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INTRODUCTION

Paraquat (N, N´-dimethyl-4, 4´-bipyridinium 
dichloride; PQ) is a kind of sterilizer and herbicide that is 
characterized by contact-kill and systemic action, and can 
be absorbed quickly by green plants and make them wither 
and die (Hawkes, 2014). It is therefore widely used in 
agricultural production and occupies a large market share 
in China. Because of its high human toxicity and mortality 
characteristics, PQ poisoning has become one of the most 
common types of pesticide poisoning in China and has 
thus attracted considerable attention in recent years(Yin et 
al., 2013). From 2002 to 2011, the Poison Control Center of 

the National Institute of Occupational Health and Poison 
Control of the Chinese Center for Disease Control and 
Prevention (National Poison Control Center, NPCC) 
recorded 1571 cases of PQ intoxication consultation in 
total, of which oral administration (81.29%) was the main 
type of PQ exposure and the yearly fatality rate ranged 
from 31% to 97%(Yin et al., 2013). Obviously, digestive 
tract exposure is the main cause for PQ poison, respiratory 
and intact dermic absorption in occupational setting were 
not usual. In most cases, death has resulted from extensive 
pulmonary damage, and is initially characterized by 
edema, hemorrhage, and, at later stages, fibrosis (Sun, 
He, 2017). 

Without the availability of effective, specific 
antidotes, only moderately effective, nonspecific, life-
supporting measures are taken to detoxify PQ poisoning in 
clinics. These measures often include the administration 
of oral decontaminants, such as activated charcoal 
(AC) or gastric lavage, for early PQ decontamination 
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(Meredith, Vale, 1987), followed by anti-oxidant therapy 
(Nguyen, Malik, Howland, 2014), immunosuppression 
(Xu, Lu, 2019), hemoperfusion (Yen, Wang, Hsu, 
2018), hemodialysis (Wang et al., 2017), resuscitation, 
and supportive care. Upon oral ingestion, PQ is usually 
rapidly absorbed into the small intestine and distributed 
to major organs, including the liver, lungs, kidneys, and 
muscles. Therefore, preventing the intestinal absorption 
of PQ after oral ingestion might be the key to successful 
treatment. Unfortunately, AC for gastrointestinal tract 
decontamination is unattainable in mainland China, 
and gastric lavage may cause serious side effects in 
emergency departments, especially in patients without 
respiratory protection. The development and evaluation 
of new gastroenteric adsorbents for PQ poisoning are 
therefore of great importance.

Montmorillonite is a special type of clay that is 
in the same family (Smectite) as bentonite (Meredith, 
Vale, 1987). Because of its strong adsorption capacity, 
montmorillonite has been widely used in the treatment of 
diarrhea, peptic ulcers, and gastrointestinal hemorrhage 
(Amdrup, Olesen, 1972). Some research has also 
reported the clinical application of montmorillonite for 
the management of chemical poisons, such as aflatoxin 
B1 and zearalenone (Wang et al., 2018). In the present 
study, the adsorption capacity of montmorillonite 
for PQ poisoning is evaluated by in vitro and in vivo 
experiments.

MATERIAL AND METHODS

Chemicals

Smecta® (montmorillonite powder, 3 g/bag) was 
obtained from Beaufour Ipsen Pharmaceutical Co., 
Ltd. (Tianjin, China). The native standards of paraquat 
dichloride and labeled standards of paraquat-ring-d8·2HCl 
(PQ-label) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Gramoxone® (200 g/L paraquat water 
solution) was obtained from Syngenta China Co., Ltd. 
(Shanghai, China). All solvents used were of analytical 
grade. Acetonitrile, formic acid, and ammonium formate 
were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Deionized water was organically and biologically 

purified by a Millipore Simplicity UV water system 
(Shanghai, China).

Experimental animals

Male New Zealand white rabbits (5 months old, 
weighing 2.35 ± 0.01 kg) were obtained from the Animal 
Experiment Center of Southern Medical University, 
China. The rabbits were handled in accordance with 
the Standard Guide for the Care and Use of Laboratory 
Animals, the research was approved by Ethics Committee 
of Shenzhen Prevention and Treatment Center for 
Occupational Disease (No. LL-202009). All methods were 
carried out in compliance with the ARRIVE guidelines.

