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Abstract

Organophosphate nerve agents exert their toxicity through inhibition of acetylcholinesterase. The 

excessive stimulation of cholinergic receptors rapidly causes neuronal damage, seizures, death, 

and long-term neurological impairment in those that survive. Owing to the lethality of 

organophosphorus agents and the growing risk they pose, medical interventions that prevent 

organophosphate toxicity and the delayed injury response are much needed. Studies have shown 

that oxidative stress occurs in models of subacute, acute, and chronic exposure to organophosphate 

agents. Key findings of these studies include alterations in mitochondrial function and increased 

free radical–mediated injury, such as lipid peroxidation. This review focuses on the role of reactive 

oxygen species in organophosphate neurotoxicity and its dependence on seizure activity. 

Understanding the sources, mechanisms, and pathological consequences of organophosphate-

induced oxidative stress can lead to the development of rational therapies for treating toxic 

exposures.
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Introduction

Developing antidotes and countermeasures against chemical weapons is a major post–

September 11th shift in research priorities initiated by U.S. research agencies. The effort to 

develop countermeasures against chemical threat agents spearheaded by the National 

Institutes of Health (NIH) Countermeasures Against Chemical Threats (CounterACT) 

program is particularly focused on developing countermeasure therapeutics that can be 

administered in a postexposure paradigm (http://www.ninds.nih.gov/research/

counterterrorism/counterACT). The impetus arises from potential threats to the civilian 

population and/or military personnel deliberately exposed to chemical warfare agents. 
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Among the chemical warfare agents, organophosphate (OP) nerve agents such as VX, 

soman, and sarin are by far the most formidable in terms of their toxicity and lethal effects.1 

In addition, OP pesticides are a significant threat for both intentional and unintentional 

poisonings.

The primary mechanism of OP toxicity is the inhibition of acetylcholinesterase (AChE) in 

the nervous system and the resultant overactivation of cholinergic tone via acetylcholine 

(ACh) accumulation in synapses and neuromuscular junctions. Exposure to chemical threat 

agents, such as OP nerve agents/pesticides, metabolic poisons, or high levels of sulfur 

mustard, can trigger seizures and downstream deleterious consequences. Since the elicitation 

of seizures, particularly unremitting seizures known as status epilepticus (SE), is a common 

manifestation of OP agents that target the central nervous system, it is important for medical 

countermeasures to intervene at two levels.1–4 The first level of intervention is to ameliorate 

the symptoms arising owing to the specific interaction of the agent and cellular targets. OP 

agents irreversibly bind and inhibit AChE, leading to a persistent increase in cholinergic 

stimulation. This produces acute effects of OP poisoning, including miosis, excessive 

secretions, seizures, severe muscle paralysis, cardiorespiratory depression, coma, and death.5 

Early treatment with anticholinergic drugs, such as atropine, oximes that reverse the AChE 

inhibition, and antiseizure drugs such as midazolam, is the primary intervention to prevent 

acute symptoms of toxicity.6–8 A second level of intervention, less well understood than the 

first, is targeting the delayed injury response and long-term neurological consequences of 

exposure to these agents with neuroprotective agents.1 In this review, we discuss evidence 

that suggests that oxidative stress mediates secondary OP injury and that targeting oxidative 

stress may be beneficial in protecting the brain and peripheral organs from the long-term 

consequences of OP toxicity.

Oxidative stress

Under normal physiological conditions, reactive oxygen species (ROS) are produced as by-

products of aerobic metabolism by both enzymatic and nonenzymatic reactions.9 

Acceptance of a single electron by molecular oxygen results in the formation of the 

superoxide radical (O2
•−) which serves as the precursor of much more toxic ROS, such as 

hydrogen peroxide (H2O2) and the hydroxyl radical (HO•). H2O2 is a product of O2
•− 

detoxification by superoxide dismutase (SOD) and is also produced by oxidative inactivation 

of the iron–sulfur center of aconitase by O2
•−.10,11 Additionally, H2O2 can be produced in 

the cell by two-electron reduction of oxygen via several dioxygenases.9,12 H2O2 is 

detoxified by catalase and peroxidases that are also linked to glutathione (GSH) and 

thioredoxin/peroxiredoxin.12,13 The contemporary definition of oxidative stress by Kemp et 
al. is “an imbalance in prooxidants and antioxidants with associated disruption of redox 

circuitry and macromolecular damage”.14 The brain is particularly susceptible to oxidative 

damage owing to its large composition of lipids, high energy demand, and less abundant 

antioxidant defenses relative to other organs. Oxidative damage that overwhelms 

endogenous antioxidant defenses and repair processes can initiate neuronal death and 

gliosis.
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Work from this laboratory and others has demonstrated that oxidative stress is an important 

consequence of chemical convulsants, such as kainic acid (KA) and the nerve agent 

surrogate pilocarpine.15 Seizures induced by these chemicals are sufficient to increase 

indices of oxidative stress in the central nervous system. Specifically, pilocarpine-induced 

