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Farfarae Flos (FF) is widely used in china to treat pulmonary disorders such as coughs, bronchitis,
tuberculosis and asthmatic disorders. In this study, a 'H NMR based metabolomic approach coupled with
biochemical assay as well as histopathological inspection had been employed to study the protective
effect of petroleum extracts of FF (PEFF) against OVA-induced asthma using a rat model. Multivariate
analysis revealed that 19 of the perturbed endogenous metabolites in the lung could be reversed by
PEFF, and MetPA analysis revealed that the anti-asthamtic effect of PEFF was probably related with
regulation of arginine and proline metabolism, pyruvate metabolism and p-glutamine and p-glutamate
metabolism. The regulatory effect on the cytokines (IL-4, IL-5, IL-13, and IL-17) and serum HO-1
suggested that the anti-asthmatic action of PEFF was also probably related with the balancing of the
Th1/Th2 cells and the Nrf2/HO-1 pathway. The results of chemical analysis showed that the
sesquiterpenes were present as the major components in PEFF, and further studies are needed to
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1. Introduction

Asthma is a heterogeneous disease, which is diagnosed by
respiratory symptoms such as wheezing, shortness of breath,
chest tightness and coughing.® It is characterized by chronic
airway inflammation with high levels of eosinophils, increased
mucus production in the bronchioles, and airway hyperreac-
tivity to a variety of specific and nonspecific stimuli. The path-
ogenesis of asthma is very complex, with immunological factors
being the most important.

Previous studies showed that asthmatic patients had an
immunity imbalance of Thl/Th2 in vivo. The Th2 cells, which
secret IL-4, IL-5, and IL-13, are over activated, while the Th1
cells, which secrete the cytokines of interferon-gamma (IFN-vy),
are reduced. IFN-y shows an inhibitory action on IgE
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validate the bioactive compounds responsible for the anti-asthmatic effect of PEFF.

production, while the IL-4, IL-5, IL-13 can promote the
production of IgE, which can further stimulate the proliferation
and activation of eosinophils. The activated eosinophils will
secrete a variety of proinflammatory medium and will lead to
chronic inflammation of airway.*?

Among the anti-asthmatic medications available, the gluco-
corticoid anti-inflammatory drugs are the preferred therapeutic
for mild to moderate asthma. However, the requirement for
daily inhalation with glucocorticoids is often a cause for poor
patient compliance, which limited the use of glucocorticoids in
asthma therapy.® In addition, steroidal anti-inflammatory drugs
are not universally effective in all patients although they are the
recommended medication for asthma in clinical practice.” On
the other hand, long-term use of steroidal anti-inflammatory
drugs can cause complications such as pneumonia, fracture,
hyperglycemia and cataract.® Therefore, the research in the new
therapeutic agents with high potency to combat inflammation
and relieve asthma with fewer adverse effects is presently the
focus of many scientists and physicians.

Traditional Chinese Medicine (TCM) showed unique thera-
peutic effect in the treatment of various diseases, as it had the
advantage of little side effect, low cost and low recurring rate.
Various plant-derived natural extracts, such as Pheretima
aspergillum,® Eclipta prostrata (L.) L,"* Mandevilla longiflora,"
with anti-inflammatory properties have been tested for poten-
tial application in the treatment of asthma.'? Farfarae Flos (FF),
also known as Kuandonghua in China, is derived from the
flower buds of Tussilago farfara L. (Coltsfoot), which is widely
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used to treat pulmonary disorders such as cough, bronchitis,
tuberculosis and asthmatic disorders.*® In addition, the extracts
of FF also showed other bioactivities, such as anti-inflamma-
tory," anti-cancer,” neuroprotection,'® and platelet activating
factor inhibition.”” Phenylpropanoids,*® flavonoids,* triterpe-
noids,* sesquiterpenoids® and alkaloids** constitute the major
classes of secondary metabolites in FF. The sesquiterpenes,
which were present as the characteristic components in FF,
showed obvious anti-inflammatory activities. As inflammation
plays an important role in asthma, we speculated that the
sesquiterpene extracts of FF may be used for treating asthma.

The present study aimed to evaluate the protective role of
petroleum extracts of FF (PEFF) using OVA-induced rats asth-
matic model and its underlying mechanism based on a new
strategy, which integrating untargeted metabonomics, partial
least square regression analysis, MetPA and molecular docking.
To our knowledge, this is the first study that deeply assessed the
metabolic regulation of PEFF against asthma.

2. Materials and methods
2.1 Chemicals and plant materials

Petroleum ether (60-90 °C), was acquired from Tianjin Univer-
sity Chemical experimental factory (Tianjin, China). Acetonitrile
and methanol of chromatographic grade were obtained from
Fisher (USA). The sodium 3-trimethylsilyl[2,2,3,3-d,]propionate
(TSP) was obtained from Cambridge Isotope Laboratories Inc
(Andover, MA, USA). D,O was bought from Norell (Landisville,
NJ, USA). Analytical grade Na,HPO,-2H,0 and NaH,PO,-12H,0
were obtained from Guangfu Fine Chemical Research Institute
(Tianjin, China) and Zhiyuan Chemical Reagent Co., Ltd
(Tianjin, China), respectively. Phosphate buffer was prepared
with Na,HPO,-2H,0 and NaH,PO,-12H,0 (0.1 M, pH 7.4),
containing 10% D,0 and 0.1 mM L~ " of TSP.