In vitro batch test

The adsorption of different adsorbents (activated 
charcoal, montmorillonite, fuller’s earth, and marine 
sand) was evaluated by a batch test. A dose of PQ (5, 25, 
or 50 mg) was dissolved in a normal solution and mixed 
with 5 mL simulated gastric fluid or simulated intestinal 
fluid in a 15-mL acrylic resin centrifuge tube with a cover, 
and the final PQ concentrations were 1, 5, and 10 mg/L, 
respectively. Then, 50, 250, or 500 mg (ten times the PQ 
dose) of adsorbents were added and mixed by an IKA 
KS 4000 orbital shaker (Staufen, Germany) for different 
amounts of time. Samples for the PQ concentration 
analyses were taken from the centrifuge tube and then 
measured by LC-MS/MS. From the concentration of 
PQ in the simulated digestive juices before adsorption 
(C0) and that in the simulated digestive juices during 
the adsorption time (Cx), the absorption rate of each 
component was calculated according to Eq. (1): 

Absorption rate (%) = (C0 – Cx)/C0 × 100.

All in vitro tests were repeated three times. Taking 
the PQ concentration (1, 5, and 10 mg/L), different 
adsorbents (activated charcoal, montmorillonite, fuller’s 
earth, and marine sand), reaction environment (pH = 2.0 
and pH = 6.8), and reaction time (1, 10, 30, 60, and 120 
min) as indices, the absorption rate of PQ was screened 
by an L25 (2

1×31×52) orthogonal design as Table I. 
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In vivo experiment of adsorbents for PQ poisoning

A group of 24 rabbits was randomly divided into 
four groups with random number table method.

Group 1: Montmorillonite control group (4 rabbits); 
dosed with 2000 mg/kg montmorillonite in saline 
(concentration: 500 mg/mL) by oral gavage without PQ.
Group 2: PQ poisoning group (8 rabbits); dosed with 200 
mg/kg PQ in saline (concentration: 100 mg/mL) by oral 
gavage without montmorillonite.
Group 3: Immediate treatment group (6 rabbits); dosed 
with 200 mg/kg PQ in saline (concentration: 100 mg/
mL) by oral gavage with 2000 mg/kg montmorillonite 
in saline (concentration: 500 mg/mL) 5 min later.
Group 4: Delayed treatment group (6 rabbits); dosed with 
200 mg/kg PQ in saline (concentration: 100 mg/mL) by 
oral gavage with 2000 mg/kg montmorillonite in saline 
(concentration: 500 mg/mL) 30 min later.

The rabbits’ general conditions were observed. In 
groups 2, 3, and 4, 0.5-mL blood samples were collected 
from an indwelling arterial needle and anticoagulated 
with heparin sodium before PQ exposure and 10, 20, and 
40 min and 1, 1.5, 2, 3, 4, 8, 24, 72, and 168 h after PQ 
exposure. Another 2.0-mL blood sample was collected 
from an indwelling arterial needle before PQ exposure and 
168 h after PQ exposure for cytokine analysis and blood 
gas analysis. All experimental animals were sacrificed 
with excessive phenobarbitone anesthetization at 168 h 
after exposure, general dissection was conducted, and the 
pathology of the lung was observed. The effectiveness 

of the montmorillonite was estimated by calculating the 
change of the toxicokinetic parameters, cytokine analysis, 
blood gas analysis, and histopathological examination.

Analytical methods for PQ concentration

0.5 mL of simulated digestive juices (in vitro) or 
0.5 mL of an anticoagulated blood sample (in vivo) was 
centrifuged at 3,000 rpm for 5 min to obtain 0.2 mL of 
supernatant. Each sample was pipetted into a 1.5-mL vial 
and spiked with 40 μL of the labeled internal standard 
working solution (1.0 μg/mL) to create a concentration 
of 40.0 ng/mL. The samples were vortex-mixed with 
0.8 mL of an acetonitrile-formic acid deionized water 
solution (acetonitrile:0.1% formic acid deionized water 
= 3:1) for 5 min, then centrifuged at 12,000 rpm for 5 
min, and 0.5 mL of the supernatant was then transferred 
to auto-injection vials.