SE is sufficient to deplete the ratio of reduced glutathione to oxidized glutathione 

(GSH:GSSG) and to elevate the ratio of 3-NT/tyrosine.16 Similar indices of oxidative stress, 

including evidence for increased production of superoxide and reactive nitrogen species 

(RNS), have been found in the other models of epileptogenesis as well, establishing 

oxidative stress as a common phenomenon underlying seizures.17–19 Moreover, treatment 

with catalytic antioxidants has been shown to be neuroprotective after prolonged seizures, 

suggesting that targeting oxidative stress may be a beneficial strategy to prevent seizure-

induced neuronal loss.16,20,21 Seizure activity is the most critical injury response common to 

OP exposure, which raises two important questions: (1) Does OP-induced ROS formation 

arise due to seizure activity or from other mechanism(s)? and 2) Regardless of the source, 

does oxidative stress mediate OP-induced neuropathology?

Evidence for oxidative stress in OP exposure

Exposure to OP compounds produces indices of oxidative stress both in vitro and in vivo. In 
vitro incubation of OPs in cell models has been shown to increase the production of ROS 

and induce changes in endogenous antioxidant enzymes leading to free radical–mediated 

lipid peroxidation.22,23 In vivo studies have further confirmed that oxidative stress occurs in 

animals exposed to a wide variety of OP compounds in varying exposure paradigms, 

including subacute, acute, and chronic exposures.24 The most consistent findings across the 

in vivo brain studies are alterations in endogenous enzymatic and nonenzymatic antioxidant 

activity, alterations in mitochondria function, and increased free radical–mediated injury, 

such as lipid peroxidation.23,25–36 Humans exposed either acutely or chronically to OP 

compounds develop similar indices of oxidative stress, which include decreased antioxidant 

capacity, free radical–mediated DNA damage, and free radical–mediated lipid 

peroxidation.37–39 Thus, there is evidence to suggest that OP exposure causes oxidative 

stress in cells, animals, and humans.

Dependence of OP toxicity on seizures

Whether oxidative stress is caused by the seizures or merely exposure to OP agents is 

unknown. Studies utilizing pilocarpine exposure in rats suggest that seizure activity is 

required to produce oxidative stress. Specifically, rats injected with pilocarpine that did not 

develop continuous seizure activity or status epilepticus did not display alterations in 

glutathione redox status or protein nitration, suggesting that oxidative stress is seizure 

dependent.16 This is also true for exposure to glutamatergic convulsants, such as KA.40 

Evidence against the seizure dependency of oxidative stress in OP models comes from 

subacute and chronic exposures. In subacute exposures, animals receive low doses of OP 

agents typically not sufficient to induce overt seizure activity or signs of severe cholinergic 

toxicity.31,32,35,36 Despite a lack of overt behavioral seizures, indices of oxidative stress, 

such as increased lipid peroxidation and alterations in redox status, are still detected in these 

models.31,32,35,36 Additional evidence comes from occupational workers exposed 
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chronically to low levels of OP compounds. Again, despite a lack of overt seizures, these 

studies show alterations in antioxidant function, increased lipid peroxidation, and increased 

free radical–mediated DNA damage.37,41 Importantly, the degree of oxidative damage (i.e., 

lipid peroxidation) correlated with the degree of AChE inhibition in both rodents and 

humans, such that the greater the inhibition of AChE, the more oxidative damage was 

present.37,38,42 This suggests that mild-to-moderate AChE inhibition by OP agents is 

sufficient to produce indices of oxidative stress without overt seizure activity. Despite these 

studies, it is difficult to remove the influence of increased neuronal excitation reminiscent of 

seizures from OP exposure. It should be pointed out that oxidative stress only arises when 

oxidant production overwhelms endogenous antioxidant and repair pathways, suggesting 

that low levels of OP exposure may be handled adequately. Moreover, 

electroencephalography (EEG) was not performed in these studies, and the occurrence of 

subclinical seizures characteristic of increased neuronal excitation cannot be ruled out.

