
et al. 2010). Data were combined into a single matrix by
aligning peaks with the same mass and retention time for
GC/MS and LC/MS data, respectively. Area of each peak
was normalized to that of internal standard FMOC-glycine
in each data set. The missing values were replaced with a
half of the minimum value found in the data set (Ng et al.
2012). Ninety percent filtering was applied to the raw data
to include only metabolites that were detectable in 90 % of
the subjects in at least one of the treatment groups to ensure
selection of relevant metabolites.

2.9 Statistical analysis

One-way ANOVA followed by Dunnett’s test was used to
determine significant differences in cell counts and cyto-
kines between groups, with significant levels at p < 0.05.
Correlations between metabolites and inflammatory cells
were calculated using Pearson’s correlation analysis.
Multivariate statistical analysis was performed using
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SIMCA-P software version 11.0 (Umetrics AB, Umea,
Sweden). Orthogonal projections to latent structures dis-
criminant analysis (OPLS-DA) was used to model the
discrimination between control and treatment groups by
visualization of score plots. Prior to OPLS-DA, data were
mean-centered and unit variance scaled. Metabolites heat-
map and nonparametric test (Wilcoxon, Mann—Whitney
test) were conducted using MultiExperiment View V4.6.1
(www.tm4.org).

3 Results
3.1 Artesunate is rapidly converted to DHA

Upon administration of 30 mg/kg artesunate, we observed
a rapid conversion of artesunate to its active metabolite
DHA within 5 min. Maximum serum artesunate concen-
tration was achieved at 5 min, while maximum serum
DHA concentration was observed at 15 min (Fig. la).
Artesunate was completely metabolized within 1 h, while

serum DHA level persisted for 6 h. Lung DHA
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Fig. 1 Kinetic profiling of artesunate and active metabolite DHA.
Pharmacokinetic analyses of serum and lungs tissues were performed
after a single intra-peritoneal dose of artesunate (30 mg/kg) was given
to naive mice. a Serum levels of artesunate (Arts) and DHA were
measured using liquid-chromatography—mass spectrometry (LC/MS),
at various time points post administration. b Concentrations of DHA in
lung tissues (ng/ml) collected at various time points post administra-
tion. Each data point represents the mean drug concentration £ SEM
in serum or lung tissues (n = 6 mice per time point)

concentration peaked at 10 min and achieved steady states
from 15 min to 6 h (Fig. 1b). Lung artesunate level was
not detectable.

3.2 Artesunate does not alter metabolite profiles
in naive mice

In OPLS-DA analysis, the value of R2Y describes how well
the data in the training set are mathematically reproduced,
ranging between 0 and 1, where 1 indicates a model with a
perfect fit. Models with a Q* value greater than or equal to
0.5 are generally considered to have good predictive
capability. Our analysis by GC/MS (Fig. Sla, c) and LC/
MS (Fig. S1b, d) revealed poor R?Y and Q? values, indi-
cating no distinctive changes in both BALF and serum
metabolic profiles between untreated naive mice (N) and
artesunate-treated naive mice (IN/Arts). In line with these
findings, artesunate did not alter BALF inflammatory cell
counts in naive mice (Fig. 2a), and showed no toxic effects
on human bronchial epithelial cells or mouse peripheral
blood cells (Fig. S3).

3.3 Drug vehicle does not affect metabolic profiles
in experimental asthma

OPLS-DA analysis revealed little difference in BALF
metabolite profiles between OVA-sensitized and -chal-
lenged mice (OO) and OO treated with vehicle control
DMSO (O0/DMSO), as indicated by poor modeling scores
R?Y (0.56 and 0.79) and predictive Q* values (0.0126 and
0.00477) detected by GC/MS (Fig. S2a) and LC/MS (Fig.
S2Sb), respectively. The R?Y (0.424 and 0.638) values
(Fig. S2c¢) and predictive Q? scores (—0.111 and —0.126)
(Fig. S2d) demonstrated equally poor separations between
0O and OO/DMSO for serum metabolic profiles. DMSO
did not affect BALF inflammatory cell counts in both naive
and OO mice (Fig. 2a) or cause cytotoxicity to human
bronchial epithelial cells (Fig. 3S).

