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Abstract: Paraquat poisoning is a global public health problem, particularly in the Asia-Pacific region.
Ingestion of even small amounts of paraquat can be life-threatening. However, there is no specific antidote
for this pesticide, which has a low lethal dose and high lethality in humans. Paraquat poisoning causes
systemic toxicity with the primary target organ being the lungs, resulting in acute alveolitis and pulmonary
fibrosis. It can also lead to multiple organ failure. This review summarizes the current clinical management
of patients with paraquat poisoning and the potentially effective compounds reported in the literature and
patents for the treatment of paraquat poisoning. It also summarizes future directions for antidote
development based on reports of available potential antidotes and provides ideas for paraquat antidote
development.
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1. Introduction

Paraquat (PQ) is a non-selective quaternary herbicide that was once widely used in agriculture because
of its low price, high weed control efficiency, soil inactivation, and minimal residue in the soil [1]. However,
PQ is also highly toxic to humans. According to statistics, 14—20% of all suicides worldwide are caused by
pesticide ingestion, with PQ ingestion being the most deadly form of pesticide suicide [2].

PQ induces toxicity throughout the body but preferentially affects the lung and kidney [3]. However, the
exact mechanisms of PQ toxicity remain unclear. It is generally accepted that PQ enters the lung and first
undergoes a redox cycle to produce free radicals to damage the mitochondria in lung cells, resulting in
mitochondrial damage [4]. This is followed by the release of large amounts of unwanted electrons from the
mitochondria into the cytoplasm, leading to oxidative stress [5]. In addition, oxygen free radicals generated
during oxidative damage led to lung fibrosis through both reactive and inactive oxygen pathways. If an
overdose of PQ (20 mL, 20% concentration of the drug) is ingested, most patients will die within 3 days due
to multiple organ failure [6]. As a result, PQ was quickly classified as a ‘restricted use’ herbicide due to its
high lethality and the absence of a specific antidote [7]. Today, PQ is banned in most countries but is still very
popular in some developing countries [8]. Its high lethality to humans and its high efficiency and low cost in
weeding become its two faces. The application of PQ has greatly promoted global food production and
ensured food security in the last century [9]. It is a pity to ban PQ because there is no better alternative
herbicide available. The development of PQ antidotes has been going on for many years with little success.
We wonder, does a PQ antidote exist? Are our efforts to explore PQ detoxification drugs a waste of money?
This brief review summarizes the current research findings, analyses the treatment strategies, and discusses
the potential PQ antidotes developed in recent years. In particular, we suggest several possible future
directions for further research.
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2. Current Management for PQ Poisoning

2.1. Gastric Lavage

Patients with PQ poisoning is generally treated differently depending on the dose and time of PQ
ingestion (Figure 1). In patients with PQ poisoning, if the patient is conscious without vomiting, the ingestion
dose is less than 20 mg/kg and the ingestion time is less than one hour, gastric lavage may be considered
using adsorbents, the choice of which includes activated carbon and bleaching earth [10].
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Figure 1. Grades of paraquat poisoning and treatment measures in clinical settings. 534 x 522 mm (59 x 59 DPI).
2.2. Hemodialysis

If a patient ingests 20—40 mg/kg, this is clinically considered “moderately severe poisoning”, and the
patient may develop renal failure within 2—6 days of ingestion. Worse, acute pulmonary alveolitis may develop
early, with pulmonary fibrosis occurring within five weeks or so, leading to death from hypoxic respiratory
failure. The mortality rate for moderately severe patients is well over 50% [11,12]. The clinical management of
these patients is mainly based on hemoperfusion and hemodialysis [6,13,14]. It has been reported that combined
continuous intravenous hemofiltration and hemoperfusion treatment of patients who ingested PQ within 48 h
significantly improved patient survival at 90 days [15]. However, hemoperfusion is not useful for patients who
have ingested a lethal dose of PQ. Emergency treatment such as intubation and ventilation is often used for such
patients, but unfortunately, most of them deteriorate within a few hours and will die within 1-4 days [16].

