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Abstract

Mitochondrial toxicity has been proposed as a potential cause of developmental defects in humans. 

We evaluated 51 organophosphate and carbamate pesticides using the U.S. EPA ToxCast and 

Tox21 databases. Only a small number of them bind directly to cholinesterases in the parent form. 

The hydrophobicity of organophosphate pesticides is correlated significantly to TSPO binding 

affinity, mitochondrial membrane potential reduction in HepG2 cells, and developmental toxicity 

in Caenorhabditis elegans and Danio rerio (p < 0.05). Structural analysis suggests that in some 

cases the Krebs cycle is a potential target of organophosphate and carbamate exposure at early life 

stages. The results support the hypothesis that mitochondrial effects of some organophosphate 

pesticides—particularly those that require enzymatic activation to the oxon form—may augment 

the documented effects of disruption of acetylcholine signaling. This study provides a proof of 

concept for applying new approach methodologies to interrogate mechanisms of action for 

cumulative risk assessment.

1. Introduction

Organophosphates (OPs) and carbamates are two important classes of chemical agents that 

are used in pest management. A major concern for the use of these pesticides is potential 

human health hazards resulting from cumulative exposure during development [1-3]. 

Adverse effects of OP and carbamate exposure have been reported at concentrations below 

acetylcholinesterase (AChE) inhibition [4, 5]. This has been linked to the trophic role of 

AChE in brain development [6]. Another potential target for these developmental effects is 

mitochondria. Low doses of chlorpyrifos can result in oxidative stress in rodent models [7]. 

Exposure to the active metabolite chlorpyrifos-oxon leads to over-expression of gene sets 

involved in mitochondrial dysfunction and oxidative stress in the rat cerebellum [8]. In 

addition, the antioxidant vitamin E ameliorates the anti-proliferative effect of chlorpyrifos in 

PC12 cells [9].
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Mitochondria play an important role in early stages of animal development via generation of 

low levels of reactive oxygen species that can act as signaling molecules. One example is 

axis specification through H2O2 signaling [10]. At later developmental stages, redox 

signaling regulates neuroprogenitor cell proliferation, differentiation, and function in the 

hippocampus [11, 12]. Prenatal exposure to mitochondrial toxicants results in microvascular 

impairments in adult rats [13]. A number of in vitro and animal studies have shown that 

exposure to OPs and carbamates can result in oxidative stress [9, 14-18], which, together 

with altered macronutrient metabolism, has been linked to structural birth defects in mice [8, 

9]. Yet, it is unclear (1) if there is a bona fide, specific mitochondrial effect of OPs and 

carbamates; 2) if so, what the molecular target(s) of mitochondrial toxicity is for OPs and 

carbamates; and (3) whether mitochondrial toxicity contributes to their noncholinergic 

disruption of development.

New approach methodologies (NAMs) refer to any in silico or in vitro method that is 

alternative to mammalian testing in chemical hazard assessment [19]. For example, the U.S. 

EPA ToxCast program is building high-throughput screening (HTS) datasets to profile in 
vitro and in vivo bioactivity of chemical libraries [20]. Large collections of toxicity data are 

now available for different classes of pesticides, enabling a novel approach to the study of 

mitochondrial toxicity of OPs and carbamates. An earlier study revealed that 73% of the 

ToxCast Phase II library of 676 chemicals could disrupt mitochondrial respiration in primary 

cultures of renal proximal tubule cells [21]. A quantitative structure-activity relationship 

(QSAR) study of the Tox21 library of 8,300 chemicals identified the molecular features 

associated with changes in mitochondrial membrane potential in HepG2 cells [22]. A 

follow-up mechanistic analysis identified four lesser-known mitochondrial toxicants to be 

further characterized in vivo [23]. Thus, the use of NAMs enables an analysis of the 

importance of AChE inhibition in comparison with mitochondrial and other mechanisms of 

action.

The goal of this study was to examine the concordance of in vitro mitochondrial and 

cholinesterase activities with in vivo developmental toxicity, among OPs and carbamates. 

