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Abstract. In China, and other Asian countries, numerous
patients have succumbed to pulmonary fibrosis induced by
paquarat poisoning, but the early pathogenesis remains unclear.
In this study the effect of cytokine transforming growth factor
(TGF)-B1 was observed in early acute paraquat poisoning and
examined the mechanism by which paraquat caused early
acute lung injury. It was discovered that the rat serum TGF-31
levels in the paraquat groups were significant higher than that
in the control group (P<0.05) and the rat pulmonary TGF-p1
mRNA expression levels were also higher than that in the
control group (P<0.05). Histological examination indicated
that the rat lung tissue was broad and congested, and had been
infiltrated by inflammatory cells. Masson's trichrome staining
for collagen showed that the lung tissue appeared fibrotic
following paraquat poisoning. Ultramicrostructure observa-
tion found that macrophages, red blood cells, lymphocytes
and granulocytes infiltrated the alveolar space and there were
cytolysosomes in the macrophages. The shape of the type II
alveolar epithelial cell nuclei were irregular with karyopyk-
nosis. The heterochromatin migrated to the cell edge and
lamellar body vacuolization was also observed. Type I alveolar
epithelial cells shrank. In conclusion, the effect of cytokine
TGF-p1 on paraquat-induced acute lung tissue injury may be
important.

Introduction

Paraquat is one of the most widely used herbicides worldwide,
and has been approved for use by authorities in >120 countries. It
is used on numerous crop types and is important for controlling
weeds on plantation estates (1-3). For these reasons, it is particu-
larly popular in the Chinese countryside and is widely used by
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Chinese farmers (4). Paraquat is highly toxic for humans, and
many cases of acute poisoning, particularly cases of intentional
self-poisoning, have been reported over the past few decades in
China. In addition, nearly all treatments for paraquat poisoning
are unsuccessful (5). Agricultural chemical intoxication is the
major cause of poisoning, and it remains a major cause of death
of among Chinese farm workers. Ingestion of large quantities of
paraquat results in rapid mortality, of which acute lung injury
is the one of the major causes. However, smaller doses often
result in delayed lung fibrosis that is also usually fatal. Little
is known with regard to the pathogenesis of acute lung injury
and the fibrosis caused by paraquat. Therefore, it is imperative
to understand the underlying mechanisms. Paraquat-induced
pulmonary fibrosis involves two factors, direct injury by
oxygen free radicals and indirect injury by inflammatory cells
and fibroblasts (6,7). Certain patients may develop pulmonary
fibrosis, which may progressively improve over time (8,9).
Paraquat is known to induce toxicity in cells by stimulating
oxygen utilization via redox cycling and the generation of reac-
tive oxygen intermediates (10-12). However, the exact role of
paraquat in the progression of pathogenesis has not been clearly
established (13-15).

Transforming growth factor-f1 (TGF-f1) contributes to
the fibrosis of injured organs (16). Abnormal expression of
TGF-p1 is hypothesized to be important in the pathogenesis of
pulmonary fibrosis (17). In order to understand the mechanism
of paraquat-induced pulmonary toxicity, an animal model of
paraquat-induced lung injury was developed by intragastri-
cally administering paraquat solution to Wistar rats. The
pathological progression of lung pathology in the rat model
was similar to that of patients presenting with paraquat
poisoning. The aim of this study was to establish the role of
TGF-f1 in acute lung injury caused by paraquat.

Materials and methods

Preparation of animal model. In total 32, 240-260 g, healthy
adult male Wistar rats (SPF, Code SCXK20100004, provided by
the Experimental Animal centre of Shandong University, Jinan,
China) were randomly assigned to the normal control group
(n=8), 30 mg/kg paraquat (20% wt/vol, imported from Syngenta
AG, Basel, Switzerland) poisoning group (n=8), 60 mg/kg
paraquat poisoning group (n=8) and 120 mg/kg paraquat
poisoning group (n=8). Paraquat-treated rats were administered
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Table I. Primer sequences.
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Gene name Sequence

