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Abstract

Accidental or suicidal ingestion of the world’s most widely used herbicide, paraquat (PQ), may
result in rapid multi-organ failure with a 60% fatality rate due to the absence of an effective
detoxification solution. Effective, specific antidotes to PQ poisoning have been highly desired.

Methods: The binding constant of PQ and a synthetic receptor, cucurbit[7]uril (CB[7]), was first
determined in various pH environments. The antidotal effects of CB[7] on PQ toxicity were firstly
evaluated with in-vitro cell lines. With in-vivo mice models, the pharmacokinetics and the
biodistribution of PQ in major organs were determined to evaluate the influence of CB[7] on the
oral bioavailability of PQ. Major organs’ injuries and overall survival rates of the mice were
systemically examined to evaluate the therapeutic efficacy of CB[7] on PQ poisoning.

Results: We demonstrate that CB[7] may complex PQ strongly under various conditions and
significantly reduce its toxicity in vitro and in vivo. Oral administration of PQ in the presence of
CB[7] in a mouse model significantly decreased PQ levels in the plasma and major organs and
alleviated major organs’ injuries, when compared to those of mice administered with PQ alone.
Further studies indicated that oral administration of CB[7] within 2 h post PQ ingestion
significantly increased the survival rates and extended the survival time of the mice, in contrast to
the ineffective treatment by activated charcoal, which is commonly recommended for PQ
decontamination.

Conclusion: CB[7] may be used as a specific oral antidote for PQ poisoning by strongly binding
with PQ and inhibiting its absorption in the gastrointestinal tracts.

Key words: paraquat toxicity, cucurbit[7]uril, antidote, detoxification

Introduction

There are estimated 109,700 deaths from
pesticide self-poisoning worldwide each year, and
paraquat (PQ) is one of the leading pesticides causing
death in many developing countries [1, 2]. Suicidal or
accidental ingestion of PQ would result in rapid
multi-organ failure with a mortality rate exceeding
60% [3, 4]. These poor outcomes are mainly attributed
to the severe toxicity of PQ and the lack of effective
detoxification therapies. Although several countries
have banned or restricted its use, PQ is still being
registered, legally distributed and used in more than
90 developed and developing countries [5-7],

meaning that there are still large populations facing
the problem of potential PQ poisoning. Without
effective, specific antidotes available, only moderately
effective, nonspecific, life-supporting measures are
taken to detoxify PQ poisoning in clinics. These
measures often include oral decontaminants such as
activated  charcoal = (AC), for early PQ
decontamination, followed by anti-oxidant therapy,
immunosuppression, hemoperfusion, hemodialysis,
resuscitation and supportive care [5, 8-15].
Unfortunately, no clinical benefits from these
treatments have been demonstrated and there has
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been no specific antidotal therapy to date for PQ
poisoning [13, 16-20]. Upon oral ingestion, PQ is
usually rapidly absorbed into the small intestine and
distributed to major organs, including the liver, lungs,
kidneys and muscles [4, 21]. Therefore, preventing its
intestinal absorption in the first place after oral
ingestion of PQ might be the key to a successful
treatment. An effective and specific oral antidote is
indeed urgently needed to treat PQ poisoning.

The essential attributes of an effective oral PQ
antidote should include: (i) good oral biocompatibility
to allow administration at high doses; (ii) high
binding affinity with PQ to allow specific and efficient
scavenging of PQ in the gastrointestinal (GI) environ-
ment; (iii) ability to reduce PQ absorption upon
complexation with PQ in the GI tract. Cucurbit[n]urils
(CB[n]s, n = 5-8, and 10) are a series of macrocyclic,
methylene-bridged glycoluril oligomers with shapes
resembling that of a pumpkin and have received
increasing interest as a growing family of host
molecules in supramolecular chemistry [22-24]. As
synthetic receptors, CB[n]s can bind with a variety of
guest molecules such as aromatic and aliphatic comp-
ounds [25, 26]. Our previous studies demonstrated
that the toxicity of certain guest molecules might be
dramatically reduced upon their complexation with
CB[7] strongly [27, 28]. However, the underlying
mechanism is not clear and none of these or other
examples have demonstrated that CB[7] may reverse
toxicity of a guest molecule in a mammalian model.
Of note, it has been previously reported that PQ and
CBJ[7] form a stable 1:1 complex with a relatively high
binding affinity [29, 30]. Moreover, the excellent oral
biocompatibility of CB[7] has been recently demonst-
rated in mice [31-33]. Therefore, CB[7] likely fulfills all
of these requirements as an effective PQ antidote.

Herein, we hypothesized that CB[7] might be
used as a safe oral antidote for PQ ingestion by
sequestering PQ in the GI tract, thereby reducing the
intestinal absorption of PQ and detoxifying PQ
poisoning (Figure 1). As a proof of concept, we
successfully demonstrated that complexation of PQ
by CB[7] decreased its toxicity in vitro and in vivo and,
more importantly, oral administration of CB[7]
significantly reduced the intestinal absorption of PQ,
decreased PQ levels in the plasma and major organs,
and alleviated major organs’ damage, resulting in
highly increased survival rates and survival time of
the mice.