We evaluated the 32 OPs and 19 carbamates in the ToxCast Phase I and II libraries for in 
vitro binding affinities with several targets, changes in mitochondrial membrane potential in 

HepG2 cells, and developmental toxicity in Caenorhabditis elegans and Danlo rerlo. We also 

characterized the physicochemical and structural features that contribute to biological 

differences in vitro and in vivo. In previous single-chemical and cumulative risk 

assessments, mitochondrial dysfunction and oxidative stress have not been considered a 

starting point for extrapolation to determine the risk of environmentally relevant levels of 

human exposure [24-26]. Yet, the present study suggests that in some cases, the 

mitochondrial effects of OP pesticides may augment the OP-mediated disruption of 

acetylcholine signaling in animal developmental toxicity. As a proof of concept, this study 

illustrates the usefulness of QSAR-, cell-, and small organism-based NAMs in interrogating 

mechanisms of action for cumulative risk assessment.
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2. Materials and Methods

2.1. Examination set of organophosphates and carbamates

We examined 32 OPs and 19 carbamates in Phase I and II of the U.S. EPA ToxCast project. 

According to the Compendium of Pesticide Common Names (http://www.alanwood.net/

pesticides/index.html), 38 of these chemicals are used as insecticides, 25 as acaricides, and 

10 as nematicides. Of note, while these active ingredients are mostly used in formulations 

with other chemicals, such as solvents, surfactants, and synergists, in this study we examined 

the active ingredients only. Thirty eight were evaluated by U.S. EPA in 2006 and 2007 for 

their commonality of toxic effects and mechanisms [24, 26]. Structural information was 

obtained from the supplemental materials of Richard et al (2016; [27]). The logarithm of 

Poctanol-water (log Pow) values were predicted with OPEn structure—activity/property 

Relationship App (OPERA) models [28]. Molecular weight and predicted log Pow values 

were acquired at the U.S. EPA Chemistry Dashboard V3.0 website (https://comptox.epa.gov/

dashboard/) [29]. A full list of these 51 pesticides and properties is provided in 

Supplemental Material S1.

2.2. Analytical visualization of physical chemistry and Tanimoto similarity

The molecular weight and log Pow of acetylcholine, cholesterol, 32 OPs, and 19 carbamates 

were visualized in a scatter plot using GraphPad Prism version 7.0. The two-dimensional 

structures of the pesticides were compared to acetylcholine, sarin, cholesterol, PK-11195, 

and substrates of the Krebs cycle (i.e. succinyl CoA, fumarate, malate, oxaloacetate, citrate, 

isocitrate, and alpha-ketoglutaric acid) using substructure keys [30]. Tanimoto similarity was 

calculated in a score of 1 - 100 using the PubChem score matrix (https://

pubchem.ncbi.nlm.nih.gov/score_matrix) [31]. The similarity scores were subjected to two-

directional hierarchical clustering in R version 3.5.1 using Euclidean distance for measure 

and Ward’s method for cluster analysis [32, 33].

2.3. In vitro binding affinity assay, hierarchical clustering, and network visualization

We evaluated the 51 pesticides at a concentration range of 0.023 - 50 μM (or 0.009 - 20 μM 

for cytochrome P450 enzyme (CYP) assays) across 330 cell-free enzymatic and ligand-

binding high-throughput assays [34, 35]. We excluded 90 assays in the same dataset with 

missing data. The technical and biological details of each assay are described at the U.S. 

EPA ToxCast Data Release website (https://www.epa.gov/chemical-research/toxicity-

forecaster-toxcasttm-data; invitrodb_v2). Briefly, the assays captured the binding activity of 

a pesticide with an enzyme reporter specific to each target, which was measured as 

absorbance signals using colorimetric technology. The molecular targets of these assays 

included 76 G-protein coupled receptors (GPCRs), 18 nuclear receptors, 10 CYPs, and 3 

ChEs. Calculation of the half-maximal activity concentrations (AC50s) was described in 

details by Judson et al [36]. The raw AC50 data were obtained at the ToxCast website and 

the AC50 value (in μM) of each pesticide was transformed to an affinity score (A), where

A = − log10(AC50(inμM) ÷ 1, 000, 000) .
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The affinity score for an AC50 value of 1,000 μM was defined as zero, since any higher 

concentration in vitro would no longer be environmentally or pharmacologically relevant. 

The affinity scores were subjected to two-directional hierarchical clustering in R version 

3.5.1 using Euclidean distance for measure and Ward’s method for cluster analysis [32, 33]. 

The binding pairs and affinity scores were visualized in a quantitative bipartite network as 

previously described [37, 38].

2.4. Mitochondrial membrane potential assay in HepG2 cells and developmental toxicity 
assays in Caenorhabditis elegans and Danio rerio

We analyzed 32 OPs and 18 carbamates in the U.S. EPA’s ToxCast Phase I and II library 

that were assayed for (1) changes in mitochondrial membrane potential in HepG2 cells and 

(2) developmental toxicity in C. elegans and D. rerio [39, 40]. In the HepG2 cell assay, the 

pesticides were tested at a concentration range 1.18 nM - 92.2 μM [22]. Changes in 

mitochondrial membrane potential were captured with a derivative of the JC-1 dye [22, 41]. 