Dexamethasone sodium phosphate (DEX) was obtained from
Tianjin kingyork group co., sodium chloride, aluminium
hydroxide, Tween-80, were purchased from Sigma (St. Louis,
Missouri, USA). The IL-4, IL-5, IL-13, INF-y, Ig-E and HO-1 ELISA
Ready-Set-Go!® kits were obtained from Sangon Biotech
(Shanghai, China).

FF was obtained from a local drug store authenticated as the
buds of Tussilago farfara L. by Prof. Xue-Mei Qin, and the
voucher specimens (No. KD-34) were deposited in the
herbarium of Modern Research Center for Traditional Chinese
Medicine of Shanxi University.

2.2 Extract preparation

The dried flower buds (3 kg) of FF were ground to powder, and
extracted three times for 60 min with 4 L of petroleum ether
(60-90 °C) under ultrasonication, and the combined extract was
concentrated under reduced pressure, which yielded 6.5 g of
PEFF for the further chemical analysis and animal experiment.

2.3 NMR and LC-MS analysis of PEFF

For NMR analysis, about 50 mg of PEFF was re-dissolved in
CDCl;. After centrifuging for 15 min at 13 000 rpm, the
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supernatant (600 pL) was transferred into a 5 mm NMR tube for
NMR analysis. The NMR spectral was measured using zg30
sequence at 298 K on Bruker Avance 600-NMR spectrometer
(600.13 MHz proton frequency, Bruker, Germany) equipped
with a Bruker 5 mm double resonance BBI probe.

For the further identification of the chemical components in
PEFF, LC-MS was also used. PEFF was analyzed on the UHPLC-
Q-Exactive-Orbittrap-MS equipment (Thermo Fisher, USA).
Thermo Fisher U 3000 system was fitted with a Wasters BEH
C18 (2.1 x100 mm, 1.7 pm) with ESI ion source. The Z-spray
ionization source was maintained at 300 °C with spray volt-
ages of 3.5 kV in the positive ionization mode. Additional
operating parameters were: capillary temperature 320 °C, lens
voltage 55 kPa, mass resolution 70 000, and mass scan range
80-1500 m/z in the full-scan mode.

A sample containing 0.5 mg mL~" of PEFF in methanol was
passed through a 0.22 pm pore size syringe filter, and an aliquot
of 5 uL was injected into the column. Elution was performed
using a mixture of 0.03% formic acid (solvent A) and acetonitrile
(solvent B) at a flow rate of 0.3 mL min "' in the form of
a gradient from 70% to 80% B between 0 and 5 min, from 80%
to 95% B between 5 and 25 min.

2.4 Experimental animals

8 week-old female RD rats (180-220 g) were purchased from
Beijing Vital River Laboratories Co., Ltd. (SCXK (Jing) 2011-
0012, Beijing, China). The rats were housed five rats in each
laminar flow cabinet under the following conditions, tempera-
ture of 20-24 °C, relative humidity 65 + 10% and maintained on
12 h light-dark cycle, with food and water ad libitum.

60 rats were randomly divided into six groups: control group
(sensitized and challenged with saline); model group (sensitized
and challenged with OVA); three treatment groups (sensitized and
challenged with OVA and treated with PEFF). DEX group (sensi-
tized and challenged with OVA and treated with DEX). The
procedures employed for OVA sensitization and challenges, as well
as the treatment with PEFF were shown in Fig. 1. OVA sensitization
was performed twice at an interval of seven days by intraperitoneal
injection of a solution containing 1 mg of OVA and 100 mg of
aluminum hydroxide in 0.9% saline solution.”® The PEFF was
dissolved in saline with 2% Tween-80 and diluted to a final
concentration of 5 mg mL ™", and stored at 4 °C for further use.

The OVA challenge and drug treatment spray for fourteen
consecutive days. Control group: challenged with saline (2%
Tween-80) only; model group: challenged with OVA only; LD
group: challenged with OVA and treated with 0.1 g kg™ " of PEFF;

PEFF or dexamethasone
(inhalation) treatment

> days

0 7 14
~N

Sensitization (i.p.)
OVA/Alum

Treatment 30min later
5% OVA challenge

Fig. 1 Rat model of OVA-induced asthma and treatment with dexa-
methasone and PEFF.
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MD group: challenged with OVA and treated with 0.2 g kg™ " of
PEFF; HD group: challenged with OVA and treated with
0.4 g kg™ of PEFF; DEX group: challenged with OVA and treated
with 2 mg kg™ of dexamethasone.

2.5 Collection of serum and bronchoalveolar lavage fluid
(BALF)

After the rats were anesthetized with urethane, the blood was
collected from the femoral artery and then separated using
refrigerated centrifugation at 13 000 rpm for 10 min to afford
the serum. The serum samples were snap-frozen in liquid
nitrogen and stored at —80 °C for further analysis.