3.4 Artesunate suppresses airway inflammation
and restores metabolic changes in experimental
asthma

We re-analysed published cell counts and BALF meta-
bolomics data of naive mice (N), saline-controls (OS) and
experimental asthma (OO) with publisher’s consent (Ho
et al. 2013), together with new artesunate-treatment groups.
Artesunate (30 mg/kg) effectively suppressed pulmonary
eosinophilia with moderate inhibition on lymphocyte and
neutrophil counts (Fig. 2a). Besides, artesunate subdued
OVA-induced elevation of IL-4, IL-5, IL-13, IL-17, IL-12
p(40), MCP-1 and G-CSF (Fig. 2b—f). Artesunate was able
to alter BALF metabolite profiles as detected by GC/MS
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(Fig. 3a) and LC/MS (Fig. 3b), with strong R*Y (0.993 and
0.893) and Q2 (0.747 and 0.738) values, indicating dis-
tinctive separation of BALF metabolites among N, OO and
OO/Arts mice. Statistical analysis revealed a total of 19
BALF metabolites were significantly altered by artesunate
(Fig. 3c, d), and it could restore OVA-induced changes in
12 metabolites (Fig. 3c, S4). Artesunate reversed the fall in
carbohydrates galactose, mannose and arabinose in
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experimental asthma. Drops in sterols and related bile acid
cholesterol, cortol and cholic acid were also increased by
artesunate. Similarly, artesunate replenished losses in 5
phosphatidycholines (PC) including PC 32:0, PC 34:1, PC
34:2, PC 34:3, PC 35:5. In contrast, the increases in energy
metabolites and amino acids such as lactate, choline, urea,
alanine and acetamide in experimental asthma were sup-
pressed by artesunate. On the other hand, six BALF
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Eicosadienoic acid *
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Fig. 3 Artesunate reverses lung global metabolic profile altered in
experimental asthma. OPLS-DA of lung metabolites in the BALF of
naive mice (N), OVA-sensitized and -challenged mice (OO), and OO-
treated with artesunate (OO/Arts) detected by a GC-MS analysis or
b LC-MS analysis. R?Y describes the goodness of mathematical
modelling of the data; while Q values of 0.5 or more are considered
to have good predictive capability. Black open circles, N (n = 12);
red filled circles, OO (n = 12); green filled diamonds, OO/Arts
(n = 12). The x axis, t[1], and y axis, t[2], indicate the first and
second principle components, respectively. ¢ Significant fold changes
in BALF metabolites are expressed as a heatmap for N, OO and OO/

metabolites irrelevant to experimental asthma were altered
by artesunate (Fig. 3d, S4). Pearson correlation analysis
revealed moderate to strong correlations of 10 BALF
metabolites to various inflammatory cytokines as shown in
Table S1. In particular, IL-4, IL-5, IL-17, IL-12 p(40) and
G-CSF were significantly (p < 0.05) correlated with urea,
choline, lactate, carbohydrates (arabinose, galactose and
mannose), sterols (cholesterol, cholic acid and cortol), and
phosphatidylcholines.

Arts, detected by either LC/MS or GC/MS. *Significant changes in
0O versus N, p < 0.05. *Significant changes in OO/Arts versus OO,
p <0.05. d Additional BALF metabolites irrelevant to asthma
changed by artesunate are expressed as a heatmap for N, OO and
OO/Arts, detected by either LC/MS or GC/MS. Fold changes are
derived from the fold difference over normalized, mean-centered
values for each metabolite. Green square indicates a reduction of up
to twofolds, black square indicates no significant fold change, and red
square indicates an increase of up to twofolds. *Significant changes in
OO/Arts versus OO, p < 0.05 (Color figure online)