There are important caveats associated with JC-1 and related dyes [42, 43]. However, in this 

case, we think that the approach generated reasonable data for a high-throughput analysis, 

because the authors (1) used a short exposure time and standardized conditions for cross-

chemical comparisons, (2) used hepatic rather than neuronal cells to test for cytotoxicity, and 

(3) included carbonyl cyanide-p-trifluoromethoxyphenylhydrazone as a positive control. In 

the C. elegans assay, age-synchronized populations of 50 LI larvae were exposed at 20°C to 

each pesticide at a concentration range of 0.5 - 200 μM [39]. After a 48-hr exposure, the 

populations were assessed for mean length. In the D. rerio assay, the embryos were exposed 

individually at 26°C to each pesticide at a concentration range of 1 nM - 80 μM [40]. After a 

5-day exposure, the embryos were evaluated for death and overt structural defects.

2.5 Concordance analysis of chemical and biological properties across multiple 
experimental platforms

Calculation of AC05S in the HepG2 cell and D. rerio assays was described by Judson et al 
[40]. The raw data were obtained at the U.S. EPA ToxCast Data Release website (https://

www.epa.gov/chemical-research/toxicity-forecaster-toxcasttm-data; invitrodb_v2). 

Calculation of AC50S in the C. elegans assay was described by Boyd et al [39]; the raw data 

were obtained from the supplemental materials of the same publication. The AC50 values of 

each pesticide in the HepG2 cell, C. elegans, and D. rerio assays were transformed to 

toxicity scores (T) as described in Section 2.3. The affinity scores, toxicity scores, molecular 

weight, and log Pow of OPs and carbamates were statistically tested as two separate 

experiments with Spearman’s rank correlation [44] followed by multiple testing correction 

with Holm’s method in R version 3.5.1 [33, 45]. The AC50 values for HepG2 cell viability 

were acquired at the U.S. EPA ToxCast Data Release website (https://www.epa.gov/

chemical-research/toxicity-forecaster-toxcasttm-data; invitrodb_v2). The cytotoxicity limit 

of each pesticide (i.e. the concentration three median absolute deviations below the median 

of cytotoxicity AC50S [36]) was acquired at the U.S. EPA Chemistry Dashboard V3.0.8 

website (https://comptox.epa.gov/dashboard/) [29]. The raw data, calculated scores, and 

cytotoxicity limits are presented in Supplemental Material S2 and S3.

Leung and Meyer Page 4

Reprod Toxicol. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.epa.gov/chemical-research/toxicity-forecaster-toxcasttm-data
https://www.epa.gov/chemical-research/toxicity-forecaster-toxcasttm-data
https://www.epa.gov/chemical-research/toxicity-forecaster-toxcasttm-data
https://www.epa.gov/chemical-research/toxicity-forecaster-toxcasttm-data
https://comptox.epa.gov/dashboard/


2.6 Chemical exposures in C. elegans and mitochondrial DNA damage assay

Chlorpyrifos (ethyl; CAS Registry Number: 2921-88-2) was purchased from Sigma (St 

Louis, MO). Aflatoxin B1 was used as a positive control in the assay for mitochondrial DNA 

(mtDNA) damage [46]. The chemicals were dissolved in dimethyl sulfoxide (DMSO) and 

added to treatment wells at a maximum amount of 1 % (v/v) in K medium (51 mM sodium 

chloride, 32 mM potassium chloride, 3 mM calcium chloride, 3 mM magnesium sulfate, 13 

μM cholesterol) [47, 48]. The germline-deficient JK1107 strain (glp-1) of C. elegans was 

used to evaluate the DNA damage in somatic cells. It was obtained from the Caenorhabditis 
Genetics Center (University of Minnesota) and treated with the solutions in 12-well plates. 

Each well contained 1 ml of the treatment solution, 300 adults, and the OP50 strain of 

Escherichia coll as a food source. Synchronized glp-1 worms, grown at 15°C for 40 h and 

sterilized for 18 h at 25°C, were exposed to 3, 30, and 100 μM chlorpyrifos and aflatoxin B1 

for 24 hr as previously described [46]. The highest exposure level chosen for each chemical 

was the highest tested that resulted in no lethality [49]. Six worms were picked and pooled 

in a single tube per biological replicate. Four biological replicates were taken per treatment 

(n = 4). Mitochondrial DNA damage was evaluated using a QPCR-based assay as previously 

described [49-52]. The measurement of this assay was relative to the DMSO control sample, 

which was defined as having 0 lesion/10 kb by convention, with a detection limit of 0.2 

lesion/10 kb.