Chromatographic separation was performed by a 
Shimadzu LC-20ADXR HPLC system (SHIMADZU, 
Japan) composed of an autosampler and an HPLC pump. 
The column used was an XBridge®BEH-HILIC, 100 mm 
× 2.1 mm × 2.5 μm (Waters Corporation, Milford, MA, 
USA). The analytes were separated with isocratic elution 
by using 40% 100 mmol/L ammonium formate in a 0.5% 
formic acid deionized water solution and 60% acetonitrile 
for 10 min. The flow rate was 400 μL/min, the column 
temperature was 30 °C, and the injection volume was 2 
μL. The surveyor HPLC system pump pressure was the 
maximum of 400 bar.

For the MS/MS analysis, an AB Sciex API 4000+ 
triple quadrupole mass spectrometer (AB SCIEX, 

TABLE I - Orthogonal design of in vitro test

Level Adsorbents Time (min) PQ concentration (mg/ml) Reaction environment

1 activated charcoal 1 1 simulated gastric fluid (pH2.0)

2 montmorillonite 10 5 simulated intestinal fluid (pH6.8)

3 fuller’s earth 30 10

4 marine sand 60

5 Control 120
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Redwood City, CA, USA) was used. The instrument was 
operated with an electrospray ionization (ESI) source. 
The source was operated in positive-ion mode using 
multiple reaction monitoring (MRM). The instrument 
parameters were as follows: sheath gas pressure, 50 psi; 
auxiliary gas pressure, 55 psi; capillary temperature, 650 
°C; spray voltage, 5000 V; collision gas pressure, 12 psi. 
The positively-charged molecular ion of PQ at m/z 171.2 
was selected as a precursor ion, and the two transitions of 
155.2 and 77.2 were selected as the quantitative transitions. 
The positively-charged molecular ion of isotope-labeled 
internal standard PQ-d8 at m/z 179.2 was selected as a 
precursor ion, and the two transitions of 162.2 and 82.2 
were selected as the quantitative transitions.

Toxicokinetic analysis

To estimate the toxicokinetic parameters, either one- 
or two-compartment pharmacokinetic models were fit 
to the blood data from the various in vivo studies. The 
concentrations of PQ in the peripheral blood at different 
times after dosing were input into drug analysis system 
(DAS) 3.0 software, which calculated the kinetic curve 
and toxicokinetic parameters, including t1/2, Cl, AUC, 
and Vd.

Enzyme-linked immunosorbent assay (ELISA) assay

Blood samples were collected from an indwelling 
arterial needle before PQ exposure and 168 h after PQ 
exposure, and the plasma was prepared by centrifugation 
and then frozen at -80 °C for subsequent analysis. The 
levels of rabbit transforming growth factor-β1 (TGF-β1), 
high-mobility group protein 1 (HMGB1), and monocyte 
chemotactic protein 1 (MCP-1) were assayed using ELISA 
kits (Shanghai J&L Biological Co., Ltd., Shanghai, 
China). The procedure was performed according to the 
manufacturer’s instructions.

Histopathological examination

Lung tissue dissected from the right lower lobe 
was fixed with 10% paraformaldehyde solution, and 
the specimen was then sectioned to tissue blocks with 

a thickness of about 0.5 cm. Conventional gradient 
alcohol dehydration was then performed by a VT1000A 
automatic dehydration machine, paraffin embedding was 
performed by an EG1150H/C tissue-embedding machine, 
and serial sectioning was conducted. The paraffin-
embedded sections were stained with hematoxylin 
and eosin (HE) following standard procedures by an 
ST5010 automatic tissue staining apparatus (LEICA, 
Germany). Histopathological changes of the lung tissue 
were observed under an Eclipse Ni optical microscope 
system (Nikon, Japan). 

Blood gas analysis

The arterial blood was drawn before PQ exposure 
and 168 h after PQ exposure for blood gas analysis by 
an i-STAT 1 blood gas analyzer (Abbott Laboratories, 
USA). The recorded parameters of pH, PaO2, PaCO2, and 
PaO2/FiO2 were subsequently calculated.