2.3. Available Drugs

Since there is no specific antidote for PQ poisoning, the physician will use one or more of the following
methods to treat the patient, with the patient’s consent, depending on the patient’s condition [17]. The
pharmacological treatment falls into two main directions, immunosuppression and high doses of antioxidants
administration.

The combination of cyclophosphamide, a commonly used chemotherapeutic agent with immunosuppressive
as well as immunomodulatory properties, and glucocorticoids may reduce the risk and mortality in patients
with PQ intoxication in clinical practice [18,19]. In a case pathology report from Taiwan in 2002, a severe
case of PQ severity was successfully treated clinically with repeated methylprednisolone shock therapy and

high-dose dexamethasone [20]. However, the sample size of this result is too small to directly determine
whether this treatment can effectively alleviate PQ toxicity.
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When PQ enters the body, it triggers the release of oxygen free radicals which deplete the body of
antioxidants [4]. Therefore, antioxidant administration to treat patients with PQ poisoning is a possibility.
High doses of vitamin C have antioxidant activity and can scavenge oxygen radicals. Clinical case studies
have shown that the survival rate of 10 patients in the high-dose combination of vitamin C and vitamin E was
50% compared with 9 deaths in the conventional treatment group, suggesting that high-dose antioxidant
treatment is effective in improving the survival rate of PQ poisoned patients [21]. Another statistic showed
that high doses of long-term antioxidant therapy combined with conventional treatment such as
hemoperfusions significantly improved the survival rate of PQ-poisoned patients and reduced pulmonary
fibrosis in poisoned patients [22]. In contrast, conventional doses of antioxidants showed no significant effect
on the survival rate of patients with PQ poisoning [23,24].

3. Current Progress in PQ Detoxification Drug Discovery
3.1. Potential Leads in Patents

PQ poisoning is rapidly distributed throughout the body, causing damage to multiple target organs,
primarily affecting the lungs, leading to acute alveolitis and then to pulmonary fibrosis [25-27]. Continuous
efforts for PQ detoxification have been made for decades and a panel of patents has been granted, some of
which are summarized in Table 1. These potential therapeutic candidates show protective effects on PQ
poisoning at least in different animal models (acute lung injury model, pulmonary fibrosis model, liver injury
model, Parkinson’s model, etc.). Although the protective effect of the candidates in these patents is
promising, their translational potentials need further evaluation. Firstly, nearly all of them lack clinical
evidence, and the detoxification was performed only on mice or rats. Secondly, some of them have limited
clinical significance. For example, the candidate compounds were pre-treated to animals several times or
days before the PQ insult. However, the clinical reality is that nobody can predict PQ poisoning and thus pre-
medicate. Nor does anyone would like to take medication in advance to prevent PQ poisoning. Thus, for
these patents and studies mentioned as follows, the flaws in the experimental design flaws decrease the
feasibility of PQ detoxification. In addition, the safety of many candidates has not been evaluated.

Table 1. Summary of patent applications for potential paraquat antidotes.