The lungs were lavaged through the tracheal cannula with
PBS (pH 7.4), which contain 136.89 mM of NaCl, 2.67 mM
of KCl, 8.24 mM of Na,HPO,, and 1.76 mM of KH,PO,. The
airway lumina was washed three times with 1 mL of PBS, then
the BALF was collected. The BALF from each rat was pooled, and
then centrifuged at 13 000 rpm for 10 min at 4 °C. The cell pellet
was resuspended in 1 mL of saline. To perform the leukocyte
cell count, cells were identified by HEMAVET950FS automatic
animal blood analyzer and classified as eosinophils, lympho-
cytes, neutrophils, and monocyte.

2.6 Histopathological examination

After BALF collection, the ligated left lung was fixed with 10%
(v/v) neutral formalin for 24 h. To enhance fixation, the lungs
and tracheas were placed in a rubber-capped ampulla bottle filled
to 2/3 maximum volume level with 10% (v/v) neutral formalin. The
lung tissues and tracheas tissues were paraffin-embedded,
sectioned at 4 pm, and stained with hematoxylin & eosin (H & E)
to observe inflammatory cells infiltration in the lung tissues.
Images were obtained and studied under light microscopy.

2.7 Determination of biochemical indexes levels

The levels of IL-4, IL-5, IL-13, IL-17, INF-y, HO-1 and IgE levels
in the serum were determined with the corresponding enzyme-
linked immunosorbent assay (ELISA) kits according to the
manufacturer's instructions.

2.8 Sample preparation of lung tissue for NMR
measurement

The right lung (about 600 mg) was extracted with 2700 pL of
methanol/water (2 : 1, v/v) using an ultrasonic cell crusher, then
was centrifuged at 4 °C and 13 000 rpm for 20 min. The super-
natant was dried in nitrogen flow and stored at —20 °C. Then, the
dried mass was diluted with 750 puL of phosphate buffer (0.1 M
Na,HPO,-NaH,PO,, pH 7.4) containing 0.1 mM L~ of TSP and
10% D,0. The mixture was centrifuged at 4 °C and 13 000 rpm for
20 min, and an aliquot of 600 uL supernatant was transferred
into 5 mm NMR tubes for "H NMR analysis.

2.9 NMR data processing and multivariate analysis

The "H NMR spectra were processed using the MestReNova soft-
ware (version 10.0.1, Mestrelab Research, Santiago de Compos-
tella, Spain). The phase and baseline distortions were corrected
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manually and referenced to the chemical shift of TSP at 0.00 ppm.
Then the spectra were divided and the signal integrals were
computed in 0.01 ppm intervals across the region ¢ 0.5-9.0 ppm.
The regions of ¢ 4.69-5.15 ppm were removed to eliminate the
effects of imperfect presaturation of water. Normalization to
a total area of all integrals was applied prior to further analysis.

The processed NMR data matrix was imported into Simca-P
13.0 software (Umetrics, Sweden) for multivariate data analysis.
Principal component analysis (PCA) was carried out on the mean
centered data to obtain an overview and find possible outliers.
Partial least squares discriminant analysis (PLS-DA) was applied
to determine the differential metabolites between the groups of
samples, which were defined as separate response variables. The
model qualities were assessed with the total explained variables
(R*X values) and the model predictability (Q* values) followed by
rigorous permutation tests (number: 200). Orthogonal projection
to latent structure-discriminate analysis (OPLS-DA) was also
employed to maximize the separation between groups. Potential
biomarkers were extracted from S-plots constructed with the
followed OPLS-DA analysis, and the biomarkers were chosen
based on their contribution to the variation. Meanwhile, the
underlying relationship between differential metabolites and
biochemical indexes was evaluated by PLS-RA. PLS-RA is
a multivariate calibration model to reveal the relationship
between two matrices (X and Y) based on the two-block predictive
PLS model, which could afford the latent structures of observa-
tions by regression.** Predicted variations (Q*Y) and significance
of the model (p value) are its main diagnostic parameters. In this
study, differential biochemical indexes (IL-4, IL-5, IL-13, IL-17,
IFN-y, IgE, HO-1) levels acted as X-variables to characterize the
asthma. The integrating peak integrals of metabolites acted as
Y-variables.

To further compare the drug efficacy, efficacy index was
calculated with eqn (1), where X;, M;, C; represent relative contents
evaluated on the basis of the relative amounts of metabolites from
the least-overlapping NMR signals of metabolites in drug-treated
groups, model group and control group, respectively.

n
El (Efficacy index) = Z
i=1

X, — M,

The relative amounts of metabolites were evaluated by the
average peak areas of the least-overlapping characteristic reso-
nances in comparison with that of the internal standard (TSP).
Data were expressed as mean + SEM and n presented the
number of animals. Statistical analyses were performed using
Graph Pad Prism 5.0 software. Analysis of one-way ANOVA
analysis was used to compare mean value for the different
groups, followed by SPSS 16.0 software for multiple compari-
sons. A p value <0.05 (two-sided) was considered significant.