3. Results

3.1. Organophosphates and carbamates in ToxCast Phase I and II libraries are 
intermediate between acetylcholine and cholesterol in size and hydrophobicity

We began by analyzing the physicochemical properties of the compounds, since they are 

strong predictors of a compound’s biological activities [53, 54]. A previous investigation 

found that log Pow was correlated to developmental toxicity in D. rerio in the ToxCast Phase 

I library, which included many pesticides [40]. Figure 1 is a scatterplot of molecular weight 

and Log Pow of acetylcholine, cholesterol, 32 OPs, and 19 carbamates. Acetylcholine is the 

third smallest and most hydrophilic compound in this analysis (MW = 146.209; Log Pow = 

− 2.17) and cholesterol is the second largest and most hydrophobic (MW = 386.664; Log 

Pow = 8.45). On average, OP thions are larger and more hydrophobic than OP oxons, and N-

methyl carbamates are more hydrophilic than other carbamates. Acetylcholine and 

cholesterol share limited chemoinformatic/structural similarity with any OP and carbamate 

(S≤ 56). An undirected quantitative network of Tanimoto similarity revealed no distinct 

partition of OP thions, OP oxons, or N- methyl carbamates (data not shown), suggesting that 

these structural features had limited contributions to the molecular similarity in this chemical 

set.

3.2. Cholinesterases only account for a small fraction of the molecular targets of parent 
organophosphates and carbamates

Figure 2A shows the two-way hierarchical clustering of all compounds by affinity scores 

(see Section 2.3). Many OP and carbamate pesticides are AChE inhibitors. However, in these 

experiments, less than half of them bound to ChEs, and many interacted with other targets. 

Forty eight of the 51 pesticides bound to 110 of the 330 molecular targets. Human CYP2C19 
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was the most promiscuous target, binding to 25 of the 51 pesticides. It was followed by rat 

mitochondrial translocator protein (23 pesticides), human mitochondrial translocator protein 

(18), human CYP1A2 (16), and rat AChE (rAChE; 14). Seventeen pesticides bound to 

cholinesterases and mitochondrial translocator proteins at concentrations below cytotoxicity 

limits (Supplemental Material S3), although it should be noted that the binding assays are 

cell-free, limiting the interpretability of the concentration comparisons. The most 

promiscuous pesticide was bensulide, binding to 30 molecular targets. It was followed by 3-

iodo-2-propynyl butylcarbamate (26 targets), parathion-methyl (25), azinphos-methyl (21), 

and fenitrothion (21). The lack of AChE binding by many of these OPs and carbamates is 

likely due to the fact that cholinergic pesticides are engineered to (1) bind to insect AChE 

better than mammalian AChE [55], and (2) inhibit AChE either directly as parent 

compounds or indirectly as metabolites [56, 57]. This is supported by the enrichment of OP 

thions in what we term “Cluster A” (Figure 2), since the replacement of sulphur by oxygen 

(i.e. P=S → P=0) increases the specificity of OP pesticides for AChE. Cluster A binds to 

human and rat mitochondrial translocator proteins and human CYP1A1, CYP1A2, CYP2B6, 

CYP2C9, CYP2C19, and CYP2D6; but not human AChE (hAChE), rAChE, and human 

butyrylcholinesterase (hBChE). We also identified another group of 2 OP oxons and 6 N-

methyl carbamates that bind to the ChEs, but not mitochondrial translocator proteins and 

CYPs (i.e. “Cluster B”). This is consistent with the enrichment of the carbamate core in a 

previous univariate analysis of the same chemical-assay dataset [35]. For improved 

visualization of Clusters A and B, they were re-clustered in a separate analysis with their 84 

molecular targets in Figure 2B.

Network visualization is a powerful tool to complement biological intuition and reduce bias, 

by making visually explicit mathematical relationships present in raw data. This approach 

has been used to discover structural similarity of skin sensitizing chemicals and novel 

mechanisms of action of male reproductive toxicants [38, 58]. Figure 3 is a quantitative 

bipartite network that shows the 412 binding pairs of 48 pesticides and 110 molecular 

targets. Cluster A was connected to 10 CYPs, including human CYP2B6 and CYP3A4. 