3.5 Artesunate reverses metabolic changes in serum
in experimental asthma

From GC/MS and LC/MS analyses (Fig. 4a, b), experi-
mental asthma (OO) serum profile shifted from OS and N
could be clearly observed with strong R*Y (0.811 and
0.962) as well as Q® (0.708 and 0.632) values. When
treated with artesunate (OO/Arts) or dexamethasone (OO/
Dex), serum metabolic profiles distinctive from
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Fig. 4 Global serum metabolomics profiling in experimental asthma
treated with artesunate and dexamethasone. OPLS-DA of global
serum metabolite changes in N, OS OO OO/Arts and OO/Dex mice
detected by GC/MS (a, ¢) or LC/MS (b, d) are shown. R2Y describes
the goodness of mathematical modelling of the data; while Q* values
of 0.5 or more are considered to have good predictive capability.
Black open circles, N (n = 10); blue open circles, OS (n = 10); red
filled circles, OO (n = 10); green filled diamonds, OO/Arts (n = 10);
blue triangles, OO/Dex (n = 10). The x axis, t[1], and y axis, t[2],
indicate the first and second principle components, respectively.

experimental asthma (OO) could be observed with robust
R?Y (0.959 and 0.977) and Q2 (0.658 and 0.589) values
(Fig. 4c, d). An overview of 10 serum metabolite changes
induced by artesunate and dexamethasone are represented
in a heatmap (Fig. 4e). Artesunate suppressed the increase
in serum urea, proline, valine, homoserine and aminoa-
dipic acid in experimental asthma (Fig. 4e, S5). In con-
trast, artesunate reversed the fall in serum carbohydrates

@ Springer

e Significant fold changes in serum metabolites are expressed as a
heatmap for N, OO, OO/Arts and OO/Dex, detected by either LC/MS
or GC/MS. Fold changes are derived from the fold difference over
normalized, mean-centered values for each metabolite. Green square
indicates a reduction of up to twofolds, black square indicates no
significant fold change, and red square indicates an increase of up to
twofolds. *Significant changes in OO/Arts versus OO, p < 0.05.
*Significant changes in OO/Dex versus OO0, p < 0.05 (Color figure
online)

galactose, glucose and galacturonic acid in asthma. As for
serum sterols, artesunate reversed the drop in 18-oxo-
cortisol and halted the elevation of 24-methylenecholes-
terol in asthma. Dexamethasone demonstrated some
differential metabolic effects, for instance, failing to
reverse the drop in 18-oxocortisol or to block the increase
in urea and 24-methylenecholesterol in experimental
asthma.
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Fig. 5 Artesunate does not induce additional significant metabolic
effects in the serum. Additional serum metabolites irrelevant to
asthma changed by dexamethasone are expressed as a heatmap for N,
0S8, 00, OO/Arts and OO/Dex, detected by either LC/MS or GC/MS.
Fold changes are derived from the fold difference over normalized,

3.6 Correlation of metabolite changes between serum
and BALF in experimental asthma

Pearson correlation analysis revealed that alterations in
serum urea, homoserine, aminoadipic acid and 18-oxo-
cortisol were strongly associated with changes in BALF
urea, cholic acid, cholesterol, cortol, lactate and sugars
such as arabinose, galactose and mannose (Table S2).
These findings provide a primary indication that systemic
serum metabolome may be linked to corresponding pul-
monary metabolic changes in allergic asthma.

3.7 Dexamethasone causes additional changes in serum
metabolites irrelevant to experimental asthma

An assembly of twenty serum metabolites were found to be
significantly modulated by dexamethasone (19 up-regu-
lated and 1 down-regulated), which were unaltered in N,
0OS, OO and OO/Arts groups (Fig. 5). Artesunate did not
cause any additional serum metabolic changes similar to
those by dexamethasone, indicating that these two anti-
inflammatory agents confer dissimilar metabolic effects in
experimental asthma.