3. Result
3.1 Chemical analysis of PEFF

The typical "H NMR spectrum of PEFF was shown in Fig. S1.}
The signals were assigned based on comparisons with the

RSC Adv., 2017, 7, 39929-39939 | 39931
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chemical shift of standard compounds, as well as reported NMR
data.>®*® In addition to the high level of fatty acid or fatty acid
ester, the signals corresponding to the doubles bonds and
methyl groups of the sesquiterpenoids were obviously detected
in the region of 6 4.5-6.5 and 6 0.8-1.2, and the compounds
identified by NMR in PEFF were listed in Table S1.}

In addition, LC-MS analysis was also applied, and seven
compounds (Fig. S2t) were identified in PEFF (Table S27). The
details of the identification process could be found in the ESL.f
The structures of all the identified compounds were shown in
Fig. 2. It was obvious that the sesquiterpenoids were present as
the major components in the PEFF.

3.2 Pathological examination

H & E staining was applied to investigate the effects of PEFF on
lung histological changes in the asthmatic rats. The results
indicated that OVA-challenged rats showed marked inflamma-
tory cell infiltration in the peribronchial and perivascular areas
as well as airway epithelial thickening. After the treatment of
PEFF or DEX, the OVA-induced pathological changes could be
significantly attenuated (Fig. 3).

In addition, the results of histological change in the trachea
(Fig. S31) also showed significant tracheal myofibroblast
distribution, which reflected the increase of tracheal wall
thickness. It is worthy to note that the tracheal wall thickness in
the OVA repetitively challenged rats was significantly greater
than those in the control animals. The area of enlarged myofi-
broblast could be reduced significantly after the treatment of
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PEFF, especially in the HD group, as compared with the rats in
the model group.

3.3 Effects of PEFF on inflammatory cell counts in BALF
samples

The number of eosinophil, neutrophil, and monocyte in the
BALF of OVA-challenged rats were increased significantly as
compared with the normal controls. As shown in Fig. 4, after the
treatment with the PEFF at all concentrations tested, those
increased inflammatory cell counts were reduced significantly
in comparison with the model group (p < 0.01). In contrast, the
number of lymphocyte was reduced in the OVA challenged rats,
which could be increased (p < 0.01) by the treatment of PEFF as
well as the DEX. In addition, microscopic examination of lung
sections also confirmed that the migration of inflammatory
cells were significantly reduced after the treatment of PEFF in
comparison with the model group.

3.4 Determination of biochemical indexes

Several cytokines have been found closely associated with the
asthma, such as IL-4, IL-5, IL-13. Thus, the ELISA assay was used
to evaluate the changes of these inflammatory mediators in the
model and the treatment groups. Sensitisation and challenge
with OVA significantly increased (p < 0.01) the concentration of
IL-4, IL-5, IL-13, and IL-17, and decreased the level of INF-y
(Fig. S47). The levels of IL-4, IL-5, IL-13, and IL-17 were atten-
uated after the treatment with PEFF at all concentrations tested.
In addition, the level of INF-y was also increased by the

Fig. 2 The structures of compounds of PEFF.
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Fig.3 Histopathological photomicrographs of rats lung, and C mean control group, M mean model group, DEX mean dexamethasone group, LD
mean low dose group, MD mean middle dose group, and HD mean high dose group.
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Fig. 4
indicated as p < 0.01 (**).

treatment of PEFF. For these cytokines, the high dose group
showed the best regulatory effect toward normal controls, and
its regulatory effect was similar to that of DEX.

The rats in the model group showed significantly higher level
of IgE (p < 0.01) in comparison to the control group, which could
be reduced after treatments with PEFF at all of the tested doses.
The HD group showed a significant (p < 0.05) reduction of about
30% in the IgE levels, and the regulatory effect was similar to
that of DEX group (Fig. S4Ft). In addition, the HO-1 content was
found decreased in the rats sensitized and challenged with OVA
(Fig. S4GY). After treatment with PEFF, the levels of HO-1 were
strengthened at all of the tested doses (p < 0.01) as compared to
the model group. It is worthy to note that the levels of HO-1 in
all of the PEFF treated groups were higher than that in the DEX

group.

3.5 Metabolomic study of rat lung

3.5.1 Multivariate data analysis of the lung extracts. The
typical "H NMR spectra of the lung tissues of rats were shown in
Fig. S5.f The spectral signals were assigned based on the
chemical shifts of standard compounds from the literature
data,” HMDB and BMRB database. The detected metabolites in

This journal is © The Royal Society of Chemistry 2017
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Inflammatory cell counts in BALF of rats. The statistical significance of differences between model group and other groups (n = 6) are

the lung extracts and the corresponding NMR data were listed
in ESI Table S3.}

To obtain more detailed metabolic differences between the
control and model groups, the NMR data were subjected to
multivariate data analysis. In the PCA score plot (Fig. S6AT),
which were generated by PC1 (39.4%) and PC2 (12.7%), a clear
separation could be observed between the control and OVA
treated rats. To further maximize the difference between the
control and model group, PLS-DA and OPLS-DA were also
applied. The PLS-DA model was validated using the response of
the permutation test through 200 permutations, in which all R
and Q? values were lower than the original ones, suggesting the
validity of established discriminant model (Fig. S6BY). Thus, the
metabolic difference did exist between the normal control and
model group. For the OPLS-DA score plots (Fig. S6Ct), the
parameters R” (0.628), Q> (0.942), p values (2.03 x 10~ %) indicated
the interpretability, predictability, as well as the validity of the
established models. Then the corresponding S-plot (Fig. S6D¥)
combined with variable importance in the projection (VIP > 1.0)
were applied to determine the metabolites contributing to the
separation, which indicated that the rats in the model group
showed higher levels of pyruvate, leucine, alanine, isoleucine,