Several nuclear receptors were also located in close proximity with this cluster, including 

human and chimpanzee androgen receptors (hAR and cAR) and bovine progesterone 

receptor (bPR). Cluster B was connected to hAChE, rAChE, and hBChE on the opposite 

side. The molecular weight and and log Pow of Cluster A (MW = 263.20 - 397.50; log Pow = 

2.1 - 4.0) was larger than B (MW = 162.21 - 257.72; log Pow = −0.58 - 2.0). Fourteen OPs 

and 10 carbamates bound to 38 GPCRs, which can be seen at the periphery of Figure 3. Nine 

OPs and 2 carbamates bound to 5 opioid receptors from rats, humans, and guinea pig; and 4 

OPs and a carbamate bound to 3 human adenosine receptors. Although we were able to 

generate novel, data-driven, and testable hypotheses of mechanisms of action based on these 

specific receptors, determining the toxicological significance of these in vitro interactions 

will require additional experimentation.
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3.3 The hydrophobicity of organophosphate pesticides is correlated significantly to 
mitochondrial translocator protein binding affinity, mitochondrial membrane potential 
reduction, and developmental toxicity in C. elegans and D. rerio

We next used the ToxCast and Tox21 datasets to test for concordance between 

mitochondrial, cholinergic, and developmental effects of OPs and carbamates across 

multiple experimental platforms. Figure 4A and 4B show the correlation matrices for (1) 

developmental toxicity in C. elegans and D. rerio, (2) reduction in mitochondrial membrane 

potential in HepG2 cells, (3) in vitro binding affinity to ChEs and mitochondrial translocator 

proteins, and (4) molecular weight and log Pow. Exposure to all but one of the 51 pesticides 

resulted in various degrees of developmental toxicity in either C. elegans or D. rerio 
(Supplemental Material S2). Exposure to 7 pesticides resulted in mitochondrial membrane 

potential reduction (AC50 value) at concentrations below the AC50 values for viability of 

HepG2 cells at the same time point (24 h of exposure; Supplemental Material S3). None 

resulted in mitochondrial membrane potential increase, although it should be noted that this 

assay was optimized for detection of mitochondrial membrane potential reduction, rather 

than increase, limiting the interpretability of the lack of detection of increased mitochondrial 

membrane potential. No significant correlation was found between the physicochemical 

properties and biological activities of carbamate pesticides (Figure 4B; p > 0.05). Yet, the 

hydrophobicity of OP pesticides was correlated significantly to mitochondrial translocator 

protein binding affinity, mitochondrial membrane potential reduction, and developmental 

toxicity (Figure 4A; p < 0.05). Specifically, mitochondrial membrane potential reduction 

was correlated significantly to developmental toxicity in C. elegans (p < 0.01), but not D. 
rerio (p > 0.05). This correlation is consistent with an earlier report of mitochondrial 

membrane potential reduction and C. elegans developmental toxicity with OP flame 

retardants [59]. The binding affinity of OP pesticides to rat and human mitochondrial 

translocator proteins was correlated significantly to mitochondrial membrane potential 

reduction in HepG2 cells (p > 0.05), but not to developmental toxicity in C. elgeans and D. 
rerio (p > 0.05). This is potentially due to the functional divergence of mitochondrial 

translocator proteins in nematode, fish, and mammalian species [60]. Taken together, the 

results suggest that mitochondria are involved in the mechanism of action for some (but not 

all) of the OP pesticides.

3.4 Energy metabolism as a potential site of toxic action for some organophosphates and 
carbamates

Loss of mitochondrial membrane potential is expected to result in alterations in energy 

metabolism or from alterations in upstream energetic biochemistry. For example, decreased 

provision of reducing equivalents from the Krebs cycle to the electron transport chain could 

reduce mitochondrial membrane potential, assuming constant use of the proton gradient. 

There is evidence for altered energy metabolism following co-exposure to dichlorvos, 

malathion, and pirimicarb in mice [61]. As a preliminary NAM-based test of this hypothesis, 

we compared the molecular structures of acetylcholine, cholesterol, sarin (a chemical 

warfare agent that targets AChE), PK-11195 (a pharmaceutical ligand of mitochondrial 

translocator proteins), and substrates of the Krebs cycle to the 51 OP and carbamate 

pesticides (Figure 5). Overall, the pesticides showed limited Tanimoto similarity to these 

chemicals with a mean score of 19.9 (out of 100; standard deviation = 9.6). Yet, the 
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structural clustering sorted the pesticides into three groups: (1) 28 pesticides with 

acetylcholine and sarin; (2) 21 pesticides with cholesterol, PK-11195, and succinyl 

coenzyme A; and (3) malathion and mevinphos with fumarate and other Krebs cycle 

intermediates. None of these groups was enriched in Cluster A and B pesticides, suggesting 

that a molecular initiating event is not essentially triggered by structurally similar chemicals 

on an exposome scale, at least at the structural resolution scale permitted by our analysis. 