4 Discussion

Mechanistically, we have demonstrated that artesunate pos-
sesses anti-inflammatory and anti-oxidative effects on multi-
ple cell types, such as epithelial cells, airway smooth muscle
cells and various inflammatory cells in experimental asthma,
via modulation of transcription factors, Nrf2 and PI3K/Akt

mean-centered values for each metabolite. Green square indicates a
reduction of up to twofolds, black square indicates no significant fold
change, and red square indicates an increase of up to twofolds (Color
figure online)

(Cheng et al. 2011; Ho et al. 2012; Tan et al. 2013). Notably,
our earlier study has demonstrated that artesunate was capable
of suppressing the development of airway hyperresponsive-
ness in the allergic asthma model (Cheng et al. 2011).
Recently, our laboratory has reported the first metabolomics
study on BALF from mouse asthma, and revealed major
changes in carbohydrates, sterols and energy metabolites (Ho
et al. 2013). Our subsequent followup metabolomics study of
house dust mite-induced allergic asthma similarly demon-
strated corroborating and comprehensive evidences of altered
pulmonary metabolism in the lung tissues, BALF and serum
(Ho et al. 2014b). The present study investigated the meta-
bolomics of serum from asthma mice, and evaluated potential
restorative effects of artesunate in BALF and serum metabo-
lome of allergic asthma in comparison with dexamethasone.
We presented the first kinetic study of artesunate in mice
showing rapid conversion to DHA, the major active metabo-
lite (Teja-Isavadharm et al. 2001; Morris et al. 2011), within
1 h after i.p. administration. DHA was detectable in lung
tissues, indicating this active metabolite is likely mediating
the protective effects of artesunate in experimental asthma
(Cheng et al. 2011; Ho et al. 2012).

In addition to the inhibition of OVA-induced pulmonary
infiltration of eosinophils, lymphocytes and neutrophils,
and increase in Th2 cytokine IL-4, IL-5 and IL-13 in the
allergic airway (Ho et al. 2012; Cheng et al. 2011), ar-
tesunate was able to reduce the BALF level of a broad
range of pro-inflammatory cytokines including IL-17,
MCP-1, IL-12 p(40) and G-CSF. IL-12 p(40) has been
linked to the full-blown asthma phenotype (Meyts et al.
2006) and G-CSF is a major survival factor for neutrophils
(Dai et al. 2012).
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Fig. 6 Overview of disease-
associated metabolites involved
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We have reported that BALF levels of sterols such as
cholesterol, cholic acid and cortol declined in asthma model
(Ho et al. 2013). Serum level of 18-oxocortisol, a cortisol
metabolite, was also found reduced in experimental asthma.
Serum cholesterol level is inversely related to asthma and
wheeze (Fessler et al. 2009). Cholesterol and cortol are
respective upstream and downstream metabolites of cortisol,
an endogenous anti-inflammatory sterol (Peebles et al.
2000). Artesunate was able to restore the BALF levels of
cholesterol, cholic acid and cortol, and serum level of
18-oxocortisol, which were correlated to the reductions of
IL-4, 5, 13, 17 and 12(p40), MCP-1 and G-CSF levels, and
may be linked to its anti-inflammatory effects in asthma.

There appears to be a causal link between PC and lung
surfactants levels, where reduction in PC level can lead to
worsening in lung functions in asthma (Wright et al. 2000;
Ried et al. 2013). BALF level of PC dipped, but its down-
stream metabolite choline level elevated in experimental
asthma (Ho et al. 2013). Choline, when given in excess as
supplement, has also been found to exert anti-oxidative and
anti-inflammatory effects in asthma (Mehta et al. 2009,
2010). Artesunate promoted recoveries of five PCs, PC 32:0,
PC 34:1, PC 34:2, PC 34:3, PC 35:5, and prevented the
adaptive increase in choline level in the allergic airways.
These data are strongly correlated with the drops in BALF
pro-inflammatory cytokines, and may contribute to the
suppression airway hyperresponsiveness and restoration of
lung dynamic compliance as previously reported (Cheng
et al. 2011). Aminoadipic acid is a metabolic marker for
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protein carbonyl oxidation, linking to tissue proteolysis and
oxidative stress in sepsis, diabetes and renal failure (Sell
et al. 2007). In this study, OVA-induced increase in serum
aminoadipic acid was suppressed by both artesunate and
dexamethasone, probably as a result of lessening oxidative
stress in asthma (Ho et al. 2012).