RSC Aadv., 2017, 7, 39929-39939 | 39933
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valine, 3-hydroxybutyrate (3-HB), lysine, arginine, ornithine,
acetate, glutamate, methionine, dimethylamine (DMA),
creatine, phosphocholine (PC), phosphoethanolamine (PE), and
scyllo-inositol, as well as lower levels of a-glucose, xanthine,
hypoxanthine in the lung tissue, as compared with the normal
controls.

3.5.2 Efficacy evaluation of PEFF by relative distance
calculation and efficacy index. To reveal the drug action of
PEFF, the PLS-DA score plot was depicted in Fig. 5, which
exhibited obvious separation among the control, model, DEX,
and PEFF (high dose, middle dose and low dose) groups. The
DEX and PEFF groups were located between the control and
model groups in the score plot, suggesting that PEFF could alter
the perturbed metabolic profile caused by the OVA sensitiza-
tion. In order to further evaluate the drug efficacy of PEFF
quantitatively, the relative distances between treatment groups
(model, DEX, HD, MD, LD) and control group in the PLS-DA
(Fig. 5) score plot were calculated. The mean metabolic
patterns of control group were used as the jumping-off point of
metabolic pattern for other groups. The relative distances
(Table 1) of all the drug-treated groups were smaller in
comparison with the model group, and the relative distance of
HD-treated group was smallest, indicating that the high dose of
PEFF exerted the best effect against the OVA challenging.

In addition, relative integral levels of perturbed endogenous
metabolites in the lung tissues of control, model and drug
treated groups were listed in Fig. S77 for semi-quantitation. It is
obviously that the contents of some perturbed metabolites in
the lung tissues of PEFF treated groups were regulated toward

&C
OM
A O DEX
9 HD
20 4 ¢ MD
9LD
10 4 &O @
] o — Q}& ¢
- o e
009 *
-10 4 % *, ¢
-20 o
-30 T —rTrTT5
50 -40 -30 -20 -10 O 10 20 30 40
t[1]

Fig.5 PLS-DA score plots based on 'H-NMR data of homogenates of
rats, and C mean control group, M mean model group, DEX mean
dexamethasone group, LD mean low dose group, MD mean middle
dose group, and HD mean high dose group (n = 6).

Table 1 The relative distances among six groups of control, DEX and
PEFF from the PLS-DA score of lung homogenates

Control (mean)

RD x-axis y-axis DEX HD MD LD Model

26.4249 —11.1433 28.941 29.164 34.296 39.669 40.513
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normal state, indicating that the PEFF exerted the protective
effect against the OVA sensitization.

Totally, the contents of 19 key metabolites (isoleucine,
leucine, valine, 3-HB, lysine, alanine, arginine, ornithine,
acetate, glutamate, methionine, pyruvate, DMA, creatine, PC,
PE, scyllo-inositol, xanthine, hypoxanthine) could be reversed in
treated-PEFF group of HD group. While 17 metabolites,
including isoleucine, leucine, valine, 3-HB, lysine, ornithine,
acetate, glutamate, methionine, pyruvate, DMA, creatine, PC,
PE, a-glucose, xanthine, and hypoxanthine, could be reversed in
the DEX group. Some of the metabolites, such as scyllo-inositol,
alanine, arginine, could only be regulated by PEFF, while a-
glucose could only be reversed in DEX group.

To further compare the drug efficacy, efficacy index, reflect-
ing the integrated influence of the overall biomarkers, was
introduced for quantification. The efficacy index of PEFF-
treated rats in HD group was much higher than those of MD
group and LD group (Table 2). In addition, the efficacy index of
HD group was also higher than the DEX group, indicating that
the high dose of PEFF exerted the best effect.

3.6 Correlation analysis of biochemical indexes, and
metabolites of S-plot

To investigate the relationship between the perturbed metabo-
lites and biochemical indexes (IL-4, IL-5, IL-13, IL-17, IgE and
IFN-v), a correlation matrix was generated by calculating the
Pearson's correlation coefficient. As shown in Fig. 6, IL-4
showed obviously positive correlations with glutamate, lysine,
alanine, leucine, and methionine, and negative correlations
with hypoxanthine, a-glucose, xanthine. A series of metabolites,
including hypoxanthine, a-glucose, methionine, valine, isoleu-
cine, and leucine, presented a higher correlation with IL-5. IL-13
had obviously positive correlations with methionine, pyruvate,
valine, isoleucine, leucine, but negative correlations with
hypoxanthine and o-glucose. Meanwhile, IL-17 had positive
correlations with glutamate, acetate, ornithine, and lysine, and
evidently negative correlations with hypoxanthine, xanthine
and o-glucose. Besides, IFN-y had correlations with the
metabolites including 3-HB, DMA, glutamate, acetate, orni-
thine, hypoxanthine, evidently and lysine. IgE was positively
correlated to glutamate and lysine, and was negatively corre-
lated to hypoxanthine, xanthine and a-glucose. HO-1 showed
obviously negative correlations with DMA, arginine and
pyruvate.