Statistical analysis

The data are represented as the mean ± standard 
deviation, and analysis was performed with SPSS 16.0 
software for Windows (SPSS Inc., Chicago, IL, USA). 
Parameters were compared among multiple groups with 
one-way analysis of variance (ANOVA). When P < 0.05, 
the LSD t-test was applied.

RESULTS

In vitro batch test

The orthogonal test results for the absorption rate 
of PQ are presented in Table II. All the factors including 
the adsorbent (F = 122.70, P = 0.00), time (F = 8.14, P 
= 0.00), PQ concentration (F = 14.97, P = 0.00), and 
reaction environment (F = 49.25, P = 0.00) were found to 
significantly influence the absorption rate. From greatest 
to least, the factors affected the absorption rate in the 
following order: adsorbents > time > PQ concentration 
> reaction environment. The orthogonal experiments 
also indicated the optimal prescription to be as follows: 
A2T2C2E1.
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TABLE II - Results of Orthogonal Test

No. A T C E
Absorption Rate (%)

1 2 3 Mean

1 4 4 2 1 25.91% 26.43% 35.92% 29.42%

2 2 1 3 1 99.41% 99.39% 99.40% 99.40%

3 4 5 2 2 24.30% 5.77% 10.77% 13.61%

4 4 3 3 2 -1.61% 3.05% 7.45% 2.96%

5 4 1 1 1 19.04% 26.73% 19.86% 21.88%

6 5 5 3 1 24.95% 21.25% 11.24% 19.15%

7 5 3 1 1 12.30% 12.86% 21.59% 15.58%

8 2 2 3 2 97.38% 97.53% 97.31% 97.41%

9 3 5 2 1 99.51% 99.51% 96.35% 98.46%

10 4 2 3 1 69.34% 84.64% 67.67% 73.88%

11 2 3 2 1 99.38% 99.28% 99.46% 99.37%

12 5 1 2 2 0.70% 1.14% -7.09% -1.75%

13 3 3 3 2 51.44% 49.64% 50.46% 50.51%

14 1 3 2 1 92.32% 92.39% 92.25% 92.32%

15 1 1 3 1 96.19% 96.53% 96.61% 96.44%

16 2 5 1 2 79.29% 78.48% 78.18% 78.65%

17 1 2 2 2 89.07% 88.87% 89.94% 89.29%

18 5 4 3 2 3.51% 0.38% 1.69% 1.86%

19 3 4 3 1 54.62% 60.09% 62.04% 58.92%

20 1 5 3 1 98.82% 98.74% 98.96% 98.84%

21 5 2 2 1 50.83% 56.42% 57.83% 55.03%

22 1 4 1 2 57.09% 59.65% 63.26% 60.00%

23 3 2 1 1 47.53% 46.32% 44.89% 46.25%

24 2 4 2 1 99.32% 99.40% 99.28% 99.33%

25 3 1 2 2 78.30% 83.50% 70.20% 77.34%

87.38% 58.66% 44.47% 66.95%

94.83% 72.37% 65.24% 46.99%

66.29% 52.15% 59.94%

28.35% 49.91%

17.97% 61.74%

R 76.89% 22.46% 20.77% 19.96%
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General observation of experimental animals

Poisoning symptoms and death were not observed in 
the animals in the montmorillonite control group (Group 
1) or treatment groups (Groups 3 and 4) during the 
experimental periods. Two animals in the PQ poisoning 
group (Group 2) moved slowly and refused food and 
water at 24 h after PQ exposure. These two animals 
died at 30 h and 75 h after PQ exposure, respectively, 
and the subsequently-presented results exclude these 
two animals.

Concentration-time curve of PQ poisoning rabbit 
model for gastrointestinal adsorbents

Figure 1 presents the changes in the plasma 
PQ concentrations within different groups, and the 
concentration-time curve of PQ was fitted with a two-
compartment kinetic model. The plasma PQ concentrations 
of the treatment groups (Groups 3 and 4) were significantly 
lower than that of the PQ poisoning group (Group 2) (F 
= 5.80, P = 0.01), but there was no significant difference 
between Groups 3 and 4 (P = 0.51). No interaction between 
the group and time was observed (F = 1.53, P = 0.07). 