Application No. Compounds PQ dose Indication Year
CN114848621 A Lysine (dose not shown), Mice, i.p., dose Improved lung ﬁbrqsm gmd 2023
co-treatment not shown reduced mortality in mice
Octacosanol (200, 300 and Mice, p.o., Improves collagen deposition
CNTI2716923A 500 mg/kg), post-treatment 100 mg/kg and fibrosis in the lungs of mice 2021
CN111374966A Mildronate (100-600 mg/kg), Rats, p.o., Improves p}xlmgnary fibrosis 2020
post-treatment 160 mg/kg in mice
5-Hydroxy-1-methylhydantoin Mice, p.o., S
CN111228259A (100 mg/kg), pre-treatment 25 mg/kg Improves lung injury in mice 2020
Increase the survival rate of PQ-
N . intoxicated mice at supra-lethal
CN110859837A cucurbituril [7] (2.71 g/kg), Mice, p.o., doses, reduce PQ absorption 2020
co-treatment 300 mg/kg . Y
and tissue distribution, and
alleviate PQ-induced toxicity
W0202105772 6-disulfonic acid or 9,10- Rats, p.o., o
1A1 anthrahydroquinone-2,6-disulfonate 200 ma/k Improves lung injury in mice 2019
(30-60 mmol/L, 5-10 mL), post-treatment glke
FSK (2.5, 5 mg/kg), DFSK Mice, i.p., Improves pulmonary fibrosis
CNT09875992A (5, 10 mg/kg), pre-treatment 20 mg/kg in mice 2019
Glycosyl-modified polyphenol Mice, i.p., Reduces oxidative stress levels
CNIO07O1871A compounds (800 mg/kg), post-treatment 300 mg/kg and improves lung injury 2018
CN105748494A Polydatin (5, 10, 20 mg/kg), Rats, p.o., Improves pl.llmonary fibrosis 2016
post-treatment 50 mg/kg in rats
fructus schizandrae extract (200, 400, Mice, p.o., .. ..
CN104922277A 800 mg/kg), post-treatment 300 me/ke Improves lung injury in mice 2015

Data were collected from the European Patent Office database: http://ep.espacenet.com/.

3 of 11



1JDDP 2024, 3(3), 100014. https://doi.org/10.53941/ijddp.2024.100014

3.2. Potential Leads in Publications

PQ poisoning can cause systemic damage to the body. The mechanisms of PQ-induced toxicity are
extremely complex and multi-targeted. According to the literature, the main ones involved are oxidative
stress, inflammation, mitochondrial damage, and apoptosis [28]. By the same mechanism, PQ can damage the
intestinal tract, affect the heart and kidneys, as well as attack the nervous and immune systems, leading to
multi-organ failure. Drugs and compounds that have the potential for PQ detoxification are summarized in
Figure 2.
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Figure 2. The potential drugs and compounds with protective effects against paraquat-induced toxicity in different
organs. 995 x 471 mm (59 x 59 DPI).

3.2.1. Paraquat Lung Injury and Lung Fibrosis

PQ poisoning triggers an oxidative cycle in the lung, resulting in the continuous production of reactive
oxygen species (ROS) and oxidative stress [29]. Under oxidative stress, pro-inflammatory factors are
activated in lung cells. PQ toxicity mainly targets alveolar epithelial cells, damaging mitochondria and
endoplasmic reticulum and causing lung damage [30,31]. ROS activates the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) signaling pathway, causing the activation of various pro-inflammatory
factors and thus triggering acute alveolitis [32]. Chloroquine (CQ) is a potent lysosomal weak base for the
treatment of malaria. In PQ-induced lung injury, CQ protects the lung injury by reducing inflammation and
oxidative stress [33]. Embelin is a hydroxybenzoquinone with multiple pharmacological activities. Embelin
inhibits PQ-induced NF-«B activation, decreases pro-inflammatory cytokines release, and protects against
PQ-induced lung injury [34].

PQ-induced lung injury leads to alveolar detachment and pulmonary oedema, followed by fibroblast
proliferation that fills the alveolar space, resulting in lung fibrosis [35]. Epithelial-mesenchymal transition
(EMT) plays an important role in PQ-induced lung fibrosis. PQ significantly regulates the expression of EMT
biomarkers E-cadherin, vimentin, and alpha-smooth muscle actin(a.-SMA). PQ-induced EMT is mainly via
the transforming growth factor beta (TGF- )/small mother against decapentaplegic (SMAD) signaling
pathway [36]. Many natural products (curcumin [36], matrine [37], naringin [38], salidroside [39]) and small
molecule inhibitors (losartan [40], rapamycin [41]) are shown to inhibit PQ-induced pulmonary fibrosis by
inhibiting TGFB1-dependent EMT. Interestingly, a few antibiotics are found to alleviate PQ-induced
pulmonary fibrosis. Doxycycline, a tetracyclic antibiotic used in the treatment of infectious diseases, inhibits
PQ-induced EMT in alveolar epithelial cells by downregulating the TGF-f signaling pathway [42]. The
immunosuppressive drug tacrolimus reduces PQ-induced lung injury and fibrosis by inhibiting pro-
fibroinflammatory factors (TGF-f1, SMAD3, and connective tissue growth factor (CTGF)) and increasing
SMAD?7 expression [43]. Significant activation of Wnt signaling during PQ-induced fibrosis was observed
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[44] and arctigenin, a lignan isolated from certain plants of the Asferaceae, alleviates PQ-induced EMT by
regulating the Wnt3a/B-catenin signaling pathway [45].