Nonetheless, the results support the notion of considering energy metabolism as a site of 

toxic action for some OP and carbamate pesticides at early life stages, in particular for those 

chemicals showing similarity with Krebs cycle intermediates (Figure 5). Previous studies 

have shown that exposure to chlorpyrifos, triphenyl phosphate, and tributyl phosphate results 

in metabolic disruption of the Krebs cycle in D. rerio and rats [62-64]. Further metabolomic 

studies should examine the tissue-specific effects of OP and carbamate metabolites on a 

developmental scale.

3.5. Exposure to chlorpyrifos produces mitochondrial DNA damage at concentrations 
that result in acetylcholine inhibition in C. elegans

Early-life exposure to mitochondrial genotoxicants has been associated to adverse health 

outcomes in a later stage of life [65]. We conducted a pilot study to characterize mtDNA 

damage after exposure to chlorpyrifos in C. elegans (Supplemental Material S4). Exposure 

to 100 μM chlorpyrifos resulted in a mtDNA lesion level of 0.5 / 10 kb. The same 

concentration also produced paralysis in glp-1 adults (data not shown) and was 10-fold 

higher than the concentrations inhibiting L1 larval growth (5 μM for both chlorpyrifos and 

chlorpyrifos-oxon; [39]). In addition, the mtDNA lesion levels were close to the detection 

limit (0.1 / 10 kb) for both aflatoxin B1 and chlorpyrifos at 3 and 30 μM. These results 

demonstrate that exposure to chlorpyrifos can result in mtDNA damage, but it is unclear 

whether this takes place at concentrations below AChE inhibition. Noticeably, exposures to 

chlorpyrifos and diazinon have been shown to inhibit mitochondrial bioenergetics in D. rerio 
embryos only at high levels of exposure (i.e. > 25 μM) [66].

4. Discussion

Mitochondrial toxicants are prevalent across the chemical landscape of environmental 

exposure [21]. Mitochondrial dysfunctions and oxidative stress are disruptive to cell 

differentiation at the early stages of development [67]. Here, we take advantage of the 

diverse chemical structures captured in the U.S. EPA and Tox21 HTS datasets to evaluate the 

potential for mitochondrial toxicity in the entire class of cholinergic pesticides. We show 

that (1) the binding of AChE and BChE only accounts for a fraction of the in vitro binding 

portfolio of the 32 OPs and 19 carbamates (parent compounds); (2) the mitochondrial effects 

of OPs are in concordance with developmental toxicity in C. elegans; and (3) exposure to 

chlorpyrifos produces mtDNA damage at concentrations that result in AChE inhibition. 

Taken together, this study results in the generation of three hypotheses, that: (1) 

mitochondria are a common biological target of developmental exposure to some OP 

pesticides; (2) the developmental effects of OP pesticide exposure are caused by multi-target 

interactions with mitochondria; and (3) energy metabolism is a potential site of toxic action 

for OP and carbamate exposure at early life stages.
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The non-cholinergic toxicity of OPs and carbamates has attracted significant research 

interest in recent years, both in developmental, neurotoxicological, and other contexts [68, 

69]. This is motivated by the observations that AChE inhibition alone cannot account for the 

wide variety of adverse outcomes of repeated exposures, many of which occur without acute 

signs of poisoning (i.e. salivation, lacrimation, urination, and defecation; or SLUD), even at 

levels below those that detectably inhibit AChE [69]. Chemoproteomic studies have shown 

that exposure to OPs and carbamates can result in off-target inhibition of serine hydrolases, 

which are pivotal to lipid metabolism [70, 71]. Mitochondrial lipid metabolism is regulated 

by membrane transporters, and mitochondrial translocator proteins have been hypothesized 

to play a role in lipid homeostasis and mitochondrial function [72, 73]. In this study, OPs 

and carbamates were found to bind not only to mitochondrial translocator proteins but also 

to androgen, estrogen, and glucocorticoid receptors and cholesterol-metabolizing CYP2s, 

many of which co-localize in mitochondria [74, 75]. In addition, some of the pesticides (and, 

potentially, their metabolites) are structurally similar to Krebs cycle intermediates (including 

succinyl coenzyme A, a key substrate in beta-oxidation of fatty acids in mitochondria [76]). 