Methods

Animals and cell lines

All animal studies were approved by the Ethical
Committee for Animal Experimentation of the Third

Military Medical University, and were conducted
according to the Animal Management Rules of the
Ministry of Health of the People's Republic of China
(No. 55, 2001) and the guidelines for the Care and Use
of Laboratory Animals of the Third Military Medical
University. Male Balb/c mice were obtained from the
Animal Center of the Third Military Medical Univer-
sity (Chongging, China). Human lung carcinoma
A549 cells, normal human hepatic LO2 cells and
human intestinal epithelial Caco-2 cells were original-
ly obtained from Cell Bank at the Chinese Academy of
Sciences (Shanghai, China). A549 cells and LO2 cells
were cultured in a 5% CO; humidified environment at
37 °C in complete Dulbecco’s modified eagle medium
(DMEM, Gibco, NYC, USA) supplemented with 10%
fetal bovine serum (FBS, Gibco, NYC, USA) and 1%
penicillin-streptomycin  (Sigma-Aldrich, St. Louis,
MO, USA). In addition, Caco-2 cell line(passage
numbers: 30-40) was grown in the same environment
with the addition of 1% MEM non-essential amino
acids (Gibco, NYC, USA) to the culture medium.

Artery

Lymph vessel

@ PQ@CBI7]

‘ PQ CB[7]

Figure 1. The proposed function of CB[7] for detoxifying PQ ingestion.
CB[7] is orally administered after PQ ingestion. In the stomach or intestine, CB[7]
undergoes complexation with PQ, preventing intestinal injury and reducing the
absorption and tissue distribution of PQ. Most of PQ will be excreted in the form of
PQ@CB[7] complex.

Synthesis of CB[7]

CB[7] (C42H4N2sO14, molecular weight:1162.96
g/mol) was synthesized as described previously [22,
34, 35].

Modeling studies of CB[7] and PQ binding

Three-dimensional structures of CB[7] and PQ
were drawn with ChemBioOffice Ultra 14.0 software.
AutoDock Tools was used to generate the pdb
(protein data bank) files. The binding conformations
between CB[7] and PQ were simulated with
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AutoDock Vina [36]. A grid map of dimensions 40 A x
40 A x 40 A with a grid space of 0.375 A was set. The
center of the search space was set to -3.066 A, -0.011 A
and -0.086 A (x, y, z). One hundred GA (genetic
algorithm) runs was set, and all other parameters
were the default values by AutoDock Vina.
Conformational searching was performed by the
Lamarckian genetic algorithm (LGA). The structure of
the complex with lowest energy was re-optimized
with ChemBioOffice Ultra 14.0 software.

Determination of CB[7] and PQ binding
affinities

Isothermal titration calorimetry (ITC, Malvern
MicroCal PEAQ, Malvern, Worcestershire, UK) was
utilized to determine the binding constant and
thermodynamic parameters for CB[7] and PQ (J&K
Scientific, Beijing, China). Briefly, 0.2 mL of aqueous
CB[7] solution (0.2 mM) was placed into the sample
cell. In addition, a 2-mM aqueous PQ solution was
added in a series of 19 injections (2 pL each) as the
heat evolved was recorded at 25.0 °C at time intervals
of 150 s for each titration. The obtained data were
analyzed and fitted by the built-in software.
Thermodynamic parameters analysis was conducted
with the “one set of binding sites” mathematic model.
Similar methods were utilized for the determination
of CB[7] and PQ binding affinities in a hydrochloric
acid-saline solution (pH 1.2) containing 84 mM HCI
and 34 mM Na(l, and in pH 3.0, pH 4.5, pH 6.8 and
pH 7.4 phosphate-buffered saline (PBS) solutions
containing 137 mM NaCl, 2.7 mM KCl, 10 mM
NaHPOy, and 1.8 mM KH,PO, with the pH adjusted
by 1 M HCL.

Cell viability assays

After culturing 1x10%cells in 96-well plates for 12
h, A549 or LO2 cells were then incubated with various
concentrations of PQ (0.1, 0.2 and 0.5 mM) in the
presence or absence of CB[7] (0.1, 0.2 and 0.5 mM).
After 24 h, a cell counting kit-8 (Beyotime, Nantong,
Jiangsu, China) was utilized to determine the cell
viability. The same method was applied to determine
the cell viability when cells were incubated with 0.5
mM PQ in the presence of various concentrations of
CB[7] (0, 0.2, 0.5, 1.0, and 2.0 mM).

Determination of the intracellular levels of PQ

3x10> Caco-2 cells in 1.0 mL of growth medium
were seeded in 12-well plates for 12 h. Cells were then
incubated with PQ (0.5 mM) or PQ@CB[7] (PQ and
CB[7], 0.5 and 2 mM, respectively) for 0.5, 1, 2, 4 and 8
h (n = 3). After being washed with PBS, cells were
lysed with 300 pL RIPA Lysis Buffer with 1% protease
inhibitor (Beyotime, Nantong, Jiangsu, China). Lysate

was centrifuged at 10000 x g for 10 min, protein
contents in the supernatant were determined by BCA
assays (Beyotime, Nantong, Jiangsu, China) according
to the manufacturer’s protocol. A HPLC (high
performance liquid chromatography) method was
used to determine PQ concentration. 200 pL of
supernatant was mixed with 50 puL of 6% perchloric
acid in methanol (V/V) for 3 min and kept at -20 °C
for 10 min. After centrifugation at 10000 x g for 15
min, HPLC coupled with a UV-Vis detector
(HPLC-UV, Agilent 1200, Santa Clara, CA, USA) was
employed to determine the PQ concentration in the
supernatant. The mobile phase consisted of 10%
acetonitrile (V/V) and 90% of a buffer solution
containing 0.1 M orthophosphoric acid and 3.0 mM of
sodium 1-octanesulphonic acid, which was adjusted
to pH 3.0 with the addition of diethylamine. The
stationary phase was ZORBAX Eclipse XDB-C18
column (4.6x250 mm, 5 pm), and the flow-rate was at
0.8 mL/min and the UV absorbance was detected at
258 nm. The intracellular levels of PQ were presented
as the ratio of PQ/ protein.