Length (mer) GC (%) Size (bp)

Rat-TGF-p1-F 5'-TGCGCCTGCAGAGATTCAAG-3'
Rat-TGF-1-R
Rat-Actb-F

Rat-Actb-R

5-AGGTAACGCCAGGAATTGTTGCTA-3' 24
5-GGAGATTACTGCCCTGGCTCCTA-3' 23
5-GACTCATCGTACTCCTGCTTGCTG-3' 24

20 55.00 82
45.83
56.52
54.17

150

GC, gas chromatography; TGF-p1, transforming growth factor-f31; F, forward; R, reverse.

the corresponding dose of 1 ml paraquat by lavaging while
the control group rats were administered 1 ml distilled water.
The rats were sacrificed with anaesthetic 48 h after paraquat
poisoning, and the serum and partial right lung tissues were
frozen at -70°C. Other lung tissues were maintained in formal-
dehyde and glutaraldehyde for histopathological inspection. The
stuy was approved by Experimental Animal Ethics Committee
of Qilu Hospital of Shandong University (Jinan, China).

Measurement of serum TGF-f1. The rat serum TGF-f1
levels were determined by enzyme linked immunosorbent
assay (ELISA) according to the manufacturer's instructions
[Shanghai SenXiong Biotech Industry Co., Ltd (Shanghai,
China), imported from R&D Systems (Minneapolis, MN,
USA)]. The assay method used was as follows: All reagents
were prepared and 100 ul of standard or activated samples
were added to the appropriate wells. The plate was covered
and incubated at 37°C for 2 h. Each well was aspirated and
washed, and the process was repeated three times for a total
of four washes. For washing, each well was filled with wash
buffer (400 ul) using a squirt bottle, multi-channel pipette,
manifold dispenser or autowasher. The complete removal of
liquid at each step was essential for successful analysis. After
the final wash, any remaining wash buffer by was removed
by aspirating or decanting. The plate was inverted and blotted
with clean paper towels. Biotin-conjugated anti-rat TGF-31
(50 ul) from the kit was added to each well, followed by incu-
bation for 1 h at 37°C and a further aspiration/wash. Working
streptavidin-horseradish peroxidase conjugate (100 pl) was
added to each well, followed by incubation for 1 h at 37°C and
a further aspiration/wash. Next, 100 ul working substrate solu-
tion was added to each well, followed by incubation at 37°C for
5-10 minutes in the dark. Stop solution (50 1) was then added
to each well and the absorbance was measured with a Bio-Rad
Model 680 microplate reader (Bio-Rad, Hercules, CA, USA)
at 492 nm within 1 h.

Analysis of rat lung tissue TGF-1 mRNA expression.
Fluorescence quantitative PCR (QPCR) was used to measure
lung tissue TGF-f1 mRNA expression. Takara RNAiso
reagent (Takara Bio, Inc., Shiga, Japan; code no. D312) was
used initially to extract sample total RNA and DNase I (Takara
Bio Inc.; code no. D2215) was used in the procedure. gPCR
was performed using the Takara SYBR® ExScript™ RT-PCR
kit (Takara Bio Inc.; code no. DRR053) (Table I).

The RT reaction included 2 pl of 5X ExScript Buffer,
0.25 ul ExScript RTase, 0.25 ul RNase inhibitor (40 U/ul),
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Figure 1. Changes in rat serum TGF-f1 levels following paraquat poisoning
(pg/l, mean =+ standard deviation). *P<0.05 compared with control group.
TGF-1, transforming growth factor-p1.
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Figure 2. Expression of rat TGF-B1 mRNA levels caused by paraquat poi-
soning (xg/l, mean + standard deviation). “P<0.05 compared with control
group. TGF-f1, transforming growth factor-f31.

2 ul ANTP mixture (10 mM), 0.5 ul Oligo dT Primer (50 uM),
0.5 pl random 6 mers (100 yM), 1 ul RNA (50 ng) and 3.5 ul
RNase Free dH,O. The total reaction volume was 10 ul and the
conditions were as follows: 37°C for 15 min and 85°C for 5 sec.