Mechanisms of ROS production in OP toxicity

Excitotoxicity

Increasing evidence suggests that, although the cholinergic system is the main target of OP 

agents, the glutamatergic pathway may be responsible for at least part of the toxic effects of 

exposure, as glutamatergic antagonists have shown efficacy in attenuating OP-induced 

toxicity.43,44 Recruitment of the glutamatergic pathway has deleterious consequences, 

including free radical generation and excitotoxic cell death, of which superoxide is a key 

mediator.45 Glutamate activates NMDA receptors, which, upon activation, are known to 

increase ROS through synthesis of nitric oxide (NO).46,47 Additionally, overactivation of 

glutamatergic receptors allows for excessive calcium influx into the cell, which can derange 

calcium dependent processes within the cell, damage mitochondria, and culminate in 

excitotoxic neuronal death. Indeed, exposure to diisopropyl fluorophosphate, paraoxon, and 

pilocarpine has been shown to result in sustained elevations of intracellular calcium.48–50 

Excessive intracellular calcium further stimulates NO production, which further increases 

ROS production.51 Supporting the idea that free radical–mediated excitotoxic processes 

underlie neuronal loss in OP toxicity are studies showing that treatment with antioxidants 

and NMDA receptor antagonists dramatically attenuate indices of oxidative stress and 

neuronal damage following exposure to OP agents.52,53

Mitochondrial dysfunction

Increased intracellular calcium via activation of both cholinergic receptors and glutamate 

receptors results in, among other things, damage to mitochondria. Mitochondria are likely 

mediators of, or at least contributors to, OP-induced damage, due to the many functions they 

perform to maintain normal cellular processes. Of these, calcium homeostasis, cellular 

respiration, the production of ROS, and control of apoptotic cell death have all been reported 

to be altered in OP models. Interestingly, OP agents can have deleterious effects on 

mitochondria, even at low concentrations. Specifically, a dose of chlorpyrifos not sufficient 

to inhibit AChE significantly increased mitochondrial fusion versus fission events and 

decreased axonal mitochondria transport.54 As mentioned previously, exposure to OP agents 

causes a persistent increase in intracellular calcium, which may result from impaired 
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mitochondrial function. Indeed, even chronic low-level exposure to dichlorvos raises 

mitochondrial calcium levels, impairs various complexes of the electron transport chain 

(ETC), decreases mitochondrial SOD, and induces apoptotic death.30 Mitochondrial 

complexes I, II, III and IV of the ETC are known to be inhibited by acute exposure to OP or 

surrogate OP agents, and exposure to DFP has been shown to significantly deplete ATP 

levels within the hippocampus and amygdala.30,55–57 Seizures create a large ATP demand 

and, when this is coupled with inhibition of aspects of the ETC, the result is impaired energy 

production and the generation of excessive ROS, specifically O2
•− and H2O2. We have 

previously shown impaired mitochondrial bioenergetics following KA- and pilocarpine-

induced seizures.16,58 Specifically, we demonstrated that deficits in mitochondrial reserve 

capacity were mediated in part by ROS.16,58 Deficits in mitochondrial respiration paired 

with increased ROS production cause the release of cytochrome c into the cytoplasm, where 

it initiates apoptotic death cascades. Increased cytosolic cytochrome c and activated caspases 

have been detected in models of OP toxicity, suggesting that mitochondria-mediated 

apoptotic events may underlie neuronal loss in these models.30,59,60 Highlighting the 

importance of mitochondria in OP toxicity are studies showing mitochondrial targeted 

antioxidants attenuate oxidative stress and neuronal loss.59,61

Inhibition of endogenous antioxidant activity

A common finding in most studies of OP toxicity in the brain is alterations to endogenous 

antioxidant systems.23,29,30,32–36 While different studies have found antioxidant systems 

such as SOD to be either increased or decreased following OP exposure, this likely reflects a 

number of factors, including the dose of the exposure, when the sample was taken relative to 

exposure, and the individual organism’s ability to induce adaptive processes. Physiological 

activity of key endogenous antioxidants, such as GSH, SOD, and catalase, among others, is 

imperative to prevent oxidant-induced injury to cellular macromolecules. Studies have 

shown both acute and subacute exposures are sufficient to decrease activities of glutathione 

peroxidase, glutathione reductase, GSH, SOD, and catalase.29,30 The role of diminished 

antioxidant activities on oxidative stress remains controversial given their abundance in 

tissues, overlapping roles, and efficiency. This is particularly true for SOD, which has 

extremely high reactivity and abundance in the brain, and catalase, which has a high Km for 

H2O2.11,62 It is uncertain whether small alterations in the activities of antioxidant enzymes 

in and of themselves can have effects sufficient to result in OP toxicity. However, in 

incidents when ROS are produced excessively (i.e., during seizures), diminished enzymatic 

activity of key antioxidants may contribute to OP-induced oxidative stress, which may 

contribute to neuronal loss. In pilocarpine-treated rats, treatment with a broad-spectrum 

catalytic antioxidant with SOD, catalase, and lipid peroxidation inhibitory properties 

attenuated neuronal loss in the hilus and CA3 regions of the hippocampus.16 Therefore, 

while exogenous antioxidants may provide a viable avenue to prevent neuronal dysfunction 

and death following OP exposure, whether their loss following OP exposure contributes to 

toxicity remains to be determined.