3.7 PLS-RA analysis of potential biomarkers involved into
OVA-induced asthma

PLS-RA was performed to gain possible relationships between
the perturbed endogenous metabolites revealed by S-plot and
biochemical indexes (IL-4, IL-5, IL-13, IL-17, IgE and IFN-y). At
first, the PLS-RA models were established, and the detailed
diagnostic parameters of the models were shown in Table 3.
Based on the model parameters (R*X, Q°Y, Q*Y > 0.5, and P
values <0.05) of PLS-RA, 13 metabolites, including pyruvate,
leucine, alanine, isoleucine, valine, lysine, arginine, ornithine,
acetate, glutamate, methionine, DMA and creatine, were found

This journal is © The Royal Society of Chemistry 2017
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Table 2 The efficacy index (%) of lung homogenates

No. Integrals Metabolites DEX HD MD LD
1 1.026-1.005 Isoleucine 68.49817 64.10256 38.46154 2.930403
2 0.982-0.949 Leucine 63.98446 63.09656 41.28746 14.76138
3 1.065-1.030 Valine 64.27221 63.138 36.67297 1.323251
4 1.215-1.196 3-HB 87.57764 82.6087 63.97516 62.1118
6 1.742-1.718 Lysine 67.69706 64.45131 43.43122 0.309119
7 1.500-1.470 Alanine 88.18681 187.6374 180.4945 440.3846
8 1.713-1.694 Arginine 460.5744 83.28982 77.54569 17.49347
9 1.766-1.743 Ornithine 88.66856 78.18697 69.68839 35.97734
10 1.935-1.917 Acetate 83.27444 80.68316 55.7126 29.44641
11 2.072-2.035 Glutamate 63.97749 51.78236 31.70732 9.287054
12 2.150-2.134 Methionine 60.16129 50.96774 28.06452 3.225806
17 2.368-2.376 Pyruvate 27.31959 55.15464 38.14433 13.91753
19 2.727-2.716 DMA 91.66667 81.94444 76.38889 65.27778
21 3.946-3.930 Creatine 73.9508 61.21563 23.29957 8.972504
24 3.621-3.611 PC 42.33577 37.59124 26.27737 18.24818
25 3.279-3.267 PE 246.2963 1175.926 772.2222 761.1111
28 3.374-3.358 Scyllo-inositol 93.10345 76.72414 13.7931 18.10345
33 5.262-5.230 a-glucose 143.4109 74.4186 48.83721 1.550388
40 7.937-7.900 Xanthine 146.087 84.34783 50.43478 4.347826
41 8.233-8.190 Hypoxanthine 98.39572 82.8877 79.67914 67.37968
Efficacy index (EI) 2159.439 2600.155 1796.118 1576.159
L4 1
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Fig. 6 Pearson's correlations analysis of biochemical indexes, and metabolites of S-plot from lung samples.

closed related with the levels change of the biochemical indexes 3.8 Molecular docking analysis
(Table 3), and after the treatment of PEFF, all of these 13 altered

’ In order to explore the active ingredients in PEFF that have
metabolites were regulated toward normal controls.

efficacy in asthma, molecular docking analysis was also
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Table 3 Summary of the PLS-RA models diagnostic parameters

No. Metabolites R*X“ R*Y* QY p value®

1 Isoleucine 0.887 0.632 0.565 2.86 x 107°
2 Leucine 0.898 0.758 0.727 3.022 x 10°8
3 Valine 0.968 0.670 0.625 4.44 x 107°
4 3-HB 0.759 0.424 0.347 8.73 x 10°*
6 Lysine 0.969 0.710 0.661 1.26 x 107°
7 Alanine 0.895 0.553 0.502 2.18 x 107*
8 Arginine 0.969 0.634 0.592 1.55 x 10~*
9 Ornithine 0.902 0.659 0.603 7.73 x 10°°
10 Acetate 0.896 0.626 0.585 1.28 x 107°
11 Glutamate 0.867 0.757 0.712 6.05 x 10~ ®
12 Methionine 0.968 0.768 0.734 4.74 x 1077
17 Pyruvate 0.907 0.625 0.584 1.39 x 107°
19 DMA 0.908 0.637 0.561 3.38 x 10°°
21 Creatine 0.869 0.582 0.501 2.12 x 107*
24 PC 0.762 0.218 0.057 0.378

25 PE 0.228 0.326 0.184 0.348

28 Scyllo-inositol 0.759 0.115 0.700 0.307

33 a-glucose 0.826 0.541 0.458 7.35 x 10°*
40 Xanthine 0.869 0.414 0.367 5.63 x 1072
41 Hypoxanthine 0.758 0.392 0.336 1.16 x 103