3.2.2. Paraquat Hepatotoxicity

Oxidative stress and apoptosis caused by PQ poisoning can damage liver function, and trigger liver
fibrosis, inflammatory response, and liver failure [31,46]. During this process, the NF-«B is activated and
translocated to the nucleus to promote the expression of pro-inflammatory cytokines [47]. Ellagic acid, a
natural compound with anti-inflammatory and antioxidant effects, alleviates PQ-induced cellular oxidative
stress and apoptosis and improves damaged liver function by inhibiting the NF-«xB signaling [48]. In addition,
PQ-induced oxidative stress can dissociate nuclear factor erythroid 2-related factor 2 (Nrf2) from kelch-like
ECH-associated protein 1 (KEAP1). Curcumin, a Nrf2 inducer, inhibits PQ-induced oxidative stress in liver
cells by up-regulating Nrf2 protein and protects PQ-induced liver tissue damage [49]. Glutathione (GSH) has
the function of maintaining cellular redox balance and exerts antioxidant functions by consuming oxidative
stress. PQ poisoning causes oxidative stress in liver cells, resulting in a decrease in GSH levels. Berberine
(BBR) is a famous natural product with multiple biological activities such as anti-tumor, anti-inflammatory,
and liver and kidney protective effect [49,50]. BBR exerts its antioxidant capacity by increasing the GSH
activity in rat liver tissue and serum and inhibits PQ-induced liver damage [51]. Other compounds such as
aspirin eugenol ester [52], nobiletin [53], and vitamins C and E [54] also show protective effects against PQ-
induced liver injury.

3.2.3. Paraquat Nephrotoxicity

Accumulation of PQ in the kidneys can cause severe nephrotoxicity, leading to decreased renal function
and kidney damage [55]. PQ toxicity causes vacuolization of proximal tubular cells and tubular necrosis [56].
PQ is quickly absorbed after ingestion and most of it is eliminated through the kidneys in its original form
[10] which results in a high concentration of PQ in the kidney triggering cell apoptosis and oxidative stress
and leading to renal dysfunction [3]. Sinensetin, a flavonoid with anti-inflammatory, anti-tumor, and
antioxidant activities, alleviates the nephrotoxic effects of PQ in rats and improves renal tubular deterioration
and tubular necrosis [57]. Somatostatin alleviates renal damage caused by PQ poisoning by inhibiting
oxidative stress, inflammatory response, and apoptosis [58]. Isorhynchophylline (IRN) has anti-inflammatory
and antioxidant activities in cardiovascular and brain diseases. IRN attenuated PQ-induced oxidative stress
and mitochondrial damage through upregulation of toll-interacting protein (Tollip) and improved acute
kidney injury in rats [59].