In asthma, BALF lactate is the energy metabolite being
most prominently elevated, and is strongly correlated to
increased pro-inflammatory cytokine levels, suggesting
enhanced energy burden in allergic airway inflammation.
Artesunate significantly lowered the level of lactate in
BALF. In contrast, dexamethasone failed to halt lactate
increase in BALF (Ho et al. 2013), but further raised lactate
serum level in asthma.

Both artesunate and dexamethasone suppressed the rise
in glucogenic amino acids (e.g. proline, valine, homoserine
and alanine), but reversed the drop in glucose, mannose,
galactose, arabinose and galacturonic acid in asthma. The
arginine-proline pathway is implicated in asthma (Meurs
et al. 2002; Lara et al. 2008), whereby increase in arginase
activity can lead to augmented conversion of L-arginine to
urea and ornithine. Ornithine is converted to proline and
then to valine (Weeda et al. 1980). Proline is associated
with increased collagen formation (Barbul 2008; Lara et al.
2008), while valine is linked to tissue repair (Smith and
Sun 1995). These findings suggest that artesunate and
dexamethasone could limit arginine-proline metabolism in
asthma (Fig. 6). Nevertheless, dexamethasone failed to
suppress serum urea significantly.
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Glucogenic amino acids can be metabolized into glucose
via gluconeogenesis, suggesting that both artesunate and
dexamethasone may promote glucose, mannose, galactose
and arabinose levels via gluconeogenesis in experimental
asthma (Fig. 6). Galactose and mannose shared strong
negative correlations with inflammatory cell counts (Ho
et al. 2013) and with inflammatory cytokines observed in
the present study. Mannose possesses broad anti-inflam-
matory effects against LPS-induced lung injury ( Xu et al.
2008), while the product of arabinose and galactose,
arabinogalactan, exhibits protection against allergic asthma
(Peters et al. 2010).

Dexamethasone caused changes in 20 BALF metabolites
which were unaltered in experimental asthma (Ho et al.
2013). In contrast, artesunate only induced changes in 6
BALF metabolites that were irrelevant to asthma develop-
ment. Petroselinic acid was induced but 2-oxoarginine was
reduced by both artesunate and dexamethasone. Elevation in
petroselinic acid can suppress arachidonic acid which is a
key lipid mediator that promotes airway inflammation
(Weber et al. 1995; Serrano-Mollar and Closa 2005).
Reduction of 2-oxoarginine may help lessen certain lung
toxicity (Marescau et al. 1990). Artesunate also increased
eicosadenoic acid, a n-6 polyunsaturated fatty acid, which
can modulate inflammatory responses and be further con-
verted to sciadonic acid, an anti-inflammatory fatty acid
(Huang et al. 2011). In serum, artesunate did not cause any
additional metabolic changes while dexamethasone induced
alterations to 20 metabolites which were unaffected by
asthma. These results indicate that corticosteroid has much
broader metabolic impact than artesunate in experimental
asthma, but whether they confer additional therapeutic val-
ues or impose side effect burden to patients remain to be
determined.

5 Conclusions

Taken together, we revealed for the first time that artesu-
nate possesses considerable restorative actions on airway
(BALF) and systemic (serum) metabolism in experimental
asthma. These effects are represented by the promotion of
beneficial carbohydrates, sterols and phosphatidylcholines
and the reduction of lactate and other pro-inflammatory
metabolites belonging to the arginine-proline metabolic
pathway. While artesunate can suppress airway inflam-
mation and produce an array of anti-inflammatory meta-
bolic effects similar to those by dexamethasone, it causes
much less alterations in metabolites that were irrelevant to
asthma. Indeed, artesunate did not affect metabolic profiles
in naive mice. These metabolomics data further strengthen
the therapeutic value of artesunate for allergic asthma.
Another major observation is that serum metabolite

changes correlated well with airway BALF metabolite
changes, implicating predictive value of serum metabolo-
mics-derived markers for understanding asthma.
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