FIGURE 1 - Concentration-time curve of PQ for different groups. 

Toxicokinetic parameter changes of a poisoning 
rabbit model for adsorbent treatment

The toxicokinetic parameter changes of the 
poisoning rabbit model for the gastrointestinal adsorbent 

treatment groups and the control group are summarized 
in Table III. 
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TABLE IV - Cytokines changes of groups ( )

Groups
TGF-β1 (pg/ml) HMGB1 (ng/ml) MCP-1 (pg/ml)

0 h 168 h 0 h 168 h 0 h 168 h

1 151.50±19.36 173.53±20.00 77.70±11.46 76.23±1.73 63.79±8.31 59.30±8.14

2 171.89±19.28 230.21±30.26 88.04±12.61 96.92±9.17 69.59±13.13 76.61±6.91

3 162.71±22.55 171.06±14.91 80.14±10.01 81.14±5.98 69.94±6.89 66.83±9.53

4 159.60±19.17 166.94±16.91 82.29±6.94 81.12±7.27 70.84±10.41 68.14±8.01

F 8.05 3.99 1.64

P 0.00 0.02 0.22

Enzyme-linked immunosorbent assay (ELISA) assay

Serum levels of TGF-β1, HMGB1 and MCP-1 were 
measured by ELISA before and 168 h after PQ exposure 
were shown in Table IV. In PQ poisoning group (Group 
2), serum TGF-β1and HMGB1 levels significantly 
elevated on 168 h compared to montmorillonite control 

group (Group 1). Rabbits treated with montmorillonite 
whether 5 min (Group 3) or 30 min (Group 4) following 
PQ exposure had significantly reduced serum TGF-β1 
and HMGB1 levels compared to PQ group (Group 2), 
however, there were no different between 2 treatment 
groups (Group 3 and Group 4). Serum MCP-1 levels have 
no significantly changes between different groups.

TABLE III - Kinetics parameters changes of groups ( )

Parameters Unit
Group

F P
2 3 4

AUC(0-t) mg/L*h 72.89±35.15 19.78±14.79 17.92±5.42 26.75 0.00*

AUC(0-∞) mg/L*h 76.05±34.30 19.95±14.75 17.94±5.43 30.92 0.00*

AUMC(0-t) h*h*mg/L 993.68±325.32 106.66±86.21 82.01±28.92 107.44 0.00*

AUMC(0-∞) h*h*mg/L 1356.91±585.59 127.26±80.14 83.40±29.11 72.44 0.00*

MRT(0-t) h 14.43±3.17 5.48±0.88 4.54±0.46 121.44 0.00*

MRT(0-∞) h 19.03±8.42 8.70±4.67 4.61±0.40 25.9 0.00*

VRT(0-t) h2 340.65±145.82 99.12±57.87 76.78±14.35 36.96 0.00*

VRT(0-∞) h2 813.79±771.92 567.20±702.32 82.70±7.42 6.15 0.00*

λz 1/h 0.07±0.04 0.08±0.08 0.14±0.05 6.57 0.00*

t1/2z h 15.47±12.11 20.75±17.48 5.95±3.75 6.25 0.00*

Tmax h 2.16±1.47 1.61±1.26 1.14±0.39 2.74 0.08

Vz L/kg 67.36±55.40 105.14±138.46 103.68±60.18 5.71 0.00*

CLz L/h/kg 2.98±0.99 21.76±19.93 12.41±4.64 5.22 0.01*

Cmax mg/L 9.21±4.43 4.23±2.27 6.03±1.03 9.5 0.00*

Note: * Statistically significant
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The results of HE staining are displayed in Figure 
3. Lung tissues from the animals in the montmorillonite 
control group (Group 1) exhibited normal structures and 
no histopathological changes; the alveolar walls in the lung 
tissues were thin and integral, and there were no abnormal 
exudates in the pulmonary interstitia. In comparison, in the 
PQ poisoning group (Group 2), the alveolar tissues of all 
six experimental animals showed obvious congestion and 

edema, the swelling of capillary vessels, widened alveolar 
septa, the formation of partially-visible membranes, and the 
extravasation of red blood cells in the pulmonary interstitia. 
A small portion (1/6) of the animals in the montmorillonite 
treatment groups (Groups 3 and 4) had only minimal 
damage, and the histopathological changes in their tissues 
were minor as compared with those in the tissues from the 
animals in the PQ poisoning group.