¢ R°X and R’Y are cumulative modeled variation in the X and the Y
matrix, respectively. b %y is the cumulative predicted variation in the
Y matrix. ¢ p-value, obtained from cross validation ANOVA of the PLS-
RA models.

performed. The biochemical indexes (IL-4, IL-5, IL-13, IL-17, IgE
and IFN-y) were imported into RCSB Protein Data Bank
(http://www.rcsb.org/pdb/), and then the corresponding IDs
could be found. Then the PDB IDs of the biochemical indexes
and 9 compounds identified in PEFF, were imported into
systems dock (http://systemsdock.unit.oist.jp/). Based on
molecular docking, the tight binding of active ingredients with
potential protein targets with the docking score (>4.52)* were
filtered out as the tightest binding ligand, and the scores were
tabulated in Table 4.

The nine compounds identified in PEFF were found to
bound with different protein targets. Among the tested protein
targets, IL-13 and IL-17 showed high docking scores with the
nine compounds, implying that these components in PEFF were
effective for asthma by regulating the cytokines of IL-13 and
IL-17. The results further proved that the IL-13 and IL-17 did
play a direct role in asthma. In addition, seven compounds (2, 3,
5,6, 7, 8, 9) exhibited tight docking to the IgE, which suggested
that some compounds in PEFF were also effective by directly
affecting the IgE.

4. Discussion

4.1 Inflammation analysis in BALF

The OVA-induced lung inflammation in rats, resulted in
a Th2-type response with a significant increase of monocyte,
particularly eosinophils and neutrophils, into the lung
tissue.?” The eosinophilia in asthmatic patients is a key hall-
mark of asthma and correlates with severe exacerbations.
Eosinophils can lead to bronchoconstriction, mucus secre-
tion, and structural damage to the pulmonary region, with
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Table 4 The docking scores of 9 active ingredients and its targets in
PEFF

No. Target gene PDB ID Docking score
1 IL-17 S5HI4 6.066
IL-13 5L6Y 5.823
2 IL-17 5HI4 6.69
IL-13 5L6Y 5.142
IgE 5LGK 5.135
3 IL-17 5HI4 6.701
IL-13 5L6Y 5.43
IgE 5LGK 5.275
4 IL-17 5HI4 6.712
IL-13 5L6Y 6.482
5 IL-17 S5HI4 6.693
IL-13 5L6Y 6.662
IgE 5LGK 5.113
6 IL-17 S5HI4 6.644
IL-13 5L6Y 5.276
IgE 5LGK 5.109
7 IL-17 5HI4 6.763
IL-13 5L6Y 5.275
IgE 5LGK 5.157
8 IL-17 S5HI4 6.708
IL-13 5L6Y 5.343
IgE 5LGK 5.154
9 IL-17 5HI4 6.708
IL-13 5L6Y 5.054
IgE 5LGK 5.067

bronchial hyperresponsiveness.*® In this study, the influx of
inflammatory cells into the airways were reduced significantly
after the treatment of PEFF, and the effect was close to that of
DEX. The results of histological analysis also confirmed the
effect of PEFF on the cell migration.

4.2 Biochemical indexes analysis

The cytokines secreted by Thl cells can promote cellular
immune response to asthma, which shows a protective effect
against asthma. The factors of Th2 cells can affect T cell
differentiation in the onset of asthma and airway inflamma-
tion.*" IL-4, IL-5 and IL-13, which are secreted by Th2 lympho-
cytes, can stimulate IgE production and are also associated with
the development and malignant outcome of pulmonary
fibrosis. In addition, IL-5 has been demonstrated to play a key
role in the maturation of eosinophils,** such that the generation
of eosinophils is suppressed if the production of IL-5 is
inhibited. IFN-y produced by Th1 cells, shows an inhibitory
action on IgE production.*® The above mentioned cytokines in
asthmatic rats were investigated after the treatment of PEFF,
and the results indicated that the high and middle dose of
PEFF, as well as DEX could reduce the serum levels of IL-4, IL-5,
IL-13 as well as IgE significantly. The results presented here
suggested that PEFF could suppress IgE secretion by reducing
the production of IL-4, IL-5 and IL-13, which, in turn, could
suppress the maturation of eosinophils and reduce the IgE in
the serum, thus alleviating inflammation and asthma. In
addition, the levels of IFN-y in the DEX and PEFF treatment

This journal is © The Royal Society of Chemistry 2017
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groups were increased compared with the model group. The
above mentioned results suggested that the anti-asthmatic
effect of PEFF was probably related with the balancing of the
Th1/Th2 cells.

