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Abstract: Paraquat is one of the most widely used herbicides in the world and is highly toxic to humans and animals.
Respiratory failure as a result of lung injury is the most common cause of death from paraquat. In this study, we
developed a lung metabolomic method by gas chromatography-mass spectrometry (GC-MS) to evaluate the effect
of acute paraquat poisoning on rats. The acute paraquat poisoning group rats were given 36 mg/kg of paraquat
by intragastric administration. Pattern recognition analysis, including both principal component analysis (PCA) and
partial least squares-discriminate analysis (PLS-DA) revealed that acute paraquat poisoning induced metabolic per-
turbations. Compared to the control group, the level of (Z,2)-9,12-octadecadienoic acid, arachidonic acid, 11-trans-
octadecenoic acid in lung of acute paraquat poisoning group increased, while the level of butanedioic acid, phthalic
acid, d-galactose decreased. The results indicate that metabolomic methods by GC-MS may be useful to elucidate
acute paraquat poisoning through the exploration of biomarkers. According to the pathological changes of lung,
there was obviously destroyed and collapsed alveolar structure in acute paraquat poisoning group.
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Introduction In recent years, metabolomics has been widely
applied to uncover biomarkers [6] and meta-
bolic fingerprint in drug discovery and clinical
toxicology [7], especially to investigating sys-

tematic metabolic responses to toxins [8] and

Paraquat (1,1’-dimethyl-4,4’-bipyridinium) dich-
loride is a nonselective contact herbicide,
which is used widely in many countries. The

fatality rate of paraquat intoxication remains
high due to the lack of an effective treatment
[1]. The lung is a major target organ during
paraquat poisoning, which is characterized by
edema, hemorrhage, interstitial inflammation,
and bronchial epithelial cell proliferation [2].
Respiratory failure as a result of lung injury is
the most common cause of death from pa-
raquat. The inflammatory reaction has been
reported to be the main mechanism underlying
paraquat -induced acute lung injury [3].

Metabolomics is widely used in life sciences
and other fields such as safety evaluation, drug
development, toxicity screening markers, dis-
ease diagnosis, gene function currently [4, 5].

the associated mechanisms [9]. The primary
goal of this study is to study systematically the
metabolic pathway changes induced by acute
paraquat poisoning in rat lung.

Material and methods
Chemicals and animals

Trimethylchlorosilane (TMCS) and N-Methyl-N-
(trimethylsilyl) trifluoroacetamide (MSTFA) we-
re purchased from Sigma-Aldrich (Shanghai,
China). Pyridine and methylhydroxylamine hy-
drochloride were purchased from Aladdin In-
dustrial, Inc. (Shanghai, China). HPLC-grade
n-heptane and acetonitrile were purchased
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Figure 1. Typical GC-MS total ion chromatogram of in rat lung after acute

paraquat poisoning.

Table 1. Summary of the changes in relative levels of metabolites
in rat lung after acute paraquat poisoning

NO. Rententime/min Metabolite VIP Level
1 13.5232 Butanedioic acid 5.13616 |,**
2 18.2481 d-Mannose 4.89435
3 5.75529 Propanoic acid 4.00141
4 20.8612 (Z,2)-9,12-Octadecadienoic acid 3.8805 f,**
5 22.2271 Arachidonic acid 3.659 1,**
6 18.5105 Phthalic acid 3.54545 |, **
7 21.735 beta.-D-Glucopyranuronic acid  3.27586
8 20.1483 d-Galactose 3.18554 |, **
9 18.5771 d-Glucose 2.7115
10 10.3612 [-Threonine 2.63979
11 20.9092 11-trans-Octadecenoic acid 2.06262 1,**

Note: Variable importance in the projection (VIP) was acquired from the PLS-DA
model with a threshold of 2.0. Marks indicate the direction of the change, i.e. |
for decrease, 1 for increase, - for no change. Compared acute paraquat poisoning
group with control group, **P<0.01, as indicated by the statistical analysis T-test.

260°C at a rate of 10°C/min,
and then kept at 260°C for 10
minutes. Mass detection was
conducted first in EI mode
with electron energy of 70 eV,
then in full-scan mode with
m/z 50-550, and finally, by
splitless mode injection [10,
11].

Sample preparation

The 300 pL of acetonitrile
was added to 100 mg of lung
tissue, the mixture was stor-
ed at -80°C for 20 min th-
en grinded for 2 min by a
SCIENTZ-48 Tissue Grinder,
which the grinding parameter
was 64 Hz and 1800 r/s. The
tubes were vortex mixed for
1.0 min, then kept in an ice-
bath for 15 minutes, and then
10,000 g were centrifuged
for 10 minutes at 4°C. The
200 pL of the supernatant
was transferred to a GC vial
and evaporated to dryness
under a stream of nitrogen
gas. Methoximation was car-
ried out at 70°C for 24 h after
50 pL of methylhydroxylamine
hydrochloride (15 mg/mL in
pyridine) was added. The 50
uL MSTFA (with 1% TMCS as
the catalyst) was added and
kept at 70°C for another hour,
and then vortexed after add-
ing 150 pL n-heptane [11].