FIGURE 2 - General observation for lungs in different groups (A: Montmorillonitec control group; B: PQ poisoning group; C: 
Immediate treatment group; D: Delayed treatment group).

Histopathological examination

The results of the general observation are 
displayed in Figure 2. The lungs from the animals in 
the montmorillonite control group (Group 1) exhibited 
smooth surfaces, a normal pink color, and good textural 
elasticity. In the PQ poisoning group (Group 2), all the 
animals (6/6) had irregular dark-red or dark-gray plaques 

on the surfaces of the lungs that were characterized 
by clear boundaries with the normal lung tissue and a 
relatively tough texture, especially in the lower lobes of 
both lungs. Otherwise, a small portion (1/6) of the animals 
in the montmorillonite treatment groups (Groups 3 and 
4) had similar lesions as the animals in the PQ poisoning 
group, but there were fewer lesioned areas and the degrees 
of the lesions were lesser.
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FIGURE 3 - Histopathological observation for lungs in different groups (HE, 200×. A: Montmorillonitec control group; B: PQ 
poisoning group; C: Immediate treatment group; D: Delayed treatment group).

Blood gas analysis

Arterial blood gas parameters were measured 
before PQ exposure and 168 h after PQ exposure are 

summarized in Table V, and no significant differences 
between groups were found. 

TABLE V - Blood gas parameters changes of groups ( )

Groups
PO2 (mmHg) Sat O2 (%) PCO2 (mmHg) TCO2 (mmHg) pH BE (mmol/L) HCO3

-(mmol/L)

0 h 168 h 0 h 168 h 0 h 168 h 0 h 168 h 0 h 168 h 0 h 168 h 0 h 168 h

1 83.75±3.30 87.25±4.92 95.25±0.50 96.25±0.50 34.63±1.36 34.53±3.44 21.00±5.10 20.33±3.40 7.29±0.10 7.35±0.06 -5.33±5.43 -6.00±4.24 19.97±4.43 19.43±3.29

2 93.00±10.60 90.50±13.84 96.50±1.22 97.17±1.33 32.00±3.61 36.48±5.34 18.17±4.12 25.33±7.61 7.33±0.07 7.41±0.11 -8.67±5.20 0.00±9.14 17.28±4.15 24.28±7.47

3 91.67±6.65 83.67±11.98 96.00±1.10 95.50±1.64 31.72±3.79 33.63±2.50 16.00±3.58 25.50±3.21 7.28±0.13 7.46±0.04 -8.67±4.55 0.67±3.50 15.03±3.46 24.67±3.09

4 88.17±8.70 89.50±6.53 96.17±0.41 97.50±0.55 32.12±5.69 33.65±3.78 19.17±6.18 24.50±4.55 7.35±0.08 7.45±0.04 -7.33±7.39 -0.50±5.17 18.27±6.02 23.47±4.36

F 0.57 2.69 0.59 0.16 1.15 0.18 0.17

P 0.64 0.08 0.63 0.92 0.36 0.91 0.92
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DISCUSSION

In the years 1965-1967, bipyridylium herbicides 
such as PQ were found to bind strongly to soil and clay 
minerals, a common feature shared by many other organic 
cations (Knight, Tomlinson, 2010). Investigations of 
the adsorption capacities and chemical compositions 
of a variety of soils revealed that montmorillonite was 
a particularly strong binding agent in vitro (Faust, 
Zarins, 1969; Knight, Tomlinson, 2010). Present study 
not only researched the adsorption capacity of different 
kinds of adsorbents, but also explored the influencing 
factors of the adsorption capacity via orthogonal in vitro 
experiments. The results also support the findings of 
former reports(Faust, Zarins, 1969; Knight, Tomlinson, 
2010); montmorillonite was found to have a stronger 
adsorption capacity than activated charcoal or fuller’s 
earth, its adsorption reaction was fast and complete, 
and it is also appropriate for use in the stomach acid 
environment. Therefore, montmorillonite powder was 
used as the adsorbent for follow-up in vivo experiments.