Taken together, these findings support the hypothesis that developmental OP and carbamate 

exposure can disrupt mitochondrial metabolism through targeting multiple receptors and 

transporters at low specificity (i.e. promiscuously), thereby resulting in disruption of 

energetics and redox signaling in developing cells.

Exposure to OP and N-methyl carbamate insecticides disrupts acetylcholine signaling in 

both insects and humans. Since these pesticides also share the same toxic effects in human 

infants and children, the cumulative exposure of these pesticides is often evaluated using a 

dose-additive approach based on a common mechanism [77]. In this study, we identify 

mitochondria effects with more than half of the OP pesticides tested in vitro. In a single-

chemical risk assessment, mitochondrial toxicity may be not a valid point of departure since 

each OP pesticide typically only exists at a low concentration in the environment. However, 

it remains unclear whether the cumulative effects of these pesticides in mitochondria can 

augment the disruption of acetylcholine signaling in brain development (as suggested by 

other studies of non-cholinergic OP toxicity [9, 66, 78]). This warrants further mechanistic 

examination to refine the current common mechanism groups of OP pesticides [24]. An 

important caveat is that since many of these in vitro effects were mediated by OP thions, it is 

unclear whether the thion would persist long enough in vivo (i.e., avoid conversion to the 

oxon) to cause these effects. Mechanistic follow-up of the predictions made in this study will 

be important, with particular attention to situations (e.g., developmental stages) in which 

parent compound effects may be more important due, for example, to reduced roles for 

cholinesterases, or reduced enzymatic conversion either to active or inactive metabolites. 

Further studies should examine energetic and redox effects as well as broader mitochondrial 

phenotypes such as biogenesis and morphology.

Previous QSAR studies have investigated how structural features are associated with AChE 

inhibition [79, 80], developmental toxicity [81], and mitochondrial toxicity [22]. Common 

mechanisms of action of mitochondrial toxicants include oxidative stress and mtDNA 

damage, interaction with mitochondrial proteins, alteration in mitochondrial lipid 

composition, inhibition of the electron transport chain, and induction of apoptosis [22, 65]. 

In this study, the phosphorothioate group was identified as a novel toxicophore in 
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mitochondria (i.e. a structural feature associated with mitochondrial toxicity; [82]). As the 

hydrophobicity of an OP compound increases with the size of the rest of its structural 

moieties, the phosphorothioate group becomes more bioavailable and toxic to the double-

membraned mitochondria [65], cuticle-covered C. elegans [83, 84], and chorion-protected D. 
rerio [85]. It is possible that the phosphorothioate group acts similarly to malonic acid, 

which reduces mitochondrial membrane potential through inhibiting succinate 

dehydrogenase [86, 87]; however, this hypothesis has yet to be proven experimentally. Given 

the structural similarity of benzophenone and mitochondrial translocator protein ligands 

[88], the concordance of TPSO binding and mitochondrial membrane potential reduction 

with OPs is consistent with the earlier finding of the benzophenone core as a mitochondrial 

toxicophore [22].

Conclusion

The present study is the first to apply NAMs to evaluate two common mechanism groups of 

OP and carbamate pesticides. While previous assessments have evaluated these pesticides 

based on commonality of toxic effects and mechanisms (i.e. cholinergic toxicity and AChE 

inhibition), this study provides a proof of concept for applying QSAR-, cell-, and small 

organism-based NAMs to (1) refine the existing groups based on dissimilar mechanisms of 

action and (2) define new common mechanism groups based on structural features. Future 

mechanistic studies should examine the tissue-specific effects of OP and carbamate 

metabolites in mitochondria at different developmental stages and identify the molecular 

initiating events and AOPs of developmental toxicity caused by metabolic disruption in 

mitochondria.
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Highlights

• We evaluated two common mechanism groups of pesticides for in vitro 
binding affinity to multiple receptors and proteins, mitochondrial membrane 

potential changes in HepG2 cells, and developmental toxicity in 

Caenorhabditis elegans and Danio rerio.

• Our results support the hypothesis that in some cases mitochondrial toxicity 

of organophosphate pesticides may augment the disruption of acetylcholine 

signaling in animal developmental toxicity.