The PCR reaction included 12.5 ul 2X SYBR Premix
ExTagq, 0.5 ul Primer F/R (each 10 uM), 2 ul RT product and
10 x1 dH,0. The total reaction volume was 25 ul and the condi-
tions were as follows: 95°C for 10 sec, then 95°C for 5 sec and
65°C for 30 sec, for 45 cycles. The main relative instruments
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Figure 3. Changes in rat lung tissue in paraquat groups, (hematoxylin and
eosin staining; magnification, x100). (A) Lung tissue appeared broad and
congested, with numerous infiltrating inflammatory cells. The majority of the
alveoli of the lung remained integrated in the 30 mg/kg group. (B) Increasing
numbers of inflammatory cells infiltrated the lung tissue. Certain lung alveoli
were destroyed. Fibrin effusion was also found in certain lung alveoli in the
60 mg/kg group. (C) Lung alveoli were destroyed and numerous inflamma-
tory cells were observed. Vascular endothelial cells exhibited swelling and
granular degeneration, 120 mg/kg group.

used are Takara PCR Thermal Cycler dice (Takara Bio Inc.;
code no. TP600) and Takara PCR Thermal Cycler Dice Real-
Time system (Takara Bio Inc.; code no. TP800).

Histopathological inspection of rat model. Lung tissues
underwent histopathological inspection according to routine
methods. Tissues from the right lung were obtained and
maintained in formaldehyde or glutaraldehyde. Sections
were created for histopathological inspection. We observed
the sections under a light microscope (XSP-44X9; Shanghai
Optical Instrument Factory, Shanghai, China), while the ultra-
microstructure were observed under an electron microscope
(JEM-100SX, JEOL, Tokyo, Japan).

Statistical analysis. Data are expressed as the mean + stan-
dard deviation where indicated. Statistical differences were
analyzed according to the analysis of the t-test. P<0.05 was

Figure 4. Changes in rat lung tissue in paraquat groups (Masson's trichrome
staining; magnification, x100). (A) Lung tissue appears to be marginally
fibrotic in the 30 mg/kg group. (B) Lung tissue appears with some fibrosis
in the 60 mg/kg group. (C) Lung tissue appears to have increasing fibrosis in
the 120 mg/kg group.

considered to indicate a statistically significant difference.
SPSS software, version 16.0 (SPSS, Inc., Chicago, IL, USA)
was used to analysis the data.

Results

Changes in rats serum TGF-f1 levels caused by paraquat
poisoning. Rat serum TGF-f1 levels of the paraquat groups
were significantly higher than that of the control group
(P<0.05, Table IT and Fig. 1).

Rat pulmonary TGF-1 mRNA expression caused by
paraquat poisoning. The expression of pulmonary TGF-31
mRNA was markedly higher than that of the control group,
and a significant difference was observed (P<0.05, Table III
and Fig. 2).

Pathology observation. Histological examination indicated
that lung tissue appeared broad and congested with numerous
infiltrating inflammatory cells, and the emergence of early
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Figure 5. Ultramicrostructure changes in rat lung tissue in the paraquat
group, 120 mg/kg; magnification, x4,000. (A) Type II alveolar epithelial
cells nuclei exhibited karyolemma swelling, pyknosis, vacuolization of the
lamellar body, type I alveolar epithelial cell exhibited karyopyknosis and
had shrunk. (B) The shape of type II alveolar epithelial cell nucleus was
irregular, the heterochromatin migrated to the cell edge and vacuolization
of the lamellar body was also observed. (C) Numerous red blood cells were
observed in the alveolar space.

interstitial fibrosis. Partial lung alveoli tissues were disorga-
nized. Vascular endothelial cells demonstrated cloudy swelling
and granular degeneration (Fig. 3). Masson's trichrome staining
for collagen revealed lung tissue fibrosis following paraquat
poisoning (Fig. 4).