PQ poisoning mouse model

Male Balb/c mice (8-10 weeks old) with body
weights of 20-25 g were used. This experimental
protocol was approved by the guidelines for the Care
and Use of Laboratory Animals of the Third Military
Medical University. After they had been fasted for 8 h,
the mice were orally administered with PQ solutions
at doses ranging from 100, 150, 200, 250, 300 to 350
mg/kg. The body weights as well as the number of
living mice were recorded each day. The behavior of
the mice was also observed daily for any signs of
illness.

Determination of the plasma levels and tissue
accumulation of PQ

Sample collection

A total of 84 mice were used for the
determination of PQ concentration in plasma and to
detect its accumulation in different tissues. Briefly,
8-10-week-old male Balb/c mice with weights of 20-25
g were orally administered with PQ or PQ@CBI[7]
(molar ratio 1:2, CB[7]= 2.71 g/kg) solution at a PQ
dose of 300 mg/kg. After 10 min, 30 min, 1 h, 2h, 4 h,
8 h and 12 h, blood samples were collected into
sodium heparin spray-coated tubes and plasma
samples were separated and stored at -80 °C. After 4, 8
and 12 h, major organs, including the heart, liver,
lungs, kidneys, spleen and intestines were collected,
washed with ice-cold PBS and stored at -80 °C.

Sample pretreatment

Plasma pretreatment was conducted as
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described in previous literature [37]. A 5 pL of 150
pg/mL  diethyl paraquat (EQ, internal standard,
aladdin®, Shanghai, China) aqueous solution was
added to 200 pL plasma simples, and thoroughly
mixed with 45 pL of 6% perchloric acid (v/v) in
methanol. Samples were then left standing for 10 min
at -20 °C and centrifuged at 8000 xg for 10 min.
Supernatants were then centrifuged for once again
under the same conditions for HPLC analysis.

Tissue pretreatments were performed with a
previously  published method, albeit with
modifications[38]. Major organs, including the heart,
liver, lungs, spleen and kidneys, were weighed and
placed into tubes. Samples were cut into small pieces
and homogenized in 1 or 2 mL (for liver tissues) pH
74 PBS solutions containing 0.1% Triton-X 100.
Samples were then centrifuged at 8000 xg for 10 min.
Supernatants were subsequently centrifuged for one
more time under the same conditions and received,
using the same procedure for plasma pretreatment for
HPLC analysis.

Intestines were cut into three sections, including
the duodenum, jejunum and ileum, with a length of 5
cm for each part. Samples were weighed and
homogenized in 1 mL of pH 7.4 PBS containing 0.1%
Triton-X 100. Samples were subsequently centrifuged
twice at 8000 xg for 10 min and the supernatants were
treated via the same procedure for plasma
pretreatment for HPLC analysis.

Standard samples were prepared by adding PQ
aqueous solution to the blank plasma or supernatants
of homogenized tissues to make a series of standard
samples with the PQ concentration of 0, 0.5, 1, 2, 5, 10,
20, 50 pg/mL. Standard samples were then received
with the same procedure for plasma pretreatment for
HPLC analysis.

HPLC analysis

The HPLC characterization was performed via a

previously described method with minor changes [37].

Briefly, a HPLC system equipped with a UV-Vis
detector (SHIMADZU i-Series, Shimadzu, Kyoto,
Japan) was used. The mobile phase was the same as
what was used in the determination of intracellular
PQ content. Samples were separated on a ZORBAX
Eclipse XDB-C18 column (4.6 x 250 mm, 5 um) and a
C-18 pre-column (4.6x10 mm, 5 um) at 37 °C. PQ and
an internal standard were eluted at a flow-rate of 0.8
mL/min and detected at 258 nm.

Calculation of AUC (area under the curve)

The area under the plasma concentration-time
curve from time zero to time t (AUCpy) was
calculated with the DAS 3.2.3 pharmacokinetic
program.

Determination of inflammatory cytokines and
ROS (reactive oxygen species) levels

Male Balb/c mice (8-10 weeks old) with weights
of 20-25 g were orally administered with PQ or
PQ@CB[7] (molar ratio 1:2, CB[7] = 271 g/kg)
solution at a PQ dose of 300 mg/kg. After 8 h, lungs
and intestine samples were collected and washed
with ice-cold PBS. Samples of the jejunum and ileum
with a length of 5 cm for each part were cut off from
the intestine. Tissues including lungs, jejunum and
ileum were then placed into tubes and homogenized
in 1 mL ice-cold pH 7.4 PBS. Samples were then
centrifuged twice at 8000 xg for 10 min and
supernatants were saved for the determination of
inflammatory cytokines and ROS levels. The levels of
various cytokines including tumor necrosis factor-a
(TNF-a), interferon-y (IFN-r) and interleukin-la
(IL-1a) and myeloperoxidase (MPO, Boster Biological
Technology co. Itd, Wuhan, Hubei, China) were
determined by using ELISA kit (Neobioscience,
Shenzhen, Guangdong, China) according to the
manufacturer’s protocols. Relative superoxide levels
were determined using an assay kit purchased from
Beyotime (Nantong, Jiangsu, China). A fluorescent
hydrogen peroxide (H2O») assay kit (Sigma-Aldrich,
St. Louis, MO, USA) was used to detect the
H>Oslevels. After peroxidase substrate reacted with
H>O,, the red fluorescent product (excitation
wavelength = 540 nm and emission wavelength = 590
nm) was analyzed with a multifunctional microplate
reader (TECAN Infinite M200, Tecan, Mannedorf,
Switzerland).