3.2.4. Paraquat Neurotoxicity

PQ is a potential neurotoxin [60]. PQ forms ROS and oxidative stress causing cell damage and
neurotoxicity [61]. PQ inhibits the proliferation of mouse neural progenitor cells in a concentration-
dependent manner, and reduces the differentiation of neurons and the migration distance of neurospheres,
leading to neurogenesis impairment [62]. Crocin, a spice extracted from the dried stigmas of the plant crocus,
has a protective effect on lipopolysaccharide-induced acute lung injury and dimethyl nitrosamine-induced
liver injury in mice [63]. In PQ-induced neurotoxicity, crocin protected rats from PQ-induced oxidative brain
damage through its antioxidant effect [64]. PQ exposure may lead to structural and functional impairment of
midbrain neurons and increase the risk of neurodegenerative diseases, particularly Parkinson’s disease [65,
66]. Epidemiological studies showed that people exposed to low-dose PQ for a long time have a 1.3-3.6
times higher risk of Parkinson’s disease than the general population [67]. Oral administration of diosmin, a
flavonoid compound found in various plants, effectively improves memory dysfunction in rats caused by PQ
[68]. Vasicinone induces mitophagy by activating the PINK1-Parkin signaling pathway and improves PQ-
mediated neuronal cell damage [69]. Mullein plays a protective role against PQ-induced neurodegeneration
by improving mitochondrial function and regulating autophagy, thereby reducing cell death and apoptosis of
dopaminergic neurons [70]. The neurotoxicity of PQ may promote inflammatory responses and induce DNA
fragmentation. Pomegranate (Punica granatum L.) juice and seed extract exerts its preventive effect on PQ-
induced Parkinson’s disease through its antioxidant, anti-inflammatory, and anti-apoptotic effects [71].
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4. Future Research Directions

The main reason for the lack of breakthroughs in the development of PQ detoxifying drugs is that we
lack in-depth studies on the mechanisms of PQ toxicity. Novel techniques, such as “omics”, provide strong
support for the discovery of PQ antidotes (Figure 3). In addition, from pharmacoeconomic considerations,
drug repurposing is one of the practical strategies.
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Figure 3. Methods for discovery of potential targets of paraquat toxicity. 437 x 238 mm (59 x 59 DPI).

4.1. Target Exploration
4.1.1. Transcriptomics

Transcriptomics can reflect the expression and regulation of genes in cells or tissues from a global level.
It is the earliest and most widely used omics technology. Transcription levels can largely reflect the
expression levels of genes and can be used to explore biomarkers and study the pathogenesis of diseases [72].
A single-cell RNA-seq (scRNA-seq) assay was performed to detect the impact of PQ toxicity on the
differentiation of primary mouse neural stem cells. The results show that PQ poisoning causes mouse neural
stem cells to differentiate into neurons, providing new insights into the study of antidotes for PQ’s
neurotoxicity [73]. An RNA-seq sequencing assay in PQ-induced pulmonary fibrosis in rats showed that PQ
poisoning was complex and mainly enriched in the phosphoinositide 3-kinases (PI3K)-AKT, mitogen-
activated protein kinase (MAPK), and Rapl signaling pathways [74]. Anthrahydroquinone-2, 6-disulfonate
(AH,QDS) affects the PI3K-AKT signaling pathway and cGMP-PKG signaling pathway, reducing the
absorption of PQ in rats while reducing intracellular oxidative stress and slowing down acute lung injury.
This information provides a theoretical basis for the development of PQ antidote [74,75]. A scRNA-seq assay
reveals genetic changes in the brain tissue of PQ-induced Parkinson’s disease (PD) mice and found that the
distinct molecular gene marker in glutamatergic neurons, slc17a6 may be potential therapeutic targets for PQ-
induced PD depression [76]. A whole-genome sequencing on mice with PQ-induced pulmonary fibrosis
found that the pro-inflammatory cytokine interleukin-17A (IL-17A) plays an important role in the mechanism
of PQ poisoning. Mesenchymal stem cells (MSC) can effectively reduce IL-17A levels and reduce PQ
toxicity, providing molecular fundamentals for clinical research on MSC transplantation to treat PQ
poisoning [77].