Ultramicrostructure observation. Ultramicrostructure
observation revealed numerous macrophages, red blood
cells, lymphocytes and granulocytes in the alveolar space
and numerous cytolysosomes in the macrophages. The shape
of the type II alveolar epithelial cell nuclei was irregular,
heterochromatin migrated to the cell edge and lamellar
body vacuolization was also observed. Type II alveolar
epithelial cell karyolemma exhibited marked swelling and
karyopyknosis. Type I alveolar epithelial cells underwent
caryon pyknosis and shrank (Fig. 5).
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Table II. Changes in rats serum TGF-f1 levels following para-
quat poisoning.

Group n TGF-B1 (ng/l)
Control 8 73.07£27.28

Paraquat (30 mg/kg) 8 707.25+£19591*
Paraquat (60 mg/kg) 8 975.12+165.65*
Paraquat (120 mg/kg) 8 1113.12+241.75*

Values are presented as the mean + standard deviation. t-test,
“P<0.05, compared with control group. TGF-B1, transforming growth
factor-f1.

Table III. Expression of rat TGF-$1 mRNA levels caused by
paraquat poisoning (xg/l, mean + standard deviation).

Group n TGF-B1 (ug/l)
Control 8 1.2455+0.1849
Paraquat (30 mg/kg) 8 1.5616+0.1990*
Paraquat (60 mg/kg) 8 1.6003+0.1976*
Paraquat (120 mg/kg) 8 1.8376+0.2563*

Values are presented as the mean + standard deviation. t-test,
“P<0.05, compared with control group. TGF-B1, transforming growth
factor-p1.

Discussion

Recently studies have shown that cytokines have an impor-
tant role in the occurrence of pulmonary fibrosis. Cytokine
secretion has been implicated as a fundamental component
in the process of lung fibrosis, observed in response to
bleomycin (18). Although paraquat is known to induce
pulmonary injury, the mechanism by which it does so is
unclear (19). Paraquat accumulates in the lung through a
characteristic polyamine uptake system. Several studies have
been undertaken with regard to paraquat as a useful tool
for the exploration of the early pathogenesis of pulmonary
injury (20).

Paraquat is a well-known pneumotoxicant and provides
an established model of oxidative stress. Respiratory failure
is a frequent cause of mortality in cases of moderate to severe
paraquat poisoning. Certain results indicate that the acclima-
tion to oxidative stress is a highly complex process at the onset
of paraquat-induced damage (1,8,21). Mainwaring et al (22)
reported that a number of the transcriptional responses to
paraquat were rapid, and that the predominant molecular
functions and biological processes associated with these genes
included membrane transport, oxidative stress, lung develop-
ment, epithelial cell differentiation and TGF-p1 signaling (22).
In the present study, it was demonstrated that paraquat was
capable of increasing rat serum TGF-f1 levels early. TGF-f1
mRNA expression of the rat lung was also increased signifi-
cantly by paraquat and followed by acute lung injury. We
also found that numerous inflammatory cells infiltrated the
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injured rat lung alveoli. The abnormal expression of TGF-31 is
hypothesized to be important in the pathogenesis of a number
of chronic inflammatory and immune lung diseases, including
asthma, chronic obstructive pulmonary disease and pulmo-
nary fibrosis (23). In the present study it was demonstrated
that TGF-P1 levels increased significantly following paraquat
poisoning, simultaneous to the development of lung injury
developed. Thus, it was conclude that TGF-f31 may contribute
to acute lung injury.

Paraquat-induced pulmonary toxicity is characterized by
the initial development of pulmonary edema, the infiltration
of inflammatory cells and damage to the alveolar epithelium,
which may progress to severe fibrosis. However, the exact role
of paraquat in the progression of pathogenesis has not been
clearly established. The pathological progression of lung
pathology in the rat model was similar to that found in para-
quat-poisoned patients. Certain cytokines, such as TGF-f31,
which potentially regulates fibrosis have yet to be identified.
In the future the use of cytokines and their inhibitors may
provide novel therapies for the treatment of acute lung injury
and pulmonary fibrosis.
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