• This study provides a proof of concept for applying new approach 

methodologies to refine the existing groups based on dissimilar mechanisms 

of action and define new common mechanism groups based on structural 

features.
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Figure 1. Molecular weight and hydrophobicity of organophosphates and carbamates in ToxCast 
Phase I and II libraries in comparison with endogenous ligands.
The molecular weight and logarithm of Poctanol-water (log Pow) of acetylcholine, cholesterol, 

14 organophosphate oxons, 18 organophosphate thions, 8 N-methyl carbamates, and 11 

other carbamates were visualized in a scatter plot. Acetylcholine is the third smallest and 

most hydrophilic compound and cholesterol is the second largest and most hydrophobic.
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Figure 2A and 2B. Unsupervised two-directional heat map from hierarchical clustering of 32 
organophosphates and 19 carbamates across 110 molecular targets.
The heat map was generated with the “gplot” package in R version 3.5.1, using Euclidean 

distance for measure and Ward’s method for linkage analysis. The intensity of blue color 

indicates the value of affinity score. Organophosphate (OP) thions are enriched in Cluster A 

(in bold), which bind to mitochondrial translocator proteins (TSPOs) and cytochrome P450 

(CYP) 1A1, 1A2, 2B6, 2C9, 2C19, and 2D6; but not acetylcholinesterases (AChEs) and 

butyrylcholinesterase (BChE). Another group of 2 OP oxons and 6 N-methyl carbamates 

bind to the ChEs, but not TSPOs and CYPs (i.e. Cluster B; in italic). For improved 

visualization of these two groups, Cluster A and B were re-clustered with their 84 molecular 

targets in Figure 2B. Animal species of these targets are specified by a first-letter initial (b: 
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bovines; g: guinea pigs; h: humans; m: mouse; r: rats; and rab: rabbits) preceding the gene 

symbol.
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Figure 3. Quantitative bipartite network that shows in vitro binding affinity of 30 
organophosphates and 18 carbamates to 110 molecular targets.
The network was constructed with ForceAtlas layout using Gephi version 0.8.2 beta, with 5 

target classifications in different colors. The locality of the pesticides and their targets was 

determined by affinity score and connectivity, as visualized in edge thickness and node size. 

Cluster A (see Figure 2B) was connected to mitochondrial translocator proteins (TSPOs), 

nuclear receptors, and cytochrome P450 (CYP) enzymes. Cluster B was connected to 

acetylcholinesterases (AChEs) and butyrylcholinesterase (BChE) on the opposite side. 

Animal species of these targets were specified by a first-letter initial (b: bovines; g: guinea 

pigs; h: humans; m: mouse; r: rats; and rab: rabbits) preceding the gene symbol.
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Figure 4A and 4B. Correlation matrices of molecular weight and octanol-water partition 
coefficients (MW and Log Pow); toxicity scores of developmental effects in Caenorhabditis 
elegans and Danio rerio and mitochondrial membrane potential (MMP) reduction in HepG2 
cells; and affinity scores of acetylcholinesterase in humans and rats (hAChE and rAChE), 
butyrylcholinesterase in humans (hBChE), and mitochondrial translocator proteins in humans 
and rats (hTSPO and rTSPO) of 32 organophosphates and 18 carbamates.
The affinity scores, toxicity scores, molecular weight, and log Pow of OPs, carbamates were 

examined with Spearman's rank correlation [44], followed by multiple testing correction 

with Holm’s method in R version 3.5.1 [33, 45]. The hydrophobicity of organophosphate 

pesticides was correlated significantly to TSPO binding affinity, MMP reduction, and 

developmental toxicity in C. elegans and D. rerio. * p < 0.05; ** p < 0.01
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Figure 5. Unsupervised two-directional heat map from hierarchical clustering of 32 
organophosphates and 19 carbamates with acetylcholine, cholesterol, sarin, PK-11195, and 
Krebs cycle intermediates by structural similarity.
The heat map was generated with the “gplot” package in R version 3.5.1, using Euclidean 

distance for measure and Ward’s method for linkage analysis. The chemicals were clustered 

into three groups based on two-dimensional structural similarity: (1) 28 pesticides with 

acetylcholine and sarin; (2) 21 pesticides with cholesterol, PK-11195, and succinyl 

coenzyme A; and (3) malathion and mevinphos with fumarate and other Krebs cycle 

intermediates. Sarin is a chemical warfare agent that targets acetylcholinesterase. PK-11195 

is a pharmaceutical ligand of mitochondrial translocator proteins The intensity of blue color 

indicates the value of similarity score, as computed with the PubChem score matrix (https://

pubchem.ncbi.nlm.nih.gov/score_matrix).
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