Determination of tissue injuries

To determine the protection of CB[7] on
PQ-induced tissue injuries, 8-10-week-old male
Balb/c mice with weights of 20-25 g were orally
administered with PQ or PQ@CB[7] (molar ratio of
PQ/CB[7] = 1:2, CB[7] = 2.71 g/kg) solution at a PQ
dose of 300 mg/kg. Mice were orally administered
with 100 pL saline/10 g weight as the control group.
After 8 h, major organs, including the heart, liver,
spleen, lungs and kidneys, were collected and washed
with PBS. GI tissues were also collected and washed
with PBS. Sections of major organs and GI tissues
were prepared and stained with hematoxylin and
eosin (H&E) for histopathological analysis.

Treatment protocols

Male Balb/c mice (8-10 weeks old) with weights
of 20-25 g were orally administered with PQ at a dose
of 300 mg/kg. After 10 min, CB[7]/saline suspensions
(1, 2 and 3 equiv. to PQ , 1.36, 2.71, and 4.07 g/kg)
were gavaged. For the time-dependent treatment
study, mice were gavaged with 300 mg/kg of PQ first,
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and CB[7]/saline suspensions (2 equiv. to PQ, 2.71
g/kg) were subsequently administered after 0.5, 1 and
2 h, respectively. The weights as well as the number of
living mice were recorded each day. After 21 days, all
the remaining animals were sacrificed. Major organs
were collected and weighed. Sections of major organs
and GI tissues were prepared and stained with H&E
for histopathological analysis. For the time-dependent
treatment study of PQ-poisoned mice by AC, mice
were gavaged with 300 mg/kg PQ and AC (~200
meshes, specific surface area ~ 1500 m?/g, Xiya
Reagent, Linyi, Shandong, China) were subsequently
administered after 10 min, 0.5 h, 1 h and 2 h at a dose
of 1.5 g/kg. The weights and the number of living
mice were recorded each day.

Statistical analysis

Data are presented as means + SEM (standard
error of mean). Two-tailed, unpaired Student’s t-tests
were performed for the comparisons between two
sample sets and one-way ANOVA was used for
experiments consisting of more than two groups with
PASW Statistics 18.0. Kaplan-Meier survival analysis
was assessed via a log-rank test. Statistical
significance was considered as P < 0.05.

Results

PQ-CB[7] binding affinity

In this study, we firstly simulated the binding of
PQ and CB[7] (Figure 2A) utilizing AutoDock
Vina[36] and the complex structure with the lowest
binding energy is shown in Figure 2B. It has been
reported previously that in pH 7.0 tris-buffer solution,
CB[7] and PQ formed a stable 1:1 complex with a

binding constant of 2.0x10> M-1[29, 30]. However, the
pH values encountered within the GI tract can vary
from ~1.0 to ~7.4 for humans depending on their ages
or health situations [39-41]. We, therefore, determined
the binding affinities of PQ and CB[7] in pH 1.2
hydrochloric acid-saline solution, in pH 3.0, pH 4.5,
pH 6.8, and pH 7.4 PBS solutions (Figure 2C, Table 1)
as well as in water, by ITC. The binding constants
between CB[7] and PQ in pH 1.2~7.4 buffers are all
above ~10°M1, indicating that CB[7] likely exhibits a
high binding affinity with PQ in the GI tract.

Table 1. Binding constants between CB[7] and PQ in various pH
environments.

Solutions pH 1.2 pH 3.0 pH 4.5 pH 6.8 pH74 water

Ke(M1)  6.25x105 1.39x105 1.08x105 1.77x105 1.57x105 2.80x10¢

In vitro relieving effects of CB[7] on PQ
poisoning
After having demonstrated that CB[7] may still
effectively bind PQ in various pH environments, we
firstly evaluated the relief effects of CB[7] on PQ
poisoning in vitro. We analyzed the protective effect of
CB[7] (molar ratio to PQ = 1:1) at different PQ
concentrations on A549 cells (a cell line that has been
previously used as a model for lung cells in PQ
toxicity studies [42, 43]) and LO2 cells (a human
hepatic cell line), as PQ would induce severe injuries
on lungs and liver. As shown in Figure 3A, PQ
induced A549 cellular death in 24 h in a
dose-dependent manner, whereas its cytotoxicity was
effectively inhibited with the addition of CB[7]
(PQ@CB[7], molar ratio 1:1). In addition, the
protective effects of CB[7] on
cellular viability against PQ’s
cytotoxicity — also  showed a

21
—

dose-dependent behavior (Figure
3B). Similar results were obtained
in LO2 cells (Figure 3C-D).

Evaluation of PQ poisoning in

-

o s Vvivo.
Time (min) To determine the toxicity of
PQ with in vivo models, mice were
orally administered with PQ at the
doses of 100, 150, 200, 250, 300 and
350 mg/kg. The body weight of the

mice decreased rapidly (Figure

Figure 2. Complexation of PQ by CB[7]. (A) Structures of CB[7] (left) and PQ (right). (B) Energy-optimized
inclusion complexes of CB[7] and PQ2* by AutoDock Vina. The left panel is the side view and the right panel is the
top view. (C) Representative of ITC titration of CB[7] with PQ in pH 7.4 phosphate buffered saline (PBS) at 25 °C.
One binding site model was utilized to fit the data, affording an association constant K, of 1.57 (+0.15) x 105M-! (AH:

-8.81 £ 0.15 kJ*mol-!, AG: -29.7 kJsmol-!, -T A S: -20.9 kJ*mol-).