Pearson and Patel Page 5

Ann N Y Acad Sci. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ROS as effectors of OP pathology

Both neurons and glia represent likely sources and targets of ROS and RNS. In the KA 

model, 3-NT has been shown to colocalize with hippocampal principal neuronal markers.19 

Although organophosphate toxicity is most commonly associated with neuronal 

degeneration, increasing evidence suggests that glia cells are also affected. Dichlorvos 

treatment of primary microglia cells resulted in activation of microglia, as measured by 

increased Cd11b expression, increased NO production, and apoptotic cell death via the 

intrinsic mitochondria pathway, suggesting that microglia may be an important source and 

target of RNS.63 Astroglia have been shown to prevent OP-induced neurite outgrowth 

inhibition by regulating neuronal GSH levels, highlighting a beneficial role of glia.64 Future 

research would benefit from delineating the roles specific cell types play in contributing to 

OP-induced oxidative stress.

Given the labile, interchangeable, and reactive nature of ROS, it is difficult to identify the 

precise oxidant mediating damage. O2
•−, H2O2, RNS, and lipid peroxidation products are all 

known to be produced as acute consequences of chemically induced seizures.17,19,52,65 Each 

of these reactive species can cause damage, including protein modification and lipid 

peroxidation. Given that OPs induce alterations in redox systems, once initiated there is a 

high likelihood of extensive damage to cellular membranes. Lipid peroxidation can have 

damaging consequences in the brain, as it compromises membrane structure, causing 

alterations in cell permeability and the activity of membrane proteins.66 Exposure to OP 

agents, particularly DFP or carbofuran, are known to increase F2-isoprostanes and F4-

neuroprostanes, two biomarkers of lipid peroxidation, the latter of which is associated with 

neuronal-specific lipid peroxidation.52,53 DFP-induced F4-neuroprostane production has 

been associated with dendritic degeneration of pyramidal neurons in the CA1 region of the 

hippocampus, which was completely attenuated by treatment with the antioxidants vitamin 

E or PBN.53 Given that lipid peroxidation can be initiated by a wide variety of ROS, perhaps 

the best way to prevent damage is by use of a broad-spectrum antioxidant.

Oxidative stress as a therapeutic target

Endogenous antioxidant mimetics

Catalytic antioxidants contain redox-active metal centers that catalyze the dismutation 

reaction of ROS, similar to the ability of endogenous antioxidants.67 These molecular 

mimetics of SOD, glutathione peroxidase, or catalase are potent inhibitors of O2
•−, H2O2, 

lipid peroxides, and ONOO− that hold particular promise to prevent free radical–mediated 

damage.67 Because they are catalytic, and not merely free radical scavengers, these 

compounds are much more potent antioxidants than dietary additives, such as vitamin E, that 

act stoichiometrically. The manganese mesoporphyrin catalytic antioxidant, MnIIITDE-2-

ImP5+, often denoted as AEOL10150, combines the broad spectrum of reactivity like the 

stoichiometric antioxidants with the catalytic efficiency of the endogenous antioxidant 

enzymes. AEOL10150 is a prototypical water-soluble metalloporphyrin that possesses 

extremely high SOD activity. On a weight basis, its SOD activity surpasses that of 

CuZnSOD. It also catalyzes the dismutation of H2O2 and inhibits lipid peroxidation with 

potent IC50s and scavenges ONOO− efficiently.68–70 Treatment with AEOL10150 prevented 
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pilocarpine-induced mitochondrial dysfunction, as measured by maximal respiratory rates, 

ATP turnover, baseline respiration, and glycolytic rates.16 In the same study, treatment with 

AEOL10150 attenuated neuronal loss within the hippocampus and prevented deficits in 

spatial memory and recognition memory, attesting to the efficacy of treatment with a 

catalytic antioxidant in a surrogate OP–exposure paradigm.16

Another attractive target to prevent OP-induced free radical damage is activation of the 

nuclear factor-like 2 (NRF2) transcription factor, which regulates the expression of 

antioxidant defenses. Although less is known about the efficacy of NRF2 activation in 

organophosphate exposure, treatment with the NRF2 activator sulforophane in a kindled-

seizure model inhibited oxidative stress and protected neurons from free radical–mediated 

damage.71

Conclusions

There are multiple shared mechanisms by which redox imbalance and oxidative stress occur 

following seizures and OP exposures (Fig. 1). OP-induced oxidative stress, regardless of its 

source, can lead to neuronal injury. The use of catalytic antioxidants as neuroprotective 

agents may provide a therapeutic avenue for the treatment of acute and long-term 

neurological consequences of OP exposure. A deeper understanding of how OP-induced 

oxidative stress leads to neuronal injury may provide novel approaches for therapeutic 

interventions.
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Figure 1. 
Mechanisms by which redox imbalance and oxidative stress occur following seizures and 

OP exposures.
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