4.1.2. Proteomics

Proteomics mainly studies the genes and proteins of samples and then performs data analysis and
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bioinformatics analysis [78]. Proteomic approaches have been used to study the mechanism of PQ poisoning
and to explore the molecular target of PQ. Cardiac proteomics using quantitative tandem mass spectrometry
assay showed that moderate to high doses of PQ induced the expression of pyruvate dehydrogenase kinase 4
(PDK4) in mouse hearts [77]. Untargeted and targeted proteomics was integrated to reveal differences in the
expression of plasma proteins in poisoned patients. The expression of B-actin (ACTB) and small Ca** binding
proteins (SI00A9 (Myeloid-related Protein (MRP)14) and S100A8 (MRPS8)) were significantly increased in
the plasma of PQ poisoning patients. ACTB may be a potential target of PQ poisoning providing a new
research direction for further exploring the mechanism of PQ toxicity [79]. A tandem mass spectrometry tag
technology (TMT) to detect protein expression in PQ-induced lung injury found that PQ-induced lung injury
was mainly related to humoral immunity and coagulation [80]. A quantitative proteomic analysis found that
PQ-induced apoptosis in PC-12 cells leads to the upregulation of antioxidant function (peroxiredoxin-4 (Prdx-
4), and glutamate dehydrogenase 1 (Glud-1). Customized peptides using snake venom neurotrophin
molecules effectively reduce the production of intracellular ROS, and inhibit oxidative stress and apoptosis
caused by PQ poisoning [81].

4.1.3. Metabolomics

Metabolomics, a technology developed after transcriptomics and proteomics that focuses on small
molecule metabolites, has been widely used in genetic analysis of disease metabolic disorders, clinical
biomarker screening, discovery of new treatment targets, and disease diagnosis [82]. Metabolic changes in
lung injury caused by PQ poisoning in rats showed that oleoylethanolamine (OEA), stearic acid (SA), and
imidazole lactate were potential biomarkers of PQ-induced lung injury [83]. Increased levels of amino acid
(L-valine, glycine, and L-tryptophan) and decreased levels of free acid (citric acid) and glucose metabolite
(D-mannose, D-galactose, and maltose) were observed in the PQ poisoning rat model of fibrosis. Xuebijing
(XBJ) injection could significantly reverse the alterations of these three types of metabolites and fibrosis [84].
A metabolomic analysis of the serum of mice poisoned with PQ showed that the level of isopropyl alcohol
(IPA) in serum was reduced in acutely PQ poisoned mice. It is speculated that the reduction of antioxidant
serum metabolites caused by PQ poisoning may be a new mechanism of PQ toxicity, providing a new
biomarker for the diagnosis of PQ poisoning [85]. Strengthening metabolomic research on PQ toxicity will
help analyze the synthesis and transport of key metabolites, provide clues for the clinical diagnosis and
treatment of PQ poisoning search for biomarkers and drug targets, improve treatment efficiency, and achieve
precision medicine [86].

4.2. Drug Repurposing

Drug repurposing, a process of identifying new indications for existing drugs, is an effective strategy for
drug discovery. The detoxification of PQ through drug repurposing has been reported recently. For example,
atorvastatin, a widely used lipid-lowering agent, alleviates PQ-induced EMT by downregulating HIF-1a [87].
Montelukast, a medication used to control asthma, reduces PQ-induced oxidative stress and apoptosis and
liver damage when treated with resveratrol [31]. A total of 33 clinical agents with therapeutic potential to
detoxify PQ have been systematically reviewed recently [88]. Therefore, drug repurposing may represent a
promising direction for exploring the PQ detoxification agents.

5. Conclusion

In summary, PQ is a very good herbicide, which has made an important contribution to the development
of world agriculture. However, it is unfortunate that its use has been banned due to its toxicity (although PQ
is not very toxic from a toxicological point of view). For decades, there has been no breakthrough in the
development of PQ antidotes thus making the existence of PQ antidotes skeptical. We believe that the real
difficulty in the development of PQ antidotes lies in the fact that the molecular target of PQ has not yet been
clearly defined. Besides, a detailed dissection of the ADME/T processes of PQ in humans adds another layer
of chances of success. Transporters and enzymes based strategies against PQ toxicity have already been
proposed [89]. The philosophical concept of Chinese medicine believes that everything in the world is mutual
generation and neutralize each other. Aided by novel technologies, the confirmation of the molecular targets
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of PQ toxicity will eventually lead to the discovery of effective PQ detoxification drugs. Detoxification of PQ
is not scooping up the moon from the water.
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