Molar Ratio

S R S1A) and fatality took place when

the mice were orally administered
with PQ at the dose of 150 mg/kg
or above (Figure S1B). When the
given dose was increased to 250,
300 or 350 mg/kg, the mice lost
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weight much more rapidly, and all the animals in
these groups died within 3 to 4 days post
administration (Figure S1B). Unexpectedly, the body
weight of the surviving mice in low-dose groups (e.g.
100-200 mg/kg dosage) began to increase after day 5
and the weight of the surviving animals at 21 days
after PQ ingestion exhibited negligible differences
with those of the control group, indicating that the
mice exhibited some level of self-healing ability if they
survived from PQ poisoning. Based on these results,
we chose 300 mg/kg, a supralethal dose, as the
administered dosage of PQ ingestion to evaluate the
oral antidotal efficacy of CB[7].

Decreased intestinal accumulation of PQ and
intestine injury

Once taken orally, PQ is known to induce
extensive corrosive injuries to the intestine, which, in
turn, increases further absorption of PQ [5]. To test
whether CB[7] may inhibit PQ accumulation in the
intestine and reduce its injury, we firstly used Caco-2
cells as a cellular model of the intestine to determine
the influence of CB[7] on the cellular uptake of PQ.
Cells were incubated with PQ or PQ@CBJ[7] for 0.5, 1,
2,4 and 8 h, and the intracellular content of PQ was
significantly lower for the PQ@CB[7] group compared
with the PQ group (Figure S2), implying that the
cellular uptake of PQ was inhibited with the addition
of CB[7]. To determine whether CB[7] could decrease

>
oy}

the intestinal accumulation of PQ and the intestinal
injury induced by PQ ingestion, mice were orally
administered with PQ or co-administered with PQ
and CB[7] suspension (PQ@CB[7], at a molar ratio of
PQ/CB[7] = 1:2, CB[7] = 2.71 g/kg) at the PQ dose of
300 mg/kg, a supralethal dose. Intestinal bleeding
was observed at 8 h post administration for mice that
received PQ and the symptoms were completely
alleviated with the co-administration of CB[7].
Subsequently, the accumulation of PQ in the
duodenum, jejunum and ileum was approximately 60,
110 and 325 pg/g, respectively, at 4 h post PQ
ingestion, whereas the values for the PQ@CB[7]-
treated group were approximately 30, 40 and 100
ng/ g, respectively (Figure 4A-C), suggesting that PQ
accumulation decreased significantly in various
intestinal tissues when CB[7] was present. A similar
trend was also observed at 8 h post-ingestion. It
should be noted that CB[7] does not influence the
quantitation of PQ via HPLC characterization (Figure
S3) and the amount of free PQ or bound PQ could not
be distinguished from one another in the tissues for
the PQ@CBJ[7]-treated group. Furthermore, the
concentrations of the typical inflammatory cytokines,
including TNF-a, IFN-yand IL-1B, were also reduced
in the jejunum in the mice treated with PQ in the
presence of CB[7] (Figure 4D-F). Additionally, PQ
induced high levels of MPO as well as ROS, including
H>O» and other superoxide substances in the
jejunum (Figure 4G-H and Figure S4).
However, when PQ was ingested in the

120 o control [ 5071 [ PO Il PO@CBIT)
- skskok sk
100 r2 —

Cell Viability (%)
]
Cell Viability (%)

0
04 0.2 05 Control 0 02 05

presence of CB[7], these values were
dramatically lower. Similar results were also
observed in the ileum (Figure S5A-B).
Moreover, epithelial erosion and inflamma-
tory cells infiltration in the lamina propria
were shown in the H&E-stained sections of the

5o duodenum for the group of mice that ingested

Concentration (mM)

C

PQ (0.5mM) + CB[7] (mM)

PQ, whereas in both the control group of mice
and that which had ingested PQ@CB[7], no

120]-Cnntml B ce7) Il e [l Pe@cBIT]
sokok
~

-
o
o
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™

o

Cell Viability (%)
A O ©
o o

[
o

0
Control 0 0.2 0.5

o

0.1 0.2 0.5

discernible injuries were observed (Figure 41).
More significantly, while PQ was readily
detected in the intestinal tissues of the mice
that ingested PQ, no increase of the pro-
inflammatory cytokines and ROS levels was
observed in the intestinal tissues of the mice

- that ingested PQ@CBJ[7], which was compara-

Concentrétion (mM)

Figure 3. Antidotal effects of CB[7] on PQ poisoning in A549 cells and LO2 cells. (A)
Viability of A549 cells which were incubated with CB[7], PQ or PQ@CB[7] (molar ratio=1:1) at
the various PQ concentration. Data are presented as means + SEM, n = 5, #*P<0.001. (B) Viability
of A549 cells which were incubated with PQ (0.5mM) or PQ@CB[7] at the various CB[7]
concentration for 24 h. Data are presented as means = SEM, n = 5, **P<0.001. (C) Viability of LO2
cells which were incubated with CB[7], PQ or PQ@CB[7] (molar ratio=1:1) at the various PQ
concentration. Data are presented as means + SEM, n = 5, ¥**P<0.001. (D) Viability of LO2 cells
which were incubated with PQ (0.5mM) or PQ@CB(7] at the various CB[7] concentration for 24

h. Data are presented as means * SEM, n = 5, *P<0.05, **P<0.001.

PQ (0.5mM) + CB[7] (mM)

ble with the control group with no detectable
injuries observed. This might be attributed to
significantly reduced intestinal absorption of
PQ upon its encapsulation by CB[7], and the
bound form may not induce ROS generation,
inflammation and erosion in the intestine.
Taken together, all of these results suggested

that CB[7] may significantly reduce intestinal
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injuries by binding with PQ and inhibiting its
accumulation in the intestine.