Metabolomics study

Rats were housed under a
natural light-dark cycle condi-

from Tedia Reagent Company (Shanghai, Ch-
ina). Sprague-Dawley rats (male, 220+20 g)
were purchased from Shanghai SLAC La-
boratory Animal Co., Ltd.

Instrumentation and conditions

Agilent 6890N-5975B GC/MS, HP-5MS (0.25
mmx30 mx0.25 mm), were purchased from
Agilent Company (Santa Clara, California, USA).
The GC oven was initially setted at 80°C and
was kept at this temperature for 5 minutes. The
temperature was then gradually increased to
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tions with controlled temperature (22°C). All
forty rats were housed at Laboratory Animal
Research Center of Wenzhou Medical Uni-
versity. All experimental procedures were app-
roved ethically by the Administration Commit-
tee of Experimental Animals of Wenzhou
Medical University.

Forty rats (220+20 g) were randomly divided to
acute paraquat poisoning group and control
group. Acute paraquat poisoning group rats
were given paraquat (36 mg/kg) by intragastric
administration, control group were given saline.
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Figure 2. PCA score results of rat lung sam-
ples (A), the corresponding load diagram (B);
PLS-DA score results of rat lung samples (C),
the corresponding load diagram (D) after
acute paraquat poisoning (36 mg/kg, Class
2), Control (Class 1).

Lung samples were collected from the
rats from the control group and acute
paraquat poisoning group at 8:00 am
after 3 days, respectively. The lung was
stored at -80°C.

Biochemical tests

The blood was collected from the tail
vein for biochemical tests of serum ala-
nine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phos-
phatase (ALP), creatinine (Cr), uric acid
(UA), albumin (ALB) from the control gr-
oup and acute paraquat poisoning group
at 8:00 am after 3 days. Serum samples
were analyzed to measure ALT, AST, ALP,
Cr, UA and ALB, which was used to evalu-
ate the liver and kidney function.

Histopathology

After metabolomics experiment, rats we-
re deeply anesthetized with 10% chloral
hydrate (i.p., 20 mg/kg). The lung were
rapidly isolated and immersed in freshly
prepared 4% w/v formaldehyde (0.1 M
phosphate buffers, pH 7.2) for 48 h and
then embedded in paraffin. Then 4-uym-
thick histologic sections were prepared
and stained with hematoxylin and eosin
(HE). The morphological changes were
observed under light microscope.

Data analysis

The GC/MS data was exported into
Microsoft Excel, with the peaks normal-
ized to the total sum of spectrum prior to
multivariate analyses. The resulting data
was processed through principal com-
ponent analysis (PCA) and partial least
squares discriminate analysis (PLS-DA)
using SIMCA-P 11.5 software (Umetrics,
Umea, Sweden).

Statistical analysis

Statistical analysis was carried out us-
ing SPSS software (Version 18.0, SPSS).
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Figure 3. PLS-DA 3D score results of rat lung samples after acute paraquat

poisoning (36 mg/kg, Class 2), Control (Class 1).

Independent samples T-test was applied in
order to detect significant differences in all
metabolites between two groups. A P value of
<0.05 was considered statistically significant.

Results and discussion
Metabolomics study

Metabolomics is a newly emerging omics app-
roach to the investigation of metabolic pheno-
type changes induced by environmental or
endogenous factors [12-16]. It has shown
promising results in healthcare fields, especial-
ly in disease diagnosis and drug-toxicity assess-
ment, as reviewed recently [17, 18]. In drug-
toxicity assessment, metabolomics is often
concerned with finding toxicity-related biomark-
ers by investigating the changes in metabolic
signatures induced by drug exposure [10, 19].

Figure 1 provides the typical metabolic profiles
of lung acquired through GC-MS technique.
Metabolic profile data pretreatment resulted in
a final dataset consisting of sixty metabolic fea-
tures from GC-MS analyses. The endogenous
metabolites in the lung were identified using
the NIST 2005 mass spectrometry database.
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Class 1 In this study, the changes of
Class 2 metabolites !oetvyeen acute
paraquat poisoning groups
and their control group were
shown in Table 1.

In order to explore the meta-
bolic profile changes after
acute paraquat poisoning, we
compared the GC-MS spec-
trum of PCA and PLS-DA of
the paraquat with the rats in
the control group (Figure 2).
Figure 2A PCA and Figure 2C
PLS-DA score chart showed
that the first principal compo-
nents of the rats in the acute
paraquat poisoning group we-
re distinguished from the rats
in the control group, the cor-
responding load diagram we-
re Figure 2B and 2D. PLS-DA
3D (Figure 3) score chart
showed that the rats in acu-
te paraquat poisoning group
were distinguished from the
rats in the control group.