The LD50 values of PQ for rats, guinea pigs, and 
monkeys are 126, 22, and 50 mg/kg, respectively (Dinis-
Oliveira et al., 2008). PQ is primarily absorbed through 
the digestive tract, and the toxic effects of PQ poisoning 
rapidly progress after absorption (Chui, Poon, Law, 1988). 
In a previous report (Kan et al., 2010) the toxicokinetic 
parameters of PQ in rabbits after oral administration were 
found to be as follows: Cmax, 14.46 ± 2.35 mg/L; Tmax, 
1.63 ± 0.31 h; AUC(0-t), 177.61 ± 14.62 mg × h/L. In the 
present study, the toxicokinetic parameters were found 
to be similar, but the Cmax and AUC values were lower 
than those found in the previous study; this may have 
been caused by the low absorptivity and bioavailability 
of the PQ solution used in the present study. At the time 
when Clark undertook his experiments with adsorbent 
substances in rodents, the assumption was made that 
fuller’s earth or bentonite could combine with PQ and 
decrease the mortality of experimental rats administered 
with 200 mg/kg PQ (Clark, 1971). It was also found in the 
present study that montmorillonite powder has a similar 
adsorption capacity, and that either immediate or delayed 
treatment with montmorillonite will impact the digestive 
tract absorption of PQ, result in lower toxicokinetic 

parameters related to the internal loading of PQ, such 
as AUC, Cmax, and MRT, and ultimately reduce the fatality 
rate in treatment groups. 

Previous studies showed that several cytokines, 
chemokines, and fibrogenic mediators play important 
roles in the molecular mechanisms of pulmonary 
inflammation and fibrosis induced by PQ (He et al., 2020; 
Khalighi et al., 2016; Wang et al., 2020). Inflammatory 
cells secrete a variety of pro-inflammatory cytokines such 
as TNF-α, IL-1β, IL-6, TGF-β1, HMGB1, and chemokine 
MCP-1, which intensify inflammatory reactions and lead 
to lung injury (Amirshahrokhi, Khalili, 2016; Chen et 
al., 2019; Chen, Fu, 2018; Huang et al., 2020; Wang, 
Luo, Zhao, 2014). 

TGF-β1 is secreted by numerous cell types, including 
fibroblasts and macrophages. It is an important regulator 
of cell growth and differentiation and has been identified 
as the most important pro-fibrotic cytokine. TGF-β1 has 
been implicated as a mediator of chronic inflammation and 
fibrosis in many tissues, including lung tissue. It stimulates 
the proliferation and differentiation of alveolar epithelial 
cells and fibroblasts, as well as the production of matrix 
metalloproteinases and collagen. Several studies have 
reported the increase of TGF-β1 after PQ exposure (Chen, 
Fu, 2018; Hua et al., 2017; Zhang et al., 2014). In the present 
research, the serum TGF-β1 was found to be significantly 
elevated 168 h after PQ exposure; as montmorillonite 
reduced the PQ concentration in blood, the TGF-β1 levels 
in the animals in the treatment group were lower than those 
in the animals in the PQ poisoning group. 

HMGB1, a highly-conserved nonhistone DNA-
binding protein, could be actively released to the 
cytosol and the extracellular environment and function 
as a cytokine to initiate inflammatory responses. In rat 
models of PQ poisoning, it has been shown that multiple 
inflammatory factors, including HMGB1, were elevated 
in the lung tissue or serum following PQ-induced cell 
death (Chen et al., 2019; Huang et al., 2020; Nishiyama et 
al., 2013). Yan suggested that the development of an acute 
immune response presents experimental evidence that 
targeting any component in the HMGB1-TLR4-IL-23-IL-
17A axis is sufficient for the alleviation of lung injuries 
following PQ exposure (Yan et al., 2017). In the present 
research, the serum HMGB1 was found to be significantly 
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elevated 168 h after PQ exposure; as montmorillonite 
reduced the PQ concentration in the blood, the HMGB1 
levels in the animals in the treatment group were lower 
than those in the animals in the PQ poisoning group.