Reduced absorption of PQ and PQ poisoning
on major organs in a mouse model

In addition to the intestine, we further
investigated the influence of CB[7] on the
pharmacokinetics, absorption and tissue distribution
of PQ as well as the toxicity of PQ on major organs
among the mice that had been orally administered PQ
in the absence and presence of CB[7]. Mice were orally
administered with PQ solution and PQ@CBJ[7]
suspension (molar ratio PQ/CB[7] = 1:2, CB[7] = 2.71
g/kg), respectively, at a PQ dosage of 300 mg/kg, and
Figure 5A shows the pharmacokinetic profiles of PQ
and PQ@CB[7]. In the mice that were orally
administered with PQ, the concentration of PQ in
plasma reached the maximum at the first
pre-determined time point (10 min) and kept at
relatively high levels within 2 h after PQ ingestion,
indicating that PQ was rapidly absorbed into the

systemic circulation. When fed with PQ in the
presence of CB[7], the plasma levels of PQ in the mice
were significantly reduced in comparison to those of
the free PQ group at 10 min, 0.5, 1, 2, 4, 8 and 12 h post
ingestion.  Accordingly, the area wunder the
pharmacokinetic curve AUCp.2n), AUC 0-4n), AUC0-121)
and AUC ..y of the PQ@CBJ[7] group was 3.3, 6.5, 9.6
and 10.2 pgemL-eh, respectively , which was ~
5.4-fold, ~3.8-fold, ~ 4.4-fold and 19.4-fold lower than
those of the free PQ treated group (17.5, 24.3, 42.5 and
1979 pngemL-1eh, respectively, as shown in Figure
5B). The accumulation of PQ in major organs,
including the heart, liver, spleen, lungs and kidneys,
at 4, 8 and 12 h post ingestion was also significantly
lower for the PQ@CBJ[7] group, when compared with
the free-PQ-treated group (Figure 5C-F and Figure
S$6). The decreased absorption of PQ may be
attributed to the complexation of CB[7] that may
exhibit a very little absorption via oral administration
in rats, similar to CB[8] [44].
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Figure 4. CB[7] reduces the accumulation of PQ in intestine and protects the intestine from injury. (A-C) The accumulation of PQ in the duodenum, jejunum and
ileum 4 and 8 h after PQ or PQ@CB[7] (molar ratio of PQ/CB[7] = 1:2, CB[7] = 2.71 g/kg) ingestion at the PQ dose of 300 mg/kg. Data are presented as means * SEM, n = 6,
and *P < 0.05, **P < 0.01. (D-H) Typical pro-inflammatory cytokines (D-F) and ROS related levels (G and H) in jejunum determined at 8 h after mice had ingested saline (control
group), CB[7] (2.71 g/kg), PQ or PQ@CB[7] (molar ratio of PQ/CB[7] = 1:2, CB[7] = 2.71 g/kg) at the PQ dose of 300 mg/kg. Data are presented as means * SEM, n = 6, and
*P < 0.05, ¥P < 0.01, ¥*P < 0.001. (I) H&E-stained sections of duodenum collected from the mice sacrificed at 8 h after oral administration with PQ or PQ@CBI[7] (molar ratio

of PQ/CBJ[7] = 1:2, CB[7] = 2.71 g/kg) at the PQ dose of 300 mg/kg. The arrows show inflammatory cells infiltration and the triangular arrow showed regions exhibiting epithelial
erosion. Scale bar =200 pum.
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Figure 6. CB[7] alleviated the PQ poisoning to lungs in mouse model.
(A-D) Typical pro-inflammatory cytokines and ROS-related levels in lungs from mice
sacrificed 8 h after ingesting PQ or PQ@CB[7] (molar ratio of PQ/CB[7] = 1:2, CB[7]
=2.71 g/kg) at the PQ dose of 300 mg/kg. Data are presented as means + SEM, n = 6,
and *P < 0.05, **P < 0.01, ***P < 0.001. (E) H&E-stained histopathological sections of
lungs from mice sacrificed 8 h after they had ingested saline (control group), PQ or
PQ@CB[7] (molar ratio of PQ/CB[7] = 1:2) at the PQ dose of 300 mg/kg. Scale bar =
100 um.

Additionally, we evaluated lung injuries in the
mice that were administered with PQ in the absence
and presence of CB[7], respectively, as PQ has been
well known to preferentially accumulate in this
organ[5]. As expected, PQ induced high levels of
typical pro-inflammatory cytokines, including IL-1
and IFN-y, as well as MPO and ROS, including H>O:
and superoxide substances, in the lungs at 8 h post PQ
administration at a dosage of 300 mg/kg, while the
levels of these species were significantly lower for the
PQ@CBJ7] (molar ratio PQ/CB[7] =1:2, CB[7] = 2.71
g/kg) treated group (Figure 6A-D and Figure S7).
Moreover, H&E-stained sections of the liver, heart,
spleen, lungs and kidneys showed obvious damage
caused by PQ poisoning at 8 h post ingestion, in
contrast to the very minor injuries that were observed
for the PQ@CB[7]-treated group (Figure 6E and
Figure S8).