Biochemical tests

There is significant difference between control
group and acute paraquat poisoning group for
biochemical results, Table 2. ALT, AST, ALP, Cr,
UA and ALB, which was used to evaluate the
liver and kidney function. As shown in Table 2,
the ALT, AST, ALP, Cr, UA of rats was significantly
higher in acute paraquat poisoning group than
that in the control group (P<0.05 or P<0.01).
The results showed acute paraquat poisoning
induced kidney and liver function damage.

Morphological changes of lung

The morphology of lung was significant changed
in the acute paraquat poisoning group and con-
trol-group, according to hematoxylin and eosin
staining method. In control group, the alveolar
structure was intact, alveolar walls were thin
and no macrophages infiltrated in the alveolar
septa and alveolar cavities. While, there was
obviously destroyed and collapsed alveolar
structure in acute paraquat poisoning group.
Besides, there was sign of the patch shaped
fibrosis, interlobular septal thickening, and the
lung interstitium increased in acute paraquat
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Table 2. Biochemical results of control group and acute paraquat poisoning group rats (mean + SD,

n=8)

Group Alanine amino- Aspartate amino- Alkaline phos- Creatinine Uric Acid  Albumin
transferase (ALT) transferase (AST) phatase (ALP) (Cr) (UA) (ALB)

Control 46 188 237 18 87 28

Paraquat B7** 286** 274%* 20* 90* 24

Compared acute paraquat poisoning group with control group, *P<0.05 and **P<0.01, as indicated by the statistical analysis

T-test.

Figure 4. Morphological changes of lung in control-group (A) and acute paraquat poisoning group (B) (hematoxylin-
eosin, x100).

poisoning group. The morphological changes of
lung were showed in Figure 4.

Changes in metabolite

Metabolomics comprises the measurement
of endogenous metabolites, including amino
acids, nucleic acid precursors, lipids, and deg-
radation products of chemical intermediates in
catabolism and biosynthesis. The advantage of
metabolomics is that it provides the most func-
tional measure of cellular status and can help
to describe an organism’s phenotype [20].

In this study, the changes of metabolites be-
tween acute paraquat poisoning groups and
their control group were shown in Table 1.
Compared to the control group, the level of
(Z,2)-9,12-octadecadienoic acid, arachidonic
acid, 11-trans-octadecenoic acid in lung of
acute paraquat poisoning group increased,
while the level of butanedioic acid, phthalic
acid, d-galactose decreased. These finding may
be useful for new evidences in acute paraquat
poisoning study. Additional prospective studies
will be required to better understand these
observations.
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The HE-staining examination showed that the
morphology of lung was significant changed in
the rat of acute paraquat poisoning group. The
alveolar structure was destroyed and collap-
sed, and there was significant pulmonary inter-
stitial fibrosis, such as interstitial cells prolifer-
ated and interlobular septal thickened. This
change restricted pulmonary ventilation and
diffusive dysfunction which resulted in hypox-
emia in blood circulation system and tissue
metabolism. The tricarboxylic acid (TCA) cycle,
or the Krebs cycle is the main energy metabo-
lism way to metabolize carbohydrates, fats and
proteins into carbon dioxide and chemical ener-
gy. Although oxygen does not participate direct-
ly in the TCA, the cycle operates only when O, is
present. Therefore, in some hypoxemia condi-
tions, the TCA will be inhibited.

The butanedioic acid is a intermediate prod-
ucts in TCA. It will be deceased when TCA is
inhibited. When the TCA is inhibited, another
energy metabolism way, anaerobic glycolysis
will be activated. The anaerobic glycolysis is
the anaerobic catabolism of glucose. The effi-
ciency of energy productivity is lower than TCA.

Int J Clin Exp Med 2016;9(11):21514-21520
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Therefore it will consume more d-galactose
transfer into anaerobic glycolysis to generate
energy, which decreased the concentration of
d-galactose. In this respect, there is consisten-
cy between results of HE and GC-MS.

Conclusion

These biomarkers ((Z,Z)-9,12-octadecadienoic
acid, arachidonic acid, 11-trans-octadecenoic
acid, butanedioic acid, phthalic acid, d-galac-
tose) in rat lung were the additional evidence in
the acute paraquat poisoning study. We dem-
onstrated that metabolomic methods by GC-MS
could provide a useful tool for exploring bio-
markers to elucidate toxicity. According to the
pathological changes of lung, there was obvi-
ously destroyed and collapsed alveolar struc-
ture in acute paraquat poisoning group.
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