MCP-1 is a member of the C-C chemokine family 
and regulates the migration and infiltration of monocytes/
macrophages. MCP-1 is produced by several cells, 
such as endothelial cells, alveolar epithelial cells, and 
macrophages. This pro-inflammatory protein has been 
implicated in the pathogeneses of various inflammatory 
diseases(Amirshahrokhi, Khalili, 2016). It has been 
reported that MCP-1 plays an important role in the 
development of lung inflammation and fibrosis (Gao et 
al., 2016; Prasse, Müller-Quernheim, 2009). However, it 
was not found in the present study that the administration 
of PQ caused a significant increase in the levels of serum 
chemokine MCP-1; as MCP-1 regulates the migration and 
infiltration of monocytes/macrophages, its concentration 
in serum was low.

The most common causes of death due to acute PQ 
poisoning are pulmonary fibrosis and progressive respiratory 
failure. As mentioned previously, pulmonary edema, 
hemorrhage, the destruction of alveolar epithelial cells, and 
ultimately fibrosis caused by inflammatory cytokines and 
chemokines are the main histopathological characteristics 
of PQ poisoning (Javad-Mousavi et al., 2016; Khalighi et 
al., 2016). In this study, lung injury in the animals in the 
PQ group exhibited similar features to those of acute lung 
injury, including interstitial pneumonia, increased lung 
permeability, and interstitial inflammatory cell infiltration. 
The characteristic PQ-induced pathological alterations, 
including alveolar edema, hemorrhage, inflammatory cell 
infiltration, diffuse alveolar collapse with an increased 
thickness of the alveolar walls, swollen alveolar epithelial 
cells, and the development of an extensive fibrosis, were 
observed in the lungs of the experimental animals after PQ 
exposure. In this study, treatment with montmorillonite 
was found to be very effective in decreasing the levels 
of PQ and preventing oxidative damage induced by PQ, 
which are characterized by the alleviation of PQ-induced 
tissue damage.

Arterial blood gas tests are used to evaluate gas 
exchange in humans by determining the partial pressures 
of carbon dioxide and oxygen, the blood pH, and the 

bicarbonate level to assess oxygen delivery ability, 
ventilator function integrity, and acid-base equilibrium 
systems. In theory, arterial blood gas tests have significance 
in prognosing PQ poisoning. Previous studies have 
investigated the predictive value of arterial blood gas 
tests in prognosing patients with PQ poisoning (Hu et al., 
2017; Huang, Zhang, 2011; Javad-Mousavi et al., 2016) 
and have identified the most significant indexes of the 
arterial blood gas test. A previous research analysis of PQ 
poisoning revealed that there were significant differences 
between the deceased and survival groups in the PCO2 
base excess, HCO3

−, TCO2, and pH. They also found that 
the most important correlated indexes were associated with 
the partial pressure of carbon dioxide (PCO2) (Hu et al., 
2017). According to the results of the present study, there 
were no obvious differences between groups, even between 
the PQ poisoning group and the control group. This may 
be due to the PQ exposure dose and sacrifice time used 
in the present study, the focus of damage on the lower 
margin of the lung, or the sampling of only a portion of the 
whole lung; contrarily, it may be explained by the strong 
compensatory ability of lung organs, as part of the healthy 
lung tissue could still maintain normal breathing ability.

In this study, only two time points (5 and 30 min) 
of montmorillonite treatment after PQ exposure were 
used, and the observation period only lasted 168 h. It 
would be more valuable if a delayed treatment time or a 
prolonged observation period were investigated. However, 
the results of the present study clearly demonstrate that 
montmorillonite significantly decreased the blood PQ 
concentration and reduced the accumulation of TGF-β1 
and HMGB1 in PQ-treated rabbits. These findings 
suggest that montmorillonite might exert its protective 
effects on PQ-induced damage by reducing the load of 
PQ in the body and alleviating the earlier inflammation 
damage due to PQ-induced oxidative stress in the lungs of 
rabbits. Future studies are warranted to further clinically 
investigate the effectiveness of montmorillonite powder 
for PQ poisoning.
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