Survival rate in a supralethal PQ poisoning
mouse model

In emergency circumstances, patients who ingest
PQ may receive medical managements in minutes or a
few hours after PQ ingestion. We subsequently
evaluated the most optimal dose and time that CB[7]
may be used as an antidote to reverse PQ toxicity. All
of the mice orally administered with CB[7] suspension
(molar ratio 1:1 to PQ, CB[7] = 1.36 g/kg) at only 10
min after PQ ingestion at a PQ dose of 300 mg/kg
died in 10 days (Figure 7A-B ), in contrast to less than
3-day survival of the group of mice without CB[7]
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treatment post PQ ingestion. Very significantly, a 40%
survival rate was obtained when the mice were orally
administered CB[7] suspension (molar ratio = 2:1 to
PQ, CB[7] = 2.71g/kg) at 10 min after PQ ingestion (at
the dose of 300 mg/kg) (Figure 7A-B ). However, the
oral administration of CB[7] (molar ratio 3:1 to PQ,
CB[7] = 4.07 g/kg) at 10 min post PQ ingestion did not
increase the overall survival rate, although it did
moderately prolong the survival time in comparison
with the PQ-alone-treated group (Figure 7A-B ). This
was likely attributed to the physical injury of the
stomach caused by over-feeding of the mice during
the administration of 3:1 CB[7]-PQ dose, as the mice
were orally administered with a volume dose of 20
mL/kg, which significantly exceeded the maximum
volume (10 mL/kg) recommended for mice[45]. A
lower volume was not possible to administer due to
the high-concentration-induced thickness of the
sample. Collectively, these results suggested that the
dosage of CB[7] at a molar ratio of 2:1 to PQ might be
most suitable to detoxify PQ and to improve the
survival rate of mice poisoned by PQ. Further studies
showed that the survival rate and time were both
increased when the mice were orally administered
with CB[7] (molar ratio = 2:1 to PQ) at 30 min, 1 h and

A
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2 h after PQ ingestion (Figure 7C). Moreover, H&E
sections of the intestinal tissues and major organs
(Figure S9-10) of survived mice on Day 21 post
poisoning showed no detectable injures, implying
that the survived PQ-poisoning mice underwent
healing after treating with CB[7].

In the current clinical practice, patients suffering
from PQ poisoning are usually orally administered
with AC as a “gold-standard” (commonly
recommended in clinics) absorbent for PQ
decontamination, and 50 to 100 g of AC is commonly
prescribed for adults who have taken lethal doses of
many drugs or poisons[13, 46]. To compare the
antidotal effects of CB[7] with AC on PQ poisoning,
the antidotal effects of AC were also evaluated against
supralethal doses of ingested PQ in this study. The
mice receiving AC at 10 min, 30 min, 1 h and 2 h after
PQ ingestion all died within 3 days post treatment
(Figure 7D), suggesting that AC had poor antidotal
effects towards PQ poisoning. Taken together, these
results strongly suggested that CB[7] may be
developed as an effective and safe oral antidote for the
treatment of PQ poisoning, which is likely replacing
AC in the future.
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Figure 7. CB[7] increased the survival rate in a supralethal PQ poisoning mouse model. (A) Scheme depicting the administration methods. (B) Kaplan-Meier
survival curves of mice orally administered with CB[7] (molar ratio of PQ/CB[7] = 1:1, 1:2 or 1:3, CB[7] = 1.36, 2.71 or 4.07 g/kg) at 10 min after the mice had ingested PQ at
a dose of 300 mg/kg. n = 8, *P < 0.05, ***P < 0.001, comparing CB[7] groups to the PQ group. (C) Kaplan-Meier survival curves of mice orally administered with CB[7] (molar
ratio to PQ = 2:1, CB[7] = 2.71 g/kg) at 30 min, |1 h and 2 h after the mice had ingested PQ at a dose of 300 mg/kg. n = 8, *P < 0.05, **P < 0.01, ***P < 0.001, comparing CB[7]
groups to the PQ group. (D) Kaplan-Meier survival curves of mice orally administered with AC (1.5 g/kg) at 10 min, 30 min, |1 h and 2 h after the mice had ingested PQ at a dose

of 300 mg/kg. n = 8.
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Discussion

Currently, PQ is widely used as an economic,
extremely effective herbicide, being registered and
legally used in over 90 countries. However, accidental
or suicidal ingestion of PQ would result in a high
mortality rate, exceeding 60%, making PQ the leading
pesticide causing fatality in many countries [2, 4]. The
current clinical management of PQ poisoning often
relies on gastric decontamination aiming to prevent
its absorption before receiving other treatments, and
AC is commonly recommended in clinical practice for
the decontamination of PQ [13]. However, in the
present studies AC exhibited much less promising
antidotal effects in mouse models with supralethal
dose of PQ poisoning, in line with several studies
reported previously [17, 20, 47].

Researchers have been actively searching and
developing new approaches to treat PQ poisoning in
order to save people’s lives. PQ-specific antibodies
have been designed and developed to reverse the
toxicity of PQ post ingestion, but failed to prevent PQ
from accumulating in tissues [48-50]. Pillar[6]arene
was reported to bind with PQ and detoxify PQ
poisoning at cellular levels without any preclinical in
vivo study [51]. Similarly, p-Sulfonatocalix[n]arenes
have also been demonstrated to bind with PQ and
improve the survival rate of PQ-poisoned mice [52,
53]. However, the detailed antidotal mechanisms at
the molecular and pharmacokinetic levels were not
investigated in that study. In addition, researchers
also revealed the antidotal effects of lysine
acetylsalicylate, sodium salicylate and quinone
oxidoreductase 2 inhibitor on PQ-poisoned rats
[54-56]. However, PQ was  administered
intraperitoneally in these studies, which is not a
typical ingestion route for PQ poisoning, as oral
administration is the main route of ingestion in nearly
all incidents of PQ poisoning.