IL-17 is a cytokine that has been reported to be produced by
Th17 cells. In a recent study, Molet et al.** demonstrated that
the eosinophils was the cellular source of the production of
IL-17, which was up-regulated in asthma. Chabaud et al.** evi-
denced that IL-17 play an indirect role in airway remodeling in
asthma. The increased expression of IL-17 in OVA-induced
asthmatic rats could be reduced significantly by the treatment
of PEFF, indicated that the action of PEFF on asthmatic rats was
also related with the regulation of IL-17. HO-1 is a rate-limiting
enzyme of ferroprotoporphyrin metabolism, and it is a stress-
induced protein. HO-1 catalyzes ferroprotoporphyrin to
generate biliverdin, bilirubin, and CO. These enzymatic prod-
ucts are responsible for HO-1 action.*® HO-1 exerts a protective
effect for tissue injury through multiple mechanisms including
anti-oxidation, anti-inflammation, and anti-apoptosis. The
anti-inflammatory effect of HO-1 has been well studied in
respiratory diseases. In several airway inflammatory models,
HO-1 is found to reduce local inflammatory cell infiltration.*” In
addition, HO-1 can stabilize mast cells, lessen IgE production,
and inhibit adhesion molecules.*® Therefore, HO-1 plays an
important role in preventing airway inflammation. Previous
studies showed that the anti-inflammatory effect of sesqui-
terpnenoids was mideated by Nrf2/HO-1 pathway.* Compared
with model group, the serum HO-1 level was increased
remarkably after the treatment with PEFF, suggesting that
the anti-asthmatic effect of PEFF was also involved with
anti-inflammatory effect by Nrf2/HO-1 regulation.

4.3 Metabolic pathways analysis

In order to explore the possible pathways that were affected by
PEFF, differential biomarkers that had correlation with
biochemical indexes (IL-4, IL-5, IL-13, IL-17, IFN-y, IgE and
HO-1) were imported into MetaboAnalyst. Three metabolic
pathways, including arginine and proline metabolism, pyruvate
metabolism, p-glutamine and p-glutamate metabolism, with the
impact-value >0.1 were filtered out as the most important
metabolic pathways, and mapped on KEGG for the host
response to PEFF (Fig. S81).** These metabolic changes and the
associated pathways provided deep insights into the mecha-
nism of anti-asthmatic effect of PEFF (Fig. S87).

Arginine is one of the most versatile amino acids in animal
cells, serving as a precursor for the synthesis of not only
proteins but also nitric oxide, urea, polyamines, proline,
glutamate, creatine and agmatine. Arginine can regulate the
immunity system by means of arginase and nitric oxide
metabolic pathways as an immune regulator.** Metabolism of
proline could generate electrons to produce ROS and initiate
a variety of downstream effects, including blockade of the cell
cycle, autophagy and apoptosis.*> Thus, the metabolites of
arginine and proline were closely related to the progression of
oxidative stress. In this study, the increase arginine was
reduced after the treatment of PEFF, suggesting the anti-
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asthmatic effect of PEFF was probably related with the inhi-
bition of ROS generation.

Pyruvate, an important intermediate product of glycolysis, can
be used to produce acetyl-CoA by pyruvate dehydrogenase
complex. Acetyl-CoA could enter into the TCA cycle, and plays
a key role in the glucose aerobic oxidation and energy produc-
tion.*”* The increased level of pyruvate indicated the inhibition of
aerobic respiration in OVA-induced rats. Compared with the
model group, the level of pyruvate was decreased in the lung of
PEFF-treated rats, suggesting the recovery of aerobic respiration.

Several studies outlined that glutamine is essentially
involved in the inter-organ nitrogen transportation, however,
high concentration of glutamate could cause excessive stimu-
lation of glutamate receptors and lead to neurotoxicity.*
Previous studies also showed that the serum glutamine was
increased in the asthma patients.* In this study, the glutamine
and glutamate were increased in the OVA challenged rats, and
decreased after PEFF treatment, suggesting the protective effect
of PEFF against asthma was also related with the regulation of
glutamine and glutamate metabolism.

5. Conclusion

A 'H NMR based metabolomics approach coupled with
biochemical assay and histopathological inspection had been
employed to study the protective effect of PEFF against OVA-
induced asthma using rats model. The metabolic perturbation
in the lung extracts were characterized by the levels increase of
pyruvate, leucine, isoleucine, valine, 3-HB, lysine, alanine, argi-
nine, ornithine, acetate, glutamate, methionine, DMA, creatine,
PC, PE, and scyllo-inositol, as well as levels decrease of a-glucose,
xanthine, hypoxanthine. Among the perturbed metabolites, 19 of
them could be reversed by PEFF, and the MetPA analysis revealed
that the anti-asthamtic effect of PEFF was probably related with
regulation of arginine and proline metabolism, pyruvate metab-
olism, p-glutamine and p-glutamate metabolism. The regulatory
effects on the cytokines (IL-4, IL-5, IL-13, and IL-17) and serum
HO-1 level suggested that the anti-asthmatic action of PEFF were
probably related with the balancing of the Th1/Th2 cells and the
Nrf2/HO-1 pathway.

The results of chemical analysis showed that the sesquiter-
penes were present as the major components in PEFF, and
molecular docking analysis suggested that these compounds
showed high docking scores with cytokines of 1L-13, IL-17 and
IgE, suggesting that these compounds in PEFF maybe relate
with its anti-asthmatic effect. However, further studies are
needed to validate the active compounds in PEFF. In addition,
whether the synergistic effect exists among these compounds
should also be investigated.
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