What makes PQ ingestion so toxic? It is now well
appreciated that upon entry into cells, PQ undergoes
redox cycling that induces a series of biochemical
events, including the generation of free radicals and
oxidative stress, oxidation of NADPH, mitochondrial
toxicity, oxidation of cellular thiol groups and
oxidation damage to the lipids, protein and DNA, and
eventually PQ would induce apoptosis and cell death
[5, 13]. Upon ingestion in vivo, PQ is rapidly absorbed
primarily from the intestines. The accumulation of PQ
in the alveolar epithelium would induce an acute
alveolitis followed by pulmonary oedema, lung
fibrosis and lung failure [57, 58]. PQ accumulation in
the kidneys would also induce large vacuolation in
proximal convoluted tubules and necrosis [59]. Death
would take place within several hours or a few days,
by multi-organ failure, including pulmonary oedema,

cardiac, renal and hepatic failure, once a large amount
of PQ is ingested [13]. With CB[7] as a potential oral
antidote, much less PQ would be absorbed in the
intestine, and the extent of poisoning and damage in
all major organs would be alleviated accordingly, as
demonstrated by our results presented here in mice.

In the present studies, we demonstrated that
CB[7] inhibited the cellular uptake of PQ, and
decreased the PQ-induced ROS generation and
apoptosis, resulting in improved cell viability. The
relatively high binding affinity of PQ with CB[7] in
buffers of pH values varying from 1.2 to 7.4 promoted
rapid PQ binding and sequestering in the GI tract by
CB[7], which subsequently decreased the
accumulation of PQ in the intestine and reduced
intestinal injuries accordingly. The pharmacokinetics
studies revealed that PQ levels in the blood and its
bio-distribution in major organs were all lowered by
CB[7] complexation, and PQ-induced multi-organ
injuries were alleviated accordingly. Finally, the
survival rate of PQ-poisoned mice was significantly
increased when they were treated with CB[7] as an
antidote, in contrast to the ineffective treatment
observed with AC decontamination.

In spite of the extremely promising results
obtained with CB[7] as an oral antidote against PQ
poisoning on a mouse model, there are still some
limitations inherent to our studies. We demonstrated
that CB[7] could bind with PQ in the GI tract
effectively and subsequently reduced its absorption
and tissue distribution. However, CB[7] did not
reverse the overall mortality rate of the mice when
given at 2 h post-PQ ingestion. Thus, the
administration of CB[7] at time points beyond 2 h
post-PQ ingestion would unlikely offer any benefits
on overall survival rate. This is likely attributed to the
fact that PQ was rapidly absorbed into the blood
circulation within 2 h post-PQ ingestion in mice
(Figure 5A). Therefore, to maximize the life-saving
possibility in the emergency treatment of PQ
ingestion, CB[7] should be made available in
ambulances, village clinics and peripheral hospitals in
rural towns and cities where people have easy access
to PQ. PQ-poisoned patients would be quickly treated
orally with CB[7] as a specific PQ antidote in the field,
by staff in ambulances, in rural clinics or the
emergency room of hospitals to inhibit the intestinal
absorption of PQ as early as possible, before they are
further treated with other commonly recommended
procedures  such as  hemoperfusion and
hemofiltration. In a recent Chinese case series, the
median time for the hospital presentation and
treatment of the patients was 7 h with an interquartile
range of 5 to 10 h [60]. In fact, it may have taken
several hours for the patients to be transferred to the
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study hospital (a tertiary hospital in a provincial
capital) from rural clinics or hospitals where the
patients were first checked and likely decontaminated
by AC, similar to a reported case study in Sri Lanka,
in which 90% of PQ poisoned patients were
transferred to the study hospitals from the peripheral
hospitals where they were checked and cared for
initially with AC [61]. Therefore, the use of CB[7] as
an oral antidote in rural clinics and hospitals as well
as those field ambulances in agricultural regions, as
the first treatment option, would increase the
likelihood of patients’ survival. Regarding the
administration dose of CB[7] in humans, for the sake
of discussing potential clinical translation, the LDso of
PQ in humans is approximately 35 mg/kg [62].
Therefore, the dose of CB[7] used as an antidote
would be approximately 316 mg/kg (molar ratio 2:1
to PQ), which is equivalent to 19 g for a 60-kg adult in
principle. In one of our recent studies, a single oral
dose of 5 g/kg CB[7] exhibited excellent safety profile
in mice, as shown in body weight changes, organ
indices, hematological parameters, histological
sections analysis of major organs as well as liver and
kidney functions after 21 days of the administration
[33]. Also, another study published in Chinese
demonstrated a good safety profile of CB[7] in mice
based on body weight changes at a single oral dose of
15 g/kg [63]. Therefore, a 60-kg adult may likely
tolerate approximately 73 g CB[7] via the oral route,
calculated with body surface area differences
considered between mice and humans [64].

In addition to the investigation of CB[7] as a
potential oral antidote, we also conducted
preliminary experiments to evaluate whether i.v.
injection of CB[7] may detoxify PQ-induced toxicity in
mouse models. Immediately after PQ ingestion, the
mice were i.v. injected with 150 mg/kg CB[7] (the
maximum tolerable dose of CB[7] in mice via i.v.
injection [33]), and all the mice died within 4 days.
Therefore, i.v. administration of CB[7] at this dose
level might not have significant therapeutic effects
against PQ poisoning. This may be attributed to the
high concentrations of ions and a variety of proteins
in the plasma, which may competitively bind with
CB[7], resulting in significantly less complexation
capacity towards PQ.

Conclusions

In conclusion, the current studies suggested that
CB[7] may act as a potential oral antidote against PQ
poisoning, being superior to AC in PQ decontamin-
ation. In addition to reducing the cellular uptake of
PQ, CB[7] may also undergo complexation with PQ
intracellularly, inhibit the redox cycling and protect
cells against PQ-induced poisoning. Our systemic

studies in mice suggested that CB[7] may be used as
an oral antidote for PQ poisoning, which could be
readily administered in the field, remote clinics, or in
emergency rooms without the need for sophisticated
equipment or skills, providing a potential life-saving
approach to human poisoning by PQ, particularly in
rural or remote areas, or